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Abstract

Our lab has shown that conditionally disrupting the tcfap2/ gene,
responsible for the activating protein-23 (AP-2) transcription factor, exclusively
in the craniofacial neural crest cells, leads to anterior segment dysgenesis.
Subsequent loss of the corneal endothelium results in the adherence of the iris to
the corneal stroma, causing closure of the iridocorneal angle. The activating
protein-2f neural crest cell knockout (AP-28 NCC KO) model involves a
complete blockage of the both the conventional (through the trabecular
meshwork) and non-conventional (uveoscleral) pathways for aqueous humor
drainage and therefore it could be used as a powerful experimental model for
glaucoma. As shown by our previous work, elevated intraocular pressure (IOP)
and a 35% decrease in the number of cells in the retinal ganglion cell (RGC)
layer was observed in AP-23 NCC KO mice by 2 months; 6 to 11 months sooner
than other reported mouse models of glaucoma. These observations suggested
that the AP-23 NCC KO mouse could be a novel and cost-effective experimental
model for glaucoma if the RGC loss occurred progressively rather than due to a
congenital defect.

The purpose of this research project was to investigate how the retinal
ganglion cell layer and macroglial activity changes with respect to age in the AP-
23 NCC KO mutant through immunofluorescence. Specifically, it was
investigated whether the loss of RGCs was progressive and due to the increased

IOP caused by the blockage of the uveoscleral drainage pathway.



A significant decrease in the number of RGCs was observed between P4
and P10 in the retinal periphery of both WT and AP-28 NCC KO mice (p<0.05),
which is indicative of the programmed cell death that occurs due to retinal
pruning during development. No statistical difference between WT and AP-2f3
NCC KO mice phenotypes was observed at postnatal day 4 (P4), suggesting that
no developmental defect resulted in the significant loss of RGCs at 2 months. In
all other time points investigated, while no statistical difference was found
between WT and the AP-23 NCC KO mutant, a clear downwards trend was
present in the AP-23 NCC KO mutant retinal ganglion cell layer from P10 to P40.
There was also expression of glial fibrillary acidic protein (GFAP) by Muller cells,
indicating the presence of neuroinflammation at P35 and P40. This substantiates
the potential P42 starting point of neurodegeneration our lab previously
observed. This was further corroborated with Mdller cell-associated expression of
GFAP at P35 and P40 exclusively in the AP-23 NCC KO mouse.

Overall, we have shown that the retinal damage observed in our AP-2[3
NCC KO mouse is not due to a developmental defect, but rather occurs over
time. Thus, this mouse model, which appears to block both the conventional and
unconventional uveoscleral pathways, has a profound effect on aqueous humor
drainage. As a result, the model requires relatively little time to observe an
increase in IOP and subsequent RGC loss. Our findings suggest that the AP-2[3
NCC KO mouse can be a novel, powerful, and extremely cost-effective

experimental model for glaucoma.
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Anatomy of eye and retina

The eye is a specialized organ responsible for converting photons into electrical
signals that give rise to the special sense of vision. The eye is comprised of two regions:
the anterior segment that includes the cornea, iris, ciliary body, and the lens while the
posterior segment includes the choroid, neural retina, and optic nerve (Figure 1). The
primary function of the anterior segment is to focus the light and control the amount of
light that will stimulate the retina, while the primary function of the posterior segment is
the initial processing of the light signal. Oculogenesis is orchestrated via the
development of the forebrain, neuroepithelium, periocular mesenchyme (POM), and
surface ectoderm (Chow & Lang, 2001; Cvekl & Tamm, 2004). During gastrulation, the
meeting of the neuroepithelium and surface ectoderm mark the beginning of the
induction of the optic field (Chow & Lang, 2001). Lateral migration of the optic field
continues until two distinct structures are formed that will further develop into the eye:
the eye primordia. Migration and outpouching of the neuroepithelium form the optic
vesicles that will start to invaginate alongside the surface ectoderm upon contact of the
two layers (Martinez-Morales, Rodrigo, & Bovolenta, 2004). The invagination of the
optic vesicles forms a bilayer tissue known as the optic cup. The invaginating layer of
the optic cup (the superficial layer) will develop into the neural retina while the
surrounding layer (the deep layer) will form the retinal pigmented epithelium and the
optic stalk (Bharti, Nguyen, Skuntz, Bertuzzi, & Arnheiter, 2006). The invaginating
surface ectoderm thickens and is referred to as the lens placode. The pinching off of the
lens placode from the surface ectoderm forms the lens vesicle that later forms the

mature lens while the remaining, overlying surface ectoderm forms the corneal
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epithelium (Chow & Lang, 2001) (Figure 2). The corneal stroma and endothelium are
derived from the periocular mesenchyme (POM), a population of cells that consist of
cranial neural crest cells (NCC) and mesoderm. The POM also gives rise to the iris
stroma, ciliary body muscle and stroma, as well as the trabecular meshwork (Gage,
Rhoades, Prucka, & Hjalt, 2005; Gould, Smith, & John, 2004).

The neural retina is an extension of the forebrain ectoderm and is derived from
the superficial portion of the optic cup, while the retinal pigmented epithelium (RPE) is
derived from the deep portion of the optic cup. The purpose of the RPE is multifaceted
and includes ion homeostasis between the neural retina and choroid, absorption of off-
axis light, and maintenance of the blood-retinal-barrier (BRB) (Bok, 1993). Neural
retinogenesis begins at embryonic day 10.5 (E10.5) and continues until postnatal day
11 and includes the differentiation of retinal progenitor cells (RPC) into macroglia, Miller
cells and astrocytes, as well as the neurons within the retina: rod and cone
photoreceptors, horizontal cells, amacrine cells, bipolar cells, and retinal ganglion cells.
The RPCs differentiate into the various cell types in a fixed and overlapping order:
retinal ganglion cells, horizontal cells, cone photoreceptors, amacrine cells, rod
photoreceptors, bipolar cells, and finally Muller cells (Marquardt, 2003; Zhang, Serb, &
Greenlee, 2011). The neural retina is comprised of multiple layers: three nuclear layers:
retinal ganglion cell (RGC) layer, the inner nuclear (IN) layer and outer nuclear (ON)
layer; and two synaptic layers: inner and outer plexiform layers (IP and OP
respectively). Rod and cone photoreceptor cell bodies reside in the ONL,; horizontal,
amacrine, bipolar, and Mdller cell bodies reside in the INL; and retinal ganglion cell

bodies reside in the RGC layer (Figure 3a). Photons cause conformational changes to
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opsins and result in a transmembrane potential change of cones (responsible for high
acuity colour vision); the same process occurs with rhodopsin for rods (responsible for
low-light vision). Rods and cones synapse in the outer plexiform layer with horizontal
cells, amacrine cells, and bipolar cells to perform initial processing of the visual signal.
These cells synapse in the inner plexiform layer with the retinal ganglion cells (RGC)
and follows one of four pathways: the central visual pathway to the lateral genicular
nucleus (conscious vision) (Hickey & Spear, 1976), tectal pathway to the superior
colliculus (visual reflexes) (Hayhow, Sefton, & Webb, 1962), retinohypothalamic
pathway to the hypothalamus (circadian rhythm) (Mason, Sparrow, & Lincoln, 1977),
and the pretectal pathway to the Edinger-Westphal nucleus (light adaptation) (Hayhow

et al., 1962).

Glaucoma

Glaucoma is a neurogenerative disease that causes the death of retinal ganglion
cells (RGCs) and is the leading cause of irreversible blindness worldwide. The loss of
RGCs results in characteristic visual field deficits until the untreated patient succumbs to
complete blindness. Due to the nature of the disease, current treatment is limited to
slowing the progression and prevention rather than reversal of damage. By 2040, over
112 million people are predicted to experience loss of vision as a result of glaucoma,
the majority of populations affected being from Asia and Africa (Quigley & Broman,
2006; Tham et al., 2014). While risk factors include, genetics, race, and age, the risk
factor that is targeted for intervention is intraocular pressure (IOP) (Boland & Quigley,
2007; Chang & Goldberg, 2012; Coleman & Miglior, 2008; M, 2015). While it is possible

that patients with increased intraocular pressure may not develop glaucoma (Araie,
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Sekine, Suzuki, & Koseki, 1994), most experimental models for glaucoma use
increased IOP as a means of eliciting RGC death (Figure 4).

Glaucoma has a few variations described by key characteristics: the degree of
the iridocorneal angle (open or closed) and the pressure within the eye (hypertension or
normotensive). Glaucoma can also be categorized as developmental glaucoma, caused
by a congenital deficiency. While congenital glaucoma can include a malformation of the
trabecular meshwork (Mandal & Chakrabarti, 2011), closure of the iridocorneal angle is
a common feature in developmental glaucoma that is related to anterior segment
dysgenesis (ASD). While many genes are associated with ASD, nine genes: PAX6,
PITX2, PITX3, FOXC1, FOXES, EYAL, CYP1B1, LMX1B, and MAF, have been

associated with ASD that involves glaucoma (Gould & John, 2002).

