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Abstract

Background and Purpose

Retinal ischemia is a common pathology in many vision-threatening diseases.
Optical coherence tomography angiography (OCTA) is a non-invasive imaging technique
that provides images of microvasculature by measuring temporal variations in the
intensity of reflected light. OCTA has been employed previously to assess changes in
retinal perfusion during, or immediately after acute ischemia-reperfusion (I/R) injury,
however, the longitudinal impact of I/R injury has yet to be fully explored. The goal of
this study was to explore the longitudinal relationship between retinal perfusion,
thickness, and retinal ganglion cell (RGC) loss using a model of acute I/R injury in mice.

Methods

24 adult female C57Bl/6 mice were divided evenly into groups receiving 15-, 30-
or 45-minutes of retinal ischemia, induced by elevating intraocular pressure (IOP) with a
cannula in the anterior chamber connected to a raised pressure reservoir. A non-ischemic
repeatability group of 4 mice was used for comparison. Imaging sessions were performed
at baseline and over a period of 10-days post-I/R injury. At all time points, perfusion
density (PD) in the superficial (SVP), intermediate (ICP) and deep (DCP) capillary
plexuses were computed from OCTA vascular volumes and ganglion cell complex
(GCC) thickness was computed from peripapillary optical coherence tomography (OCT)
B-scans. Following the last imaging session, immunohistochemistry (IHC) was
performed to quantify cumulative RGC loss. Relevant statistics were performed.

Results

Longitudinal changes in retinal perfusion and GCC thickness following acute I/R
injury were tracked in vivo with OCTA and OCT. PD was decreased in all plexuses in the
15- and 30-minute elevated IOP groups, however, changes at all time points were not
significant when compared to the repeatability group. No significant differences were
found in GCC thickness and RGC density between repeatability/control and the 15- and
30-minute elevated IOP groups across all time points. Due to extensive retinal damage,
PD in the 45-minute elevated IOP group was computed using a custom vascular volume
that combined all capillary plexuses together. PD in the 45-minute elevated IOP group
was significantly lower than the repeatability group at all time points post-I/R injury.
GCC thickness in the 45-minute elevated IOP group was significantly increased at 1-day,
then significantly decreased at 5-, 7- and 10-days post-I/R injury, when compared to all
other groups. RGC density in the 45-minute elevated IOP group was significantly lower
than all other groups. There was no significant difference in PD between the SVP, ICP
and DCP any time point in the 15- and 30-minute elevated IOP groups.

Conclusion

This research describes the in vivo use of OCTA and OCT in tracking the
longitudinal changes in retinal PD and GCC thickness following acute I/R injury in mice.
Data gathered from OCTA and OCT may be useful in enhancing our understanding of the
time course of changes in retinal perfusion and thickness during disease. Our comparative
analyses between ischemic durations and between the vascular plexuses may provide
valuable insight into the pathogenesis of ischemic retinal disease.



AMD
AMPA
ATP
BRAO
BRB
BRVO
CCAC
CCV
CNV
CRA
CRAO
CRV
CRVO
CSLO
DCP
DR
FA
FG
GABA
GCC
GCL
HBSS
I/R
ICGA
ICP
[HC
ILM
INL
(0]

List of Abbreviations Used

Age-Related Macular Degeneration
Amino-Methyl-Propionic-Acid
Adenosine Triphosphate

Branch Retinal Artery Occlusion
Blood-Retinal-Barrier

Branch Retinal Vein Occlusion
Canadian Council of Animal Care
Custom Combined Volume
Choroidal Neovascularization
Central Retinal Artery

Central Retinal Artery Occlusion
Central Retinal Vein

Central Retinal Vein Occlusion
Confocal Scanning Laser Ophthalmoscopy
Deep Capillary Plexus

Diabetic Retinopathy

Fluorescein Angiography
Fluoro-Gold

v- Aminobutyric Acid

Ganglion Cell Complex

Ganglion Cell Layer

Hanks’ Balanced Salt Solution
Ischemia-Reperfusion
Indocyanine Green Angiography
Intermediate Capillary Plexus
Immunohistochemistry

Inner Limiting Membrane

Inner Nuclear Layer

Intraocular Pressure

Xi



IPL

IR
LGN
NDS
NMDA
NO
NT

O2
OCT
OCTA
ON
ONH
ONL
OPL
PACG
PBS
PD
PFA
POAG

RBPMS
RCL
RGC
RNFL
ROI
ROS
RPCP

SC
SD
SVP

Inner Plexiform Layer

Infrared Light

Lateral Geniculate Nucleus

Normal Donkey Serum
N-Methyl-D-Aspartate

Nitric Oxide

Neurotransmitter

Oxygen

Optical Coherence Tomography

Optical Coherence Tomography Angiography
Optic Nerve

Optic Nerve Head

Outer Nuclear Layer

Outer Plexiform Layer

Primary Angle Closure Glaucoma

Phosphate Buffered Solution

Perfusion Density

Paraformaldehyde

Primary Open Angle Glaucoma

Pearson Correlation Coefficient
RNA-Binding Protein with Multiple Splicing
Retrograde Labelling of the Superior Colliculus
Retinal Ganglion Cell

Retinal Nerve Fibre Layer

Region of Interest

Reactive Oxygen Species

Radial Peripapillary Capillary Plexus

Retinal Pigment Epithelium

Superior Colliculus

Standard Deviation

Superficial Vascular Plexus

Xii



TNF-a Tumor Necrosis Factor-a

Xiii



Acknowledgements

When I first moved to Nova Scotia to begin this degree at Dalhousie, I had no
idea what to expect. Now several years later reflecting upon my time in the Retina and
Optic Nerve Laboratory, I feel incredibly lucky and grateful to have learned from and
worked alongside the many incredible people who have made this degree possible.

I would like to first thank my supervisor, Dr. Balwantray Chauhan, for his
guidance, instruction, and support over the past few years. Thank you for inviting me to
be part of the RONL and sharing your infectious enthusiasm for research every week. I
greatly appreciate the amount of time, effort, and knowledge you have invested in both
me and this project. It has been an honour to be one of your graduate students.

I would also like to thank the members of my supervisory committee, Dr. Stefan
Krueger, Dr. Jayme Vianna, and Dr. Melina Agosto. Thank you for offering your
patience, insight, and input, all of which were invaluable to the progression of this
project.

I would further like to thank Michele Hooper and Dr. Corey Smith, whose
technical expertise and knowledge were instrumental in getting this project off the ground
and running. I am incredibly appreciative of your efforts in contribution to this project-
its completion would truly not have been possible without you.

Lastly, I would like to thank Delaney Henderson and Aliénor Jamet for offering
their friendship and support over the past several years. I truly appreciate