Retinal Ganglion Cells

Retinal ganglion cells (RGCs) are responsible for transmitting the initially
processed visual information from the retina to other aspects of the central nervous
system. These structures in the central nervous system include the lateral geniculate
nucleus and visual cortex for conscious perception (Hickey & Spear, 1976), the superior
colliculus for visual reflexes (Hayhow et al., 1962), the hypothalamus for circadian
rhythms (Mason et al., 1977), and the Edinger-Westphal nucleus for light adaptation
(Hayhow et al., 1962). In the human retina, the RGCs are located in the RGC layer, the
most superficial layer of the human retina. RGCs can be classified into large-field alpha
and small-field beta subclasses and then further divided based on their response to
light. Some RGCs depolarize when stimulated by bipolar cells in the inner substrata of

the inner plexiform layer (ON RGCs), and RGCs that hyperpolarize when stimulated by
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bipolar cells in the outer substrata of the inner plexiform layer (OFF RGCs). Within the
retina, the transcription factor family that is exclusively expressed by RGCs is the brn3
family of transcription factors (brn3a, b, and c) (Xiang et al., 1995). It has been shown
that these transcription factors are important for specific subpopulations of RGCs
through the selective deletion of each one. For example, loss of function of brn3a
results in a disruption in the RGC dendrite morphology while the deletion of brn3b
resulted in a 70-80% decrease in the number of RGCs (Erkman et al., 1996). While the
deletion of brn3c did not result in loss of RGCs, the brn3b-brn3c double KO mutant
showed a more severe loss of RGCs than the single brn3b KO (Badea, Cabhill, Ecker,
Hattar, & Nathans, 2009; Wang et al., 2002). Since the deletion of brn3a has a more
dramatic impact on retinogenesis, brn3a is more appropriate to use for labelling RGCs
than the other two factors in the brn3 transcription factor family.

The development of the mouse RGCs starts at E11 and continues until postnatal day
21 (P21) (Young, 1984). The major events in RGC development include generation of
the RGC precursors (E11 — E19) as well as the subsequent programmed cell death and
maturation until P21. The programmed cell death of RGCs increases in activity through

PO to P4, peaking on days P2 to P5, then continues until near completion at P21.

Muller Cells

Mauller cells are macroglial cells that radially span the entire retina and have
many functions normally associated with other glial cells. While glial cells have their
embryonic origin from the neural tube, it has been suggested that a subset of Muller
cells are derived from cranial NCC (Liu et al., 2013). Muller cells are responsible for

homeostatic regulation of the extracellular fluid, assist astrocytes in the integrity of the
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blood-retinal barrier (BRB), and have the ability to regulate the amount of potassium,
glutamate, and GABA present in synapses (Bringmann, Grosche, Pannicke, &
Reichenbach, 2013; Bringmann et al., 2013; Chong & Matrtin, 2015). Mller cells have
also been shown to act as scaffold for mechanical protection of neurons and reduce
light scattering on the way to the photoreceptors by guiding the light (Franze et al.,
2007). The soma of the Miiller cell is present in the inner nuclear layer and with
projections travelling towards the nerve fiber layer and towards the end of the
photoreceptor layer. Miller cells express vimentin, a type Il intermediate filament (IF),
that has a role in supporting the structure of the retina especially during times of
mechanical stress, similar to IFs in epithelial cells and myocytes (Lundkvist et al., 2004).
Another type Il IF, glial fibrillary acidic protein (GFAP), is expressed by astrocytes but
also upregulated in Miller cells during retinal degeneration. Therefore, GFAP
expression by Muller cells is indicative of retinal inflammation and neurodegeneration
(P. J. Anderson et al., 2008; Luna, Lewis, Banna, Skalli, & Fisher, 2010). The
overexpression of GFAP by Mdller cells, known as Mdller cell gliosis, is purposed to
increase the structural support around RGCs and further protect them from mechanical
stress. However, it has been shown that chronic gliosis can exacerbate retinal
degeneration (Bringmann et al., 2006; Coorey, Shen, Chung, Zhu, & Gillies, 2012). In
the case of hypertensive glaucoma where fluctuating and constant mechanical stress is
placed on the retina, this phenomenon could be contributing to the loss of cells within

the RGC layer (Bringmann et al., 2006; Coorey et al., 2012).
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Current Experimental Models for Glaucoma

Models that investigate the death of RGCs, as it occurs in glaucoma, include
ischemia models, excitotoxic models, and optic nerve injury models. While these
models can be effective in learning how RGCs behave post-injury, these models fail to
include the progressive nature of glaucoma. Due to glaucoma being a progressive
neurodegenerative disease associated with the elderly, animal models intending to
recreate a similar progression require a significant amount of time and resources. To
accomplish RGC loss as a result of high IOP, the general manipulation that these
models use is blocking the conventional aqueous humor (AH) drainage pathway.
Models that use a genetic means of AH draining blocking include the DBA/2J mouse
model (M. G. Anderson et al., 2002), the Cola11w mouse model (Aihara, Lindsey, &
Weinreb, 2003b) and the Tyr437His transgenic model (Senatorov et al., 2006). The
DBA/2J model for glaucoma uses gene manipulation to create atrophy of the iris stroma
(John et al., 1998). The dispersion of the iris stroma by 6-8 months causes occlusion of
AH drainage structures and results in increased IOP after 8-13 months (John et al.,
1998). Due to the variability in the iris stroma deposition, the DBA/2J model can result in
varying degrees of IOP increases and RGC death (Libby et al., 2005). A similar modus
operandi is used by the Cola11wr and Tyr437His transgenic mice. The Cola11m mice
have a mutation of the a1 subunit of the type | collagen that causes deposition of type |
collagen to block AH drainage similar to the DBA/2J model (Aihara et al., 2003b). While
the Tyr437His transgenic model manipulates the secretion of mutated myocilin in the
trabecular meshwork to generate a similar phenotype (Senatorov et al., 2006). The

Cola11w and Tyr437His transgenic mice require over 18 months to produce RGC loss



M.Sc. Thesis — A.N. Saraco; McMaster University — Medical Sciences

due to increased IOP. Furthermore, all three of these models exclusively block the
conventional aqueous humor pathway and do not include a means of blocking the
uveoscleral outflow pathway. The large amount of time required for the DBA/2J,
Cola11wr, and Tyr437His transgenic mouse models to reach clinically relevant increases
in IOP is likely due to these models of glaucoma exclusively blocking the conventional
aqueous humor pathway as it only contributes to 20% of aqueous humor drainage

(Aihara, Lindsey, & Weinreb, 2003a; Fautsch & Johnson, 2006).

Aqueous Humour Production and Drainage

Aqueous humor is a clear fluid that fills the anterior and posterior chambers of
the eye and has a similar function to blood for avascular tissues such as the lens and
cornea. Aqueous humor is responsible for providing nutrients, removing metabolic by-
products, as well as allowing inflammatory cells and drugs to move around the eye
(Goel, Picciani, Lee, & Bhattacharya, 2010). Aqueous humor is secreted by the ciliary
epithelium that lines the processes of the ciliary body and initially enters the posterior
chamber. The aqueous humor travels around the lens and enters into the anterior
chamber through the pupil. Once in the anterior chamber, the agueous humor may
passively exit the anterior chamber back into circulation via two pathways: the
conventional and non-conventional routes. In times of insufficient aqueous humor
drainage, the IOP increases within the anterior chamber. This pressure causes the
vitreous humor to compress the axons of the RGCs as they exit through lamina cribrosa
and cause metabolic and endoplasmic reticulum (ER) stress. The compressed axons
decrease the retrograde transport of brain-derived neurotrophic factor (BDNF),

signalling the RGCs to induce apoptosis (Quigley et al., 2000) (Figure 4).
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The conventional outflow route consists of aqueous humor passing through the
trabecular meshwork into the lumen of Schlemn’s canal, collecting into collector
channels and finally draining into aqueous and episcleral veins (Ascher, 1954;
Goldmann, 1950). The outflow rate through the conventional pathway is dictated by the
pressure gradient and the endothelial lining of Schlemm’s canal (Bill & Svedbergh,
1972). While the pressure gradient gives rise to the driving force through the
conventional pathway, the endothelial lining of Schlemm’s canal modifies the rate of
outflow via structural changes (Grierson & Lee, 1978; Johnstone & Grant, 1973).

The non-conventional outflow route (also known as the uveoscleral pathway)
consists of aqueous humor passing through the uveal meshwork, traveling through the
connective tissue between the muscle bundles of the ciliary muscle, and finally exiting
through the suprachoroidal space and sclera (Bill & Hellsing, 1965). In mice, 80% of
aqueous humor drainage occurs through the uveoscleral pathway (Aihara et al., 2003a;
Fautsch & Johnson, 2006). Interestingly, the outflow rate through the non-conventional
route is independent of intraocular pressure as opposed to the conventional pathway

(Brubaker, 2001) (Figure 5).

Activating Protein-2B Transcription Factor and Neural Crest Cell Knockout
Model

Activating Protein-2 (AP-2) is a family of transcription factors that are crucial for
the development of many tissues and organs, including the eye. There are five AP-2
transcription factors in mice and humans: AP-2a, AP-2[3, AP-25, AP-2y, AP-2¢; all
encoded by the fcfap2a-e genes respectively (TCFAP2 a-€ in humans). In humans, the
autosomal dominant mutation affecting the AP-23 transcription factor causes Char

syndrome, for which it has been reported that patients exhibit patent ductus arteriosus,

10
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facial dysmorphism, and abnormalities associated with the fifth digit (Satoda et al.,
2000). However, the ocular features in these patients have not been examined. The
structures affected in Char syndrome suggest that AP-2f3 is crucial in the development
of structures derived from the neural crest (Satoda et al., 2000). In the developing eye,
both tcfap2B and tcfap2a have been shown to be expressed in the neural crest derived-
periocular mesenchyme (POM). At embryonic day 8 (E8) both tcfap2 and tcfap2a
showed overlapping expression in the POM, but by E11 this pattern began to diverge
and by E15.5, the POM expressed predominantly tcfap2 and very little tcfap2a (Figure
6) (Bassett et al., 2012; Martino et al., 2016). Mice with germline deletions of the AP-2[3
transcription factor (AP-2B--) develop renal failure and die soon after birth and as a
result, full eye development could not be examined. Thus, to circumvent the lethality of
a germline deletion of the AP-23 transcription factor, our laboratory employed the cre-
loxP system to knockout the AP-2(3 transcription factor exclusively in the craniofacial
neural crest cells that contribute to the POM. Mice that were found to have a germline
knockout of tcfap2B from one allele and a functional deletion of tcfap2 exclusive to the
craniofacial neural crest cells from the second allele using the cre-loxP system are
termed AP-2[3 neural crest cell knockout mice (AP-23 NCC KO) (Martino et al., 2016).
The resulting phenotype of the AP-23 NCC KO mice included a complete loss of the
corneal endothelium and hyper-cellularization of the corneal stroma. Furthermore,
closure of the iridocorneal angle was observed that was thought to be due to adhesion
of the iris to the exposed corneal stroma. A complete, 360-degree, closure of the angle
was confirmed using OCT, blocking AH drainage from the trabecular meshwork and

uveoscleral pathways. This resulted in a closed-angle phenotype that produced an

11
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increased IOP by three months of age. Furthermore, by two months of age, a significant
decrease in the number of cells within the RGC layer was seen in flat-mount using
neurobiotin injection as well as a significant decrease in brn3a labelled RGCs in paraffin
sections at postnatal day 42. The AP-28 NCC KO mouse also showed a decrease in the
thickness of the IPL at postnatal day 42 and a decrease in the cross-sectional area of
the optic nerve at two months. (Akula, Park, & West-Mays, 2019; Martino et al., 2016).
Thus, not only does the AP-23 NCC KO mouse show an increase in IOP and
subsequent loss of RGCs but demonstrated this at a fraction of the time compared to
other models. Since the conditional KO of AP-2[3 is exclusive to the craniofacial NCC, it
is expected that the neural retina, originating from the neural ectoderm, would be
unaffected by the gene manipulation further indicating that the observed retinal damage
is the result of increased IOP achieved by the closed-angle phenotype. Furthermore,
embryonic expression AP-2y and AP-25 have been found in the GCL layer (Bassett et
al., 2007), which is unaffected in our conditional knockout. However, to further confirm
that the loss of RCGs and retinal damage is progressive an investigation of early
postnatal stages is required. If the loss of RGCs is due to the increased IOP, an
indication as to when the inflammation and first loss of RGCs occurs would give a time

point as to when intervention should be administered.
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Hypothesis and Research Aims
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Rationale

50% of patients with Anterior Segmental Dysgenesis (ASD) will develop
glaucoma as a result of the malformation of the aqueous humor draining structures. Our
lab has shown that by disrupting the gene tcfap2B which codes for the transcription
factor AP-2B exclusively in the neural crest cell-derived POM, we profoundly affected
the development of the anterior segment. Specifically, removal of AP-23 caused the
loss of the corneal endothelium and hyper-cellularization of the corneal stroma. The loss
of the corneal endothelium likely contributed to the 360-degree adherence of the iris to
the corneal stroma, resulting in a complete closure of the iridocorneal angle. Previously,
our lab reported that the AP-23 NCC KO mouse could be a novel model for closed-
angle glaucoma due to the fact that there is increased intraocular pressure at 3 months,
decreased number of cells within the RGC layer at 2 months, decreased cross-sectional
area of the optic nerve at 2 months, and a significant loss of brn3a labelled cells by P42.
While promising, a key aspect of this model that remains to be shown is whether the
loss of cells within the RGC layer was due to a developmental defect or due to the
closed-angle phenotype. By investigating the number of cells within the RGC layer at
early postnatal time points, we can identify if the decreased number of cells in the RGC
layer as seen previously is developmental or due to the closed-angle phenotype. If the
cell loss is found to occur before the closed-angle phenotype is present this would
suggest that the deletion of the AP-2f transcription factor in the POM caused a
developmental defect in the retina. If the cell loss is shown to be progressive and
associated with the closed-angle phenotype, then it would further strengthen the

plausibility of the AP-23 NCC KO mouse as an experimental model for glaucoma.
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Furthermore, if the cell loss is deemed progressive investigation of early postnatal
stages will allow us to identify the point in time at which we first start to see a statistical
decrease in cells. This time point could be used in neuroprotective research as it serves
as a benchmark for when potential neuroprotective drugs should be administered. This
time point can be found by both looking for a statistically decrease in the number of cells

within the RGC layer as well as the presence of neuroinflammatory markers.

Main Hypothesis
The loss of cells in the retinal ganglion cell layer described in the AP-23 NCC KO

mouse model is progressive, resulting from an increase in IOP.

Research Aims

Aim 1: To analyze and quantify the number of cells in the RGC layer at key postnatal
days during retinal development.

To ensure that the decrease in cells within the retinal ganglion cell layer is not
due to the conditional knockout of the fcfap2 gene, it is important to examine whether
there is a progressive loss of RGCs during the development of the retina at early
postnatal stages in the AP-23 NCC KO. Since the development of the retina continues
after birth, the number of cells within the retinal ganglion cell layer will be quantified at
postnatal stage days 4, 10, 35, and 40 to represent key time points in retinal
development. Immunohistochemistry (IHC) will be used to quantify the number of cells
within the RGC layer of the wild-type and AP-23 NCC KO mice. If no differences in cell
numbers are observed in the RGC cell layer at earlier postnatal stages, it will be

proposed that the loss of RGC is progressive and that the AP-23 NCC KO mouse is a
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novel model for glaucoma. Furthermore, knowing at which stage the first difference in
RGC number is observed between the wild-type and AP-23 NCC KO will provide a time-

point to target for future intervention.

Aim 2: To examine macroglial activity in AP-2B8 NCC KO mice during retinal
development.

To corroborate the decrease in the number of cells within the RGC layer with the
presence of inflammation, it is crucial to understand how micro/macro glial cells are
behaving at the postnatal stages of retinal development. Specifically, investigating at
which point in time Miiller cell-associated GFAP expression occurs. In the presence of
neuroinflammation, Mller cells start to express GFAP and other intermediate filaments
(Anderson et al 2008; Luna et al 2010) in an attempt to protect from further damage
(Harada et al, 2003; Bringmann et al., 2006). IHC will be used to visualize the presence
of Muller cell-expressed GFAP as it would suggest a time point that would indicate the
start of neurodegeneration. If the loss of cells within the RGC layers occurs without
Muller cells expressing GFAP, it could offer some insight as to the phenotype of the
mouse model or the progression of the neurodegenerative disease. If the GFAP
expression by Muller cells does not occur although the number of cells within the RGC
layer decreases, it would suggest that that the subset of Muller cells that are thought to
be derived from the NCC had been affected by the conditional knockout the AP-2[3
transcription factor. Indicating that the AP-2f transcription factor may have downstream
effects on GFAP expression. If the GFAP expression by Mller cells does occur, either
before or after the initial loss of cells within the RGC layer, it would offer a crucial time

point at which researchers could administer interventions for study.
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Methods
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Animal Husbandry

All experiments were performed at McMaster University and animals were
housed in the Central Animal Facility (CAF) in an SPF level room. Rooms were
regulated to maintain a 22°c ambient temperature and a 12 hour light:dark cycle. Mouse
cages were lined with dry bedding, while food (Harlan 8640 5% fat) and water was
given ad libitum. All procedures were performed per the Animal Utility Protocol (AUP)

submitted to the Animal Research Ethics Board (AREB).

Extraction and processing of tissue

Eyes

All eyes were extracted postmortem. Mice aged to postnatal day 4 and postnatal
day 10 mice were decapitated, then eyes removed under a dissection microscope. Mice
aged to postnatal day 35 and 40 had their eyes removed by cutting the optic nerve (ON)
using curved scissors.

All eyes were immersed in a 4% paraformaldehyde-Sorensen’s phosphate buffer
for 2 hours then placed in 70% ethanol for 24 hours. Eyes were sent to the Histology
Core lab at McMaster University to be processed for paraffin embedding (Paraplast

Tissue Embedding Media, Fisher Scientific Waltham, MA).

Ears/Tails

All ear and tail tissue were extracted postmortem and used for DNA extraction.
Tissue was stored at -20°c until DNA was extraction. DNA extraction was performed
using the EZNA Tissue DNA Kit (Omega Bio-tek) and genotype was determined by

established polymerase chain reaction (PCR) protocols.
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PCR and Gel Electrophoresis

PCR and gel electrophoresis were performed for genotyping mice. PCR master
mix recipes can be found in Table 1, 20uL of master mix was added to 5uL of DNA.
Amplified DNA was run on 2% agarose gels for 60 minutes at a constant voltage of
120V. Tcfap2p primer combo was created by mixing 4uL of PGK PolyA DW, 4 exon
Rev, and 4 exon DW primers. Wntlcre primer was created by mixing 4uL of Crel and
4uL of Cre3 primers and diluting with 32uL of DNA/RNAse free water. Primer

sequences, PCR conditions, and product brands can be found in table 2.

Histology

Embedding and sectioning

Paraffin embedding was performed using a Leica EG 1150H embedding station.
Eyes were positioned so the optical axis of the cornea was parallel to the horizontal
horizon. Paraffin sections were cut on a Leica RM2255 microtome at a thickness of

4um.

Immunohistochemistry

Paraffin-embedded sections were deparaffinized using three washes of xylene:
10 minutes, 15 minutes, 15 minutes; hydrated in serial ethanol solutions: 100% ethanol
solution for 5 minutes (2x), 95% ethanol for 5 minutes, 70% ethanol for 5 minutes; then
washed in water for 5 minutes. Antigen retrieval was performed by treating with 10 mM
sodium citrate buffer (pH 6.0, boiling) for 20 minutes, then the same sodium citrate as it
cooled for 20 minutes. All subsequent steps were performed in a humidifying chamber

made by placing a damp paper towel in an empty slide box. 5% blocking solution
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(normal serum of secondary antibody host) in 1XPBS + 0.1% tween20 was placed on
sections and incubated for 1 hour at room temperature. Primary antibodies in 1%
blocking solution were placed on sections and incubated at 4°c overnight. Secondary
antibodies in 1.5% blocking serum were placed on sections and incubated at room
temperature for 1 hour. Table 3 lists the antibodies and concentrations used for IHC
experiments. Slides were mounted using ProLong Gold antifade reagent containing 4,6-
diamino-2-phenylinodole (DAPI) (Invitrogen — Molecular Probes, Burlington, Ontario)
and visualized using a Leica CTR6 LED microscope with accompanying software (LAS

X). Images were annotated with image editing software (GIMP).

Data Acquisition and Statistical Analysis

All mice were genotyped and only used if they were wild-type: two functional
tcfap2p alleles, or AP-2B NCC KO: one tcfap2p deleted allele and one tcfap2 nulled
allele by the cre-loxP system.

Brn3a labelled cells were counted manually in three regions of the retina:
adjacent to the optic nerve head (denoted ONH), the approximate middle of the globe
(denoted mid-periphery), and adjacent to the ciliary body (denoted periphery). A known
length was measured in ImageJ and the number of pixels was calculated. Length of
tissue calculated by the addition of the line segment lengths that were drawn along the
tissue. The start and end of the length of tissue were defined by the first and last labeled
cells that could be seen in the field of view. Vimentin and GFAP labelled cells were not
guantified but instead defined as either present or not present. Three sections were

guantified and averaged to be considered one sample.
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Measurements were organized in Excel and imported into Prism for statistical
analysis. Brn3a numbers were tested for significance with a 2-way independent
ANOVAS for the three regions of the retina (independent variable: number of cells per
length, dependent variables: age and phenotype). Data were considered significant
when p < 0.05. When the ANOVA returned significant effectors, a Tukey multiple

comparisons post-hoc test was performed.
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Results
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Quantification of Retinal Ganglion Cells at Early Postnatal Stages
Mice with genotypes that were shown to have both functional tcfap2p alleles

were termed Wild-type (WT) while mice with genotypes that were shown to be
heterozygous for the knockout allele of tcfap23 and a cre-mediated disruption of the
remaining tcfap2p allele were termed AP-23 NCC KO (mutant). The presence of
tcfap2f3 and cre-recombinase alleles were detected through polymerase chain reaction
(PCR) and gel electrophoresis. Figure 1 shows an example of the PCR and gel
electrophoresis results used to determine the genotype. Two PCR experiments were
performed to determine if the mutant genotype: one for the wntlcre transgene (Crel
and Cre3 primers) and another for the knocked out tcfap2g allele (PGK-PolyA DW, 4
Exon Rev, and 4 Exon DW primers). Mice were identified as WT because they lacked
the band denoting the wntlcre transgene (420bp) and only had the mirrored tcfap23
gene (220bp) (Figure 7A). Mice were identified as AP-23 NCC KO mutants because
they had the band denoting the wntlcre transgene (420bp) as well as two distinct bands
representing the two ftcfap2p alleles. The first band is the same as in the WT, the
mirrored tcfap23 gene (220bp) and the second band corresponding to the disrupted
tcfap23 gene (380bp) (Figure 7B). Mice that only presented with either the wntlcre
transgene or the two tcfap2p allele disruptions, were deemed wnt1cre+-;tcfap23+ioxp
and wntlcre--;tcfap2p-roxp, respectively. Mice with those phenotypes were not used as
they contained one functional tcfap2f allele. Immunohistochemistry (IHC) was
performed on paraffin sections of eyes from WT and mutant mice. Since our lab had
previously found a statistical decrease in the number of cells within the RGC layer
between the mutant and WT littermates at 2 months of age (Martino et al.), we aimed to

investigate earlier postnatal stages to reveal when the loss of cells first occurs.

23



M.Sc. Thesis — A.N. Saraco; McMaster University — Medical Sciences

Micrographs visualizing the expression of brn3a in mice at P4 are shown in figure 8. P4
represents the middle of the retinal remodeling stage at which the RGC layer is
undergoing peak ganglion cell degeneration (Young, 1984). As a result, the RGC layer
in both the WT and mutant mice was found to contain multiple layers of cells,
particularly at the ONH and mid-periphery. No obvious difference in the number of
brn3a positive cells was observed between the mutant and WT mice. To further confirm
this, cell counts were performed in each region. In the WT, the average number of
brn3a labelled cells was 93 + 17, 92 + 7, and 63 + 13 (mean =+ standard deviation) cells
per millimeter (cells/mm) of retinal tissue for the ONH, mid-periphery, and periphery
regions respectively. In the mutant, the average number of brn3a labelled cells are 100
+9,79 + 6, and 56 + 12 cells/mm of retinal tissue for the ONH, mid-periphery, and
periphery respectively. No significant difference in the number of brn3a labelled cells
between the WT and mutant littermates was found.

Brn3a expression in paraffin sections was also measured in mice aged to P10 at
the ONH, mid-periphery, and periphery between WT and mutant phenotypes (Figure 9).
P10 represents a time point at which retinal remodeling has already occurred and when
the optic nerve is almost fully matured (Young, 1984). Since normal retinal remodeling
has occurred at this stage, it is expected that the number of brn3a labelled cells will be
much lower than that observed at P4, for both WT and mutant retinas. The average
number of brn3a labelled cells in the WT was found to be 41 + 25,31 + 13, and 27 =+ 8
cells/mm for the ONH, mid-periphery, and periphery respectively, and in the mutant was
found to be 60 + 26, 49 + 12, and 29 + 5 cells/mm at the ONH, mid-periphery, and

periphery respectively. A high degree of variability was seen at the level of the ONH in
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both phenotypes and may be reflective of the remaining retinal remodeling between P4
and P10. Nonetheless, there was no significant difference found between the WT and
mutant at P10. There was a significant decrease in the number of brn3a labelled cells
between P4 and P10 in the WT mid-periphery and periphery, as well as a significant
decrease between P4 and P10 in the mutant periphery. It was also observed that the
standard deviations for the ONH region in both the WT and mutant phenotypes are
similar in magnitude, suggesting that a similar degree of remodeling occurred in
proximity to the optic nerve for both genotypes. Thus, the maturation of the optic nerve
was still actively occurring at P10. In both phenotypes, the variability decreased in
regions towards the periphery of the retina.

Brn3a expression in paraffin sections from mice at P35 of age was next
measured (Figure 10). P35 represented a time point after the retina has fully matured.
The number of brn3a labelled cells in the WT was found to be 45 + 18,31 + 5, and 24 +
4 cells/mm for the ONH, mid-periphery, and periphery respectively. For the mutant, the
number of brn3a labelled cells was determined to be 28 + 3,29 + 5, and 21 £+ 4
cells/mm for the ONH, mid-periphery, and periphery respectively. Overall, we did not
observe a significant difference between the WT and mutant. While the variability of
mid-periphery and periphery in both phenotypes is of similar magnitude, the standard
deviation between phenotypes at the ONH is not. Since the retina has fully matured, the
standard deviation of the WT is representative of the natural biological variation of brn3a
expressing cells at the ONH. Since the standard deviation of the mutant at the ONH
dissimilar to that of the WT, P35 seems to be a time point of deviation of the mutant's

phenotype from the WT.
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Brn3a expression in paraffin sections was also measured in mice aged at P40 of
age in the same regions as in previous time points (Figure 11). P40 may represent a
time that damage could potentially affect the number of brn3a labelled cells in the
mutant if the closed-angle phenotype causes glaucoma-like increases in IOP and
subsequent retinal damage. P40 also represented a time point earlier than when our lab
has previously seen a qualitative decrease in brn3a labelled cells in paraffin sections at
P42 (Martino et al.). The number of brn3a labelled cells in the WT was found to be 64 +
12,42 + 11, and 19 + 1 cells/mm for the ONH, mid-periphery, and periphery
respectively. The number of brn3a labelled cells in the mutant was 19 + 25, 11 + 16,
and 4 + 5 cells/mm for the ONH, mid-periphery, and periphery respectively. Although no
significant difference between the mutant and WT was detected at P40, all regions of
the retina the mutant exhibited a downward trend in brn3a labeled cells. Since P40 is
the first time point where the standard deviation is greater than the mean in the mutant,
P40 may be when we start to see a statistical decrease in brn3a labelled cells. Figure
12 is a bar graph summarizing the RGC cell count data from all time points and regions
of the retina for both WT and mutant mice.

Based on the ANOVA results in tables 2, 3, and 4; it was determined that while
phenotype was not a significant effector on the number of brn3a labelled cells in the
three regions of the retina examined, age was a significant effector. Therefore, a Tukey
multiple comparisons post-hoc test was performed to investigate if the loss of brn3a
labelled cells was progressive with respect to age. Since P4 to P10 spans retinal
remodeling, it would be expected that there would be a significant difference between

the number of brn3a labelled cells at P4 and P10. As stated previously, in the WT a
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significant decrease in brn3a labelled cells was found at the level of the mid-periphery
and the periphery (p=0.0006 and p=0.0047, respectively) however not at the level of the
ONH (p=0.1649). However, in the mutant the only statistical decrease is seen at the
level of the periphery (p=0.0478) and not mid-periphery and ONH (p=0.1695 and
p=0.4193, respectively). It is not known as to why the mid-peripheral region seems
different between phenotypes; however, it should be recognized that optic nerve
maturation may still be occurring which could contribute to the variability at P10. To
investigate if the loss of brn3a labelled cells is progressive, a comparison between P10
to P40 within each phenotype was analyzed. Stepwise comparisons (P10 and P35, P35
and P40) were not appropriate because the glaucoma-like progression of RGC loss
occurs over a relatively long amount of time. A comparison of subsequent time points
could show no significant decrease, however, the sum of all decreases could prove to
be significant. In the WT, it would be expected that the number of brn3a labelled cells
should not significantly change post retinal remodeling and optic nerve maturation. The
Tukey multiple comparisons test shows that in WT mice there is no significant decrease
in brn3a labelled cells from P10 to P40 (p=0.9003, p=0.9702, and p=0.9539) at the
ONH, mid-periphery, and periphery respectively. While the Tukey's multiple
comparisons test shows no significant decrease between P10 and P40 in the mutant at
the level of the ONH, it does show a significant decrease at the level of the mid-
periphery and borderline significance at the level of the periphery (p=0.4035, p=0.0406,
and p=0.0618). Together, these observations show that in the AP-23 NCC KO model
there is a subsequent loss of RGCs, which is progressive, which may mimic the loss

that occurs in human glaucoma.
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Expression of Glial Fibrillary Acidic Protein (GFAP) by Miiller Cells
Glial Fibrillary Acidic Protein (GFAP) is an intermediate filament protein

expressed by macroglia such as astrocytes, however in times of neuroinflammation
Mauller cells express GFAP in projections that span the entire retina. The purpose of
examining GFAP expression in our mutant model at early postnatal stages was to
corroborate the brn3a data with a marker for neuroinflammation. While Muller cells are
responsible for protecting the neural retina by surrounding cells within the retina with
vimentin, chronic expression of GFAP by Miller cells has been shown to have a positive
effect on neurodegeneration (Bringmann et al., 2006; Coorey et al., 2012). When Mduller
cells express GFAP, the staining pattern contains projections that span the retina
perpendicularly to the strata of the retina. Independent of inflammation, astrocytes
constitutively express GFAP so astrocyte staining of GFAP was used as an internal
positive control. The presence of GFAP by Miiller cells was investigated for P4, P10,
P35, and P40 in the three regions of the retina: ONH, mid-periphery, and periphery in
both the WT and the mutant.

GFAP expression was first investigated in retinal sections at P4 to learn if
neuroinflammation was already present in the retina in the mutant (Figure 13). As
expected, no Miller cell GFAP expression was visualized in the WT, and no Miiller cell-
associated expression was present in the mutant as well. Concerning overall GFAP
expression, at the level of the ONH and periphery, there was no qualitative difference
between phenotypes. However, at the level of the mid-periphery in the mutant at P4,
astrocyte expression of GFAP was detected and this was not seen in the WT (Figure

13).
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GFAP expression was next investigated at P10 (Figure 14). Despite this time
point being post-remodeling, there was no Miller cell-associated GFAP expression in
either the WT or the mutant samples as shown by an absence in GFAP staining in
projections traveling perpendicular to the retina strata. Astrocyte expression of GFAP
appeared different between the phenotypes in all regions of the retina examined except
for at the level of the ONH. In the mid-periphery and periphery regions of the WT retina,
dull staining of astrocyte associated GFAP was observed, however within the same
regions of the mutant retina the staining appeared brighter.

GFAP expression was next investigated in the P35 WT and mutant mouse
phenotype to identify the presence of neuroinflammation (Figure 15). As expected in the
WT, there was no Miller cell associated expression of GFAP as seen by the lack of
visualized projections spanning the retina. However, in the mutant clear GFAP
expression by Muller cells can be seen at the level of the ONH and periphery with
minimal GFAP expression at the level of the mid-periphery. The expression of GFAP in
Muller cells was not observed in the WT at this stage. This is an indication that
neuroinflammation was occurring by P35 in the AP-23 NCC KO mouse. While we did
not detect a statistical difference between the number of brn3a labelled cells in the WT
versus mutant at this postnatal stage, the increased GFAP expression preceded the
RGC decrease that began to occur at P40.

In the P40 mutant, the Muller cell expression of GFAP increased in intensity
across the three regions of the retina, while in comparison the P40 WT retina showed
no Miller cell-associated expression of GFAP (Figure 16). In the mutant, the minimal

Mdller associated expression of GFAP at the level of the mid-periphery observed at
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earlier stages had increased and the Muller cell expression of GFAP at the ONH and
periphery remained consistent. This corresponds with the progressive loss of RGCs that
seems to begin at postnatal day 40 further suggests that the retinal degeneration occurs
gradually and exclusively after the retina has completed development. The GFAP
visualization also corroborates the start of statistical loss of brn3a labelled cells being
around P40 as the statistical decrease between P10 and P40 matches the presence of

neuroinflammation as a result of neuronal death.

Muller Cell Expression of Vimentin in AP-2B8 NCC KO mouse
Since Glial Fibrillary Acidic Protein (GFAP) is only expressed by Muller cells in

the presence of neuroinflammation, it was important to ensure that the pattern of Mller
cells was not altered in the AP-2B3 NCC KO (mutant) versus wild-type (WT) mice. To
visualize Miiller cells, vimentin, an intermediate filament expressed by Miller cells, was
stained using immunohistochemistry (IHC). It is expected that there should be little to no
difference between the vimentin staining patterns between phenotypes, demonstrating
that the presence of Miller cells is similar in the mutant as it is to the WT.

Vimentin expression in the postnatal days 4, 10, 35, and 40 in the WT and
mutant mice was examined using IHC in the three regions of the retina examined:
adjacent to the optic nerve (ONH), middle of the retina (mid-periphery), and adjacent to
the ciliary body (periphery). In the three regions of the retina for postnatal days 4, 10,
and 35 there was no difference in vimentin expression. However, vimentin expression in
the postnatal day 40 mutant appears to be upregulated when compared to the postnatal
day 40 WT (Figure 17), which is a sign of neurodegeneration (P. J. Anderson et al.,
2008; Luna et al., 2010). To corroborate the increased vimentin expression with the

presence of Miller cell-associated GFAP expression, colocalization of vimentin and
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GFAP was performed on postnatal 40 WT and mutant mice. Figure 18 shows that there
is exclusive colocalization of vimentin and GFAP in the inner nuclear layer and ganglion
cell layer in WT mice, however, colocalization of vimentin and GFAP in the mutant
extends to radially spanning the entire retina. The colocalization of the radially
expressed GFAP with vimentin proves the presence of Muller cells in the mutant mouse

and corroborates the fact that the radially expressed GFAP is expressed by Miiller cells.
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Discussion
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Progressive Loss of Retinal Ganglion Cells in the AP-2B NCC KO mouse
Previous work in our lab had suggested that the AP-23 NCC KO mouse strain

could be a potentially novel experimental model for glaucoma. Characteristics observed
in this model such as increased intraocular pressure (IOP), loss of cells within the retinal
ganglion cell (RGC) layer, and decreased optic nerve diameter are criteria that satisfy
some important requirements for a model of glaucoma (Martino et al., 2016). However,
one aspect that remained to be determined was whether the loss of cells in the RGC
layer occurred progressively, over time, as is the case for glaucoma in humans. Thus,
the overall goal of this thesis was to investigate the number of cells within the RGC
layer in the AP-2B NCC mutant at earlier postnatal stages to determine if the loss of
cells observed previously is progressive and not due to a developmental defect that
would be unrelated to closed-angle phenotype and the increased IOP.

Earlier work from our laboratory had shown that significant loss of cells in the
RGC layer in the AP-23 NCC mutant occurred at P42. Examination of RGC number at
earlier stages of P4, P10, P35, and P40 was therefore carried out to determine when
the loss of RGC is initiated. While we did not find a statistical difference between the
mutant and wild-type (WT) controls in the three regions of the retina for all time points
examined, we did observe a clear decreasing trend as we approached postnatal day 42,
the original time point with a reported significant difference in RGC number.
Interestingly, at postnatal day 40, the variance in the number of RGC was greater than
the calculated mean. This variability was attributed to the fact that some sections had
zero brn3a labelled cells present in the three regions of the retina, while others had
retained some. The complete lack of brn3a labelled cells was likely because a section

was obtained from an area of the eye with more extensive RGC damage than others.
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This is consistent with the progression of glaucoma as it is known that retinal damage
glaucoma occurs segmentally. Ideally, flat mount sections may have prevented this
variability and revealed more significant changes at this stage. However, flat mounts at
such early stages are not possible to obtain and we, therefore, had to rely on serial
sections.

It was also observed that age had a significant effect on the number of retinal
ganglion cells in both phenotypes examined, mutants and control littermates. This
finding is to be expected since mouse retinal progenitor cells undergo a pruning process
involving programmed cell death (Young, 1984) until postnatal day 21. Thus, any data
from retinas before postnatal day 21 should capture the effect of age on the decline in
the number of brn3a labelled cells.

When comparing the P10 to P40 pair between both phenotypes, no significant
difference between P10 and P40 was found for the WT and a significant difference for
the AP-2B NCC KO (p=0.9702 and p=0.0406, respectively) which strongly suggests that
the loss of brn3a labelled cells is progressive and indicative of glaucoma. What this
shows is that in the WT littermate controls, the amount of RGC death over 30 days was
significantly lower than in the AP-23 NCC KO mouse. It is expected that some loss of
RGCs would be observed from P10 to P21 as this is still within the developmental
pruning of the RGC layer, however in the WT that loss was not significant. In
comparison, in the mutant, the number of RGCs that died during the same period was
significant. This finding indicates that another mechanism, other than the developmental
pruning rate alone is contributing to the loss of RGC during that time. That mechanism

that is likely contributing to the increased rate of RGC death in the mutant is the closure
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of the iridocorneal angle leading to increased I0OP, which causes mechanical stress of
the RGC layer and subsequent increased rate of RGC death in the AP-23 NCC KO
mutant when compared to WT littermate controls.

The fact that RGC loss is occurring in the AP-23 NCC KO mouse is extremely
important as this would further demonstrate that it is a useful experimental model for
glaucoma. One important benefit of this model is the amount of time needed for
obtaining significant results. Other models such as the DBA/2J model, do not exhibit a
significant loss of RGCs until 11 to 15 months, whereas the AP-23 NCC KO model
shows a significant degree of retinal ganglion cell death by 42 days. As a result, the AP-
28 NCC KO mouse strain requires less time and resources as a model of glaucoma
since experiments can be completed in a shorter time frame. The closed-angle
phenotype in the AP-23 NCC KO mouse model was found to be highly penetrant; each
AP-2B NCC KO mouse had complete adherence of the iris to the corneal stroma.
Therefore, each mouse presents with the same 360-degree closed-angle phenotype,
causing complete closure of both the classical and uveoscleral aqueous humor
drainage pathways that result in a similar loss of RGC between each mutant mouse.
This is in contrast to the DBA/2J mouse where the increased IOP is based on the iris
stroma deposition and subsequent blockage of the agueous humor drainage structures.
Since the deposition is highly variable, so is the increase in IOP and subsequent loss of
retinal ganglion cells. As a result, many more DBA/2J mice need to be examined to
obtain significant findings. Furthermore, the consistency of the AP-23 NCC KO mouse
progression means that intervention experimentation can be standardized. Rather than

performing interventional surgery or administration of potentially neuroprotectant drugs
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on a mouse model with a highly variable baseline, all interventions can be given on a
mouse with a well-defined disease state as a function of age. In the AP-23 NCC KO
mouse, the drug can be administered much earlier, for example, day 25, and all mice
will have a similar degree of intraocular pressure due to the mechanism of aqueous
humor blockage being virtually identical between mice. Both the drastically shorter wait
time and mechanism consistency shown in the AP-23 NCC KO mouse are crucial

gualities in a glaucoma model and could be a great benefit to glaucoma research.

GFAP expression by Miller cells marks neuroinflammation at P35 to P40
One drawback to investigating the number of brn3a labelled cells in sections

rather than whole-mount preparations is that there is a potential to underestimate the
degree of damage within the retina. Thus, we utilized another way to corroborate the
brn3a data, by investigating GFAP expression. Overexpression of GFAP by Miiller cells,
also known as gliosis, is an indication of neuroinflammation that is also hypothesized to
exacerbate retinal degeneration if chronic (Bringmann et al., 2006; Coorey et al., 2012).
Thus, by visualizing GFAP expression in Muller cells, we can corroborate the brn3a
data and further support the progressive loss of RGCs in the mutant. While the
expression of GFAP was not observed at earlier postnatal stages of both the WT and
mutant, it became visible with an increase in age exclusively in the mutant. Muller cell
expression of GFAP was initially observed at postnatal day 35 and increased through
postnatal day 40 and postnatal day 42 in the mutant while no Muller cell expression of
GFAP was observed in the WT littermates. This coincided with the brn3a data for both
the WT and mutant phenotypes. The loss of RGCs as demonstrated by the brn3a data
and the presence of Muller associated GFAP expression indicates that the decreasing

trend of brn3a labelled cells occurs in the presence of neuroinflammation in the mutant,
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while the lack of RGC loss and Miller cell GFAP expression in the WT indicates that
neither RGC loss nor neuroinflammation is occurring in the WT. This further supports
the progressive nature of the retinal ganglion cell loss in the AP-23 NCC KO mouse as
RGC loss and GFAP expression by Muller cells is seen exclusively in the mutant
phenotype. Currently, the data suggests that the Miiller cell expression of GFAP
precedes the statistical decrease in the number of RGCs, supporting the concept that
GFAP expression by Miller cells may have been initiated to protect from mechanical
damage to the RGC layer. However, it is unclear as to if by P40 the expression of GFAP
is contributing to the loss of RGCs as in the case of chronic gliosis (Bringmann et al.,
2006; Coorey et al., 2012). Although the brn3a data revealed that damage to the retinal
ganglion cell layer was first observed at postnatal day 40, we are not certain as to when
it was initiated. Segmental loss of cells within the retinal ganglion cell layer may have
occurred at earlier stages and we did not detect it using serial sectioning. Thus, some
damage to the retina may have occurred earlier than Miiller cell expression of GFAP.
However, our data has suggested that Miiller cells are expressing GFAP before a
statistical decrease in RGC number is observed in serial sections. This could either
mean that loss of RGCs is earlier than P42 as previously reported, or that Muller cell
expression of GFAP could be an indication of impending degeneration rather than an
indication that degeneration has occurred. If GFAP expression by Mdller cells drastically
precedes retinal damage, it could suggest that the administration of neuroprotectant
drugs would need to be at an even earlier time than Miller cells expressing GFAP
would originally suggest to prevent loss of RGCs. Regardless of how much time

separates retinal degeneration and GFAP expression, it will indicate when
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neuroprotectant drugs should be administered and when Mdller cells are reacting to the
retinal degeneration. Furthermore, since it is hypothesized that chronic gliosis
exacerbates retinal degeneration if we find evidence that suggests that Muller cell
expression of GFAP is contributing to the loss of RGCs then-new drug targets that

reduce GFAPs contribution to retinal degeneration could be investigated.

Vimentin expression confirms the presence of Miller cells in AP-2B8 NCC
KO mouse

Glial cells are primarily derived from the neural tube, however, it was
hypothesized that a subset of Miiller cells are derived from cranial neural crest cells (Liu
et al., 2013). Since our knockout of AP-23 is exclusive to the NCC, there is the potential
for genetic manipulation to affect Miller cells. Therefore, it was crucial to prove that
Mdller cell numbers in the retina were unaffected without using GFAP expression. By
visualizing vimentin, no difference between phenotypes at postnatal stages 4, 10, and
35 was found. This suggests that the Miiller cell population was unaffected as a result of
the AP-2B NCC KO. Furthermore, the colocalization of GFAP and vimentin confirms that
the GFAP expression was by Mdller cells and the increased expression of vimentin at
postnatal day 40 confirms that despite the knockout of AP-23 from the cranial NCCs,
the Miiller cells are responding appropriately to retinal degeneration and exhibiting
classic signs of gliosis (P. J. Anderson et al., 2008; Luna et al., 2010). While the
presence of Miller cells seems to be unaffected, the degree of vimentin expression
appeared decreased in the AP-23 NCC KO mouse. Quantification of vimentin
expression using western blot band intensity would help to determine if the vimentin

expression is significantly affected by the AP-23 NCC KO. Since the role of vimentin is

to mechanically protect the cells in the retinal ganglion cell layer, the decrease in
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vimentin expression in the AP-23 NCC KO mouse may have helped in facilitating retinal

degeneration.
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Conclusions and Future Directions
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This study has shown that within the AP-23 NCC KO mouse strain, the loss of
retinal ganglion cells by P42 is not a result of the disruption of the AP-2f3 transcription
factor causing a genetic defect in retinal development. The evidence suggesting that the
closed-angle phenotype created by the adherence of the iris to the corneal stroma and
subsequent increased IOP contributes to retinal degeneration similar to human
glaucoma includes segmental loss of retinal ganglion cells, decreased number of cells
within the RGC layer, and decreased optic nerve diameter (Martino et al., 2016). This
evidence is strengthened by the results presented in the thesis. The decreasing trend of
RGCs suggesting a progressive nature to the retinal degeneration as well as the
corroboration of GFAP expression by Mdller cells exclusively in the AP-28 NCC KO
mutant at P35 and P40 suggesting that the retinal damage occurs over time. The
combination of these findings indicates that the AP-23 NCC KO could be an important
asset to experimental glaucoma research. This experimental model is the only strain of
mouse that has a profound effect on the uveoscleral outflow pathway. All other models,
genetic and physically induced, exclusively decrease aqueous humor drainage via the
conventional pathway, which in mice, only contributes to 20% of overall aqueous humor
outflow (Aihara et al., 2003a; Fautsch & Johnson, 2006). Since the AP-23 NCC KO
mouse model completely blocks the uveoscleral pathway, it is an extremely powerful
experimental model for glaucoma. Although significance was not found at P40, it was
likely due fact that there is some variability in the amount of damage to the retina during
early stages, which minimizes by 2-3 months of age.

Further experimentation of the AP-23 NCC KO mouse strain itself should focus

on standardization of the model and optimization of model use such as experiments that
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further the understanding of how the model presents. While this thesis focused on brn3a
positive cells for visualizing cell numbers in the RGC layer, antibodies against RNA-
binding protein with multiple splicing (RBPMS) have been shown to reliably and
exclusively visualize RGCs and was not investigated (Rodriguez, de Sevilla Miller, &
Brecha, 2014). By investigating similar stages as brn3a with RBPMS and generating a
similar understanding of how the number of RBMPS positive cells changes over time, it
would increase the robustness of the model as researchers would not be required to
use brn3a for visualization of the RGC layer. RBPMS and brn3a co-localization has
shown that while all brn3a expressing cells also express RBPMS, approximately 80% of
RBPMS expressing cells also express brn3a (Rodriguez et al., 2014). Not only will
investigating similar stages as brn3a with RBPMS give a more complete idea of how
RGC populations are changing in the mutant over time, it may also show discrepancies
in how the RGC layer presents throughout progression of degeneration based on the
target for visualization. If the discrepancy between brn3a and RBPMS is found to grow
as the disease in the mutant progresses, it would suggest that select populations of
RGCs have variable susceptibility to mechanical injury than others, similar to the more
injury-resistant characteristics seen in melanopsin-expressing RGCs (Li et al., 2006). In
addition to the use of RBPMS in serial sections, flat-mount experiments using both
brn3a and RBMPS should be done between P21 and P35. Although it has been shown
that RGC numbers can be accurately estimated in serial sections (Fileta et al., 2008;
Mead et al., 2014), one disadvantage to using serial sections was the potential to miss
regions of the retina that may be damaged. While this thesis shows that loss of RGCs

can be observed by P42 in serial sections, the precision of when RGC loss is occurring
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is extremely important in neuroprotectant experiments. By P21, the development of the
eye is essentially complete and flat mounts experiments become much more viable. By
investigating both brn3a and RBPMS staining in flat-mount between P21 and P35, a
tighter timeframe of when retinal degeneration is initiated can be found. Once this
tighter timeframe is reported, a standardized drug administration time can be chosen
and the legitimacy of neuroprotectant experiments will increase as all neuroprotectants
will be able to be compared in a more standardized manner. The highest degree of
precision could be realized by using Fluorescence-activated cell sorting (FACS) to count
individual cells. Although the organization of RGC loss in glaucoma is segmental and
since that segmentation has already been shown, the experiments could be reduced
purely to the number of RGCs by using FACS for even higher precision and high-
throughput.

Furthermore, serial section experiments visualizing GFAP and quantifying GFAP
expression by western blot intensity can be done within the tighter timeframe to
investigate Mller cell-expressed GFAP’s role. As previously discussed, Mller cell
expression of GFAP is theorized to have both protective and degenerative effects if
chronic expression occurs. By investigating the relationship between the initiation of
retinal degeneration and Miiller cell expression of GFAP, it could lead to new research
guestions ranging from the mechanism of GFAP associated protection or degeneration
to developing new drugs that either increase the protective component of GFAP or
antagonize the degenerative component.

Another experiment that could be done is quantifying the amount of vimentin

present in the AP-23 NCC KO mutant. The amount of vimentin seemed to be lower
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within the mutant when compared to WT littermates, which could contribute to the RGC
loss. Since vimentin is an IF that protects RGCs from mechanical stress, if the amount
of vimentin is decreased as measured by western blot intensity analysis in the mutant,
then that could be a reason as to why RGC loss occurs so quickly.

Finally, another experiment that could be performed is to surgically recreate an
aqueous humor drainage system in the AP-28 NCC KO mouse by performing a
selective laser trabeculoplasty (SLT) procedure and prove the effect of increased
intraocular pressure on RGC loss, as SLTs have shown to be effective in reducing IOP
in closed-angle glaucoma (Ho et al., 2009). Due to 360-degree adherence of the iris to
the exposed corneal stroma, it is hypothesized that aqueous humor drainage is
completely blocked. While it is unknown, and probably unlikely, that 100% of the
aqueous humor drainage is prevented in the mutant, re-establishing an agueous humor
drainage system may alleviate the mechanical stress caused by the increased IOP. In
the absence of increased IOP, the loss of RGCs in the AP-23 NCC KO mutant should
become absent. This would strongly suggest that increased IOP is more than just a risk

factor for glaucoma, but also a cause of mechanical stress that induces RGC death.
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Figure 1: General Anatomy of the Mammalian Eye. A schematic depicting the anatomical structures of the
mammalian eye. Adapted from Thieme Atlas of Anatomy, 3rd Edition, 2019)
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Figure 2: Vertebrate eye development and tissue derivations. Schematic of the stages of eye development
including formation of the optic vesicle (A), formation of the lens pit (B), detachment of the lens (C), and formation of
ciliary body and corneal epithelium (D). NE: neuroepithelium, Me: periocular mesenchyme, SE: surface ectoderm,
QV: optic vesicle, LPi: lens pit, OS: optic stock, CE: corneal epithelium, CS: corneal stroma, NR: neural retina, RPE:
retinal pigmented epithelium, LE: lens epithelium, PLF: proliferating lens fibers, CB: ciliary body, ON: optic nerve.

(Adapted from Bassett, E.A, 2012).
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Figure 3: Retinal development. Schematic showing the three distinct layers of the retina (A) and the chronological

order that neurons are born. ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer, OPL: outer
plexiform layer, IPL: inner plexiform layer. (Adapted from Cepko, 2014)
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Figure 4: Schematic showing the theory of the relationship between increased intraocular pressure and
glaucoma. Impediment of the aqueous humor outflow (red arrow and blue X) happens, the pressure within the
anterior chamber increases. The increased pressure transfers to the retina and compresses at the optic nerve head
(ONH). Compression of the retina results in decreased retrograde axonal transport of trophic factors and/or increased
glial, metabolism, and ER stress. (Adapted from Martino et al., 2016).
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Figure 5: Anterior Chamber and Aqueous Humor Pathways. Schematic depicting the anatomical structures of the
anterior segment. Aqueous humor is produced by the ciliary body, travels between the lens and iris to enter the
anterior chamber. Aqueous humor continues to the iridocorneal angle where it will drain via the trabecular meshwork
and Schlemm’s canal (red arrow) or the uveoscleral pathway (yellow arrow). When these drainage pathways are
disrupted, intraocular pressure increases and could lead to glaucoma-like symptoms. (Adapted from Thieme of
Anatomy, 3rd edition, 2019)
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Figure 6: The expression of AP-2f in an E15.5 murine eye. AP-2B expression was shown to in the corneal
epithelium (Cep), the developing corneal stroma (CS), the inner neuroblast layer (INbL), and the periocular
mesenchyme (Me). Scalebars set to 100 um (Adapted from Martino et al., 2016).
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Figure 7: PCR results denoting mouse genotype. Two PCR experiments were used to confirm wild-type (WT)
versus AP-23 NCC KO (mutant) mice: wntlcre transgene and two disrupted tcfap2f alleles. 100bp DNA ladder was
used.
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Figure 8: Brn3a expression in postnatal day 4 wild-type and AP-2B8 NCC KO. Brn3a (red) in the wild-type and
AP-2B8 NCC KO retina. ONH represents the retina adjacent to the Optic nerve, mid-periphery represents the middle of
the retina, and the periphery represents the retina adjacent to the ciliary body. Ganglion Cell Layer (GCL), Inner
Nuclear Layer (INL), Outer Neuroblast Layer (onbl). Scale bars: 100 um
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Figure 9: Brn3a expression in postnatal day 10 wild-type and AP-28 NCC KO. Brn3a (red) in the wild-type and
AP-2B8 NCC KO retina. ONH represents the retina adjacent to the Optic nerve, mid-periphery represents the middle of
the retina, and the periphery represents the retina adjacent to the ciliary body. Ganglion Cell Layer (GCL), Inner
Nuclear Layer (INL), Outer Nuclear Layer (ONL). Scale bars: 100 zm
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Figure 10: Brn3a expression in postnatal day 35 wild-type and AP-28 NCC KO. Brn3a (red) in the wild-type and
AP-2B8 NCC KO retina. ONH represents the retina adjacent to the Optic nerve, mid-periphery represents the middle of
the retina, and the periphery represents the retina adjacent to the ciliary body. Ganglion Cell Layer (GCL), Inner
Nuclear Layer (INL), Outer Nuclear Layer (ONL). Scale bars: 100 zm




M.Sc. Thesis — A.N. Saraco; McMaster University — Medical Sciences

Wild-type AP-28 NCC KO

>
[ -

)
<

S
=

)

&
e

=

Periphery

Figure 11: Brn3a expression in postnatal day 40 wild-type and AP-28 NCC KO. Brn3a (red) in the wild-type and
AP-2B8 NCC KO retina. ONH represents the retina adjacent to the Optic nerve, mid-periphery represents the middle of
the retina, and the periphery represents the retina adjacent to the ciliary body. Ganglion Cell Layer (GCL), Inner
Nuclear Layer (INL), Outer Nuclear Layer (ONL). Scale bars: 100 zm
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Figure 12: The change in number of brn3a labelled cells with respect to time in the wild-type and AP-28 NCC
KO. Bar graph denoting the change in brn3a labelled cells with respect to time in the wild-type and AP-28 NCC KO.

(mean #95% CI; * p<0.05, n = 3 eyes, 6 measurements)
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Figure 13: GFAP expression in postnatal day 4 wild-type and AP-2B8 NCC KO. Glial Fibrillary Acidic Protein
(GFAP) (green) in the wild-type and AP-23 NCC KO retina. ONH represents the retina adjacent to the Optic nerve,
mid-periphery represents the middle of the retina, and the periphery represents the retina adjacent to the ciliary body.
Nerve Fiber Layer (NFL). Scale bars: 100 zm
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Figure 14: GFAP expression in postnatal day 10 wild-type and AP-28 NCC KO. Glial Fibrillary Acidic Protein
(GFAP) (green) in the wild-type and AP-23 NCC KO retina. ONH represents the retina adjacent to the Optic nerve,
mid-periphery represents the middle of the retina, and the periphery represents the retina adjacent to the ciliary body.
Nerve Fiber Layer (NFL). Scale bars: 100 zm
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Figure 15: GFAP expression in postnatal day 35 wild-type and AP-2B8 NCC KO. Glial Fibrillary Acidic Protein
(GFAP) (green) in the wild-type and AP-23 NCC KO retina. ONH represents the retina adjacent to the Optic nerve,
mid-periphery represents the middle of the retina, and the periphery represents the retina adjacent to the ciliary body.
Nerve Fiber Layer (NFL), Inner Nuclear Layer (INL), Outer Nuclear Layer (ONL). Scale bars: 100 xm
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Figure 16: GFAP expression in postnatal day 40 wild-type and AP-2B8 NCC KO. Glial Fibrillary Acidic Protein
(GFAP) (green) in the wild-type and AP-23 NCC KO retina. ONH represents the retina adjacent to the Optic nerve,
mid-periphery represents the middle of the retina, and the periphery represents the retina adjacent to the ciliary body.
Nerve Fiber Layer (NFL), Inner Nuclear Layer (INL), Outer Nuclear Layer (ONL). Scale bars: 100 xm
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Figure 17: Vimentin expression in postnatal day 40 wild-type and AP-28 NCC KO. Vimentin (red) in the wild-type
and AP-28 NCC KO retina. ONH represents the retina adjacent to the Optic nerve, mid-periphery represents the
middle of the retina, and the periphery represents the retina adjacent to the ciliary body. Ganglion Cell Layer (GCL),
Inner Nuclear Layer (INL), Outer Nuclear Layer (ONL). Scale bars: 100 gm
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Figure 18: Colocalization of vimentin and GFAP expression in the postnatal day 40 wild-type and AP-28 NCC KO. Glial Fibrillary Acidic Protein (GFAP)
(green) and vimentin (red) colocalization (merge) in the wild-type and AP-28 NCC KO midperipheral retina. Ganglion Cell Layer (GCL), Inner Nuclear Layer (INL),
Outer Nuclear Layer (ONL). Scale bars: 100 um
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Tables

Table 1: 1X Master mix recipes: Recipes for tcfap23 and wnt1cre transgene PCRs

tcfap2p wntlcre transgene
Red Taqg Mix (uL) 12.5 12.5
Primer Combo (uL) 0.3 0.4
Water (uL) 7.2 7.1

Table 2: PCR protocol: Table denoting the protocols used for PCR experiments and products.

Alleles Primers PCR conditions Products
wntlcre Crel 45 seconds at 95°C Presence of
5 — GCT GGT TAG 1 minute at 67°C wntlcre transgene
CAC CGC AGG 1 minute and 10 at 420bp
TGT AGA G-3' seconds at 72°C
Cre3 (33 cycles)
5 —-CGC CATCTT
CCA GCAGGC
GCACC-3
tcfap2p PGK - PolyA DW 45 seconds at 95°C | Presence of

5 - CTG CTC TTT
ACT GAA GGC
TCTTT-3

4 Exon Rev

5 —-TTC TGA GGA
CGC CGCCCA
GG-3

4 Exon DW

5 — CCT CCC AAA
TCT GTG ACT
TCT -3

45 seconds at 58°C
1 minute at 72°C

(37 cycles)

disrupted tcfapf3
gene at 380bp

Mirrored tcfap
gene at 220bp
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Table 3: Antibodies used for immunohistochemistry

Antibody Host Manufacturer Dilution
Anti-Brn3a Goat Santa Cruz 1:200
primary

Anti-GFAP Rabbit Dako 1:1000
primary

Anti-Vimentin Goat Abcam 1:500
primary

Alexa Fluor 488 Goat or Donkey Invitrogen — 1:200
secondary Molecular probes

Alexa Fluor 568 Goat or Donkey Invitrogen — 1:200
secondary Molecular probes

Table 4: Summary of ANOVA results for region adjacent to Optic Nerve Head (ONH). Number of brn3a labelled
cells at the level of the ONH was analyzed using a 2-way independent ANOVA (* denotes significance). Significant

factors were investigated using Tukey multiple comparisons post-hoc test.

Variable ANOVA F value Adjusted p value from
ANOVA

Interaction  2.352 0.1108

Age 8.721 0.0012 (*)

Phenotype 1 0.9277 0.3498

Table 5: Summary of ANOVA results for region at middle of retina (mid-periphery). Number of brn3a labelled
cells at the level of the mid-periphery was analyzed using a 2-way independent ANOVA (* denotes significance).
Significant factors were investigated using Tukey multiple comparisons post-hoc test.

Variable ANOVA F value Adjusted p value from
ANOVA

Interaction - 3.66 0.0351 (*)

Age 26.25 <0.0001 (*)

Phenotype 1.532 0.2337

Table 6: Summary of ANOVA results for region adjacent to ciliary body (periphery). Number of brn3a labelled
cells at the level of the periphery was analyzed using a 2-way independent ANOVA (* denotes significance).
Significant factors were investigated using Tukey multiple comparisons post-hoc test.

Variable ANOVA F value Adjusted p value from
ANOVA

Interaction 1 0.9411 0.4439

Age 29.16 <0.0001 (*)

Phenotype - 2.285 0.1502
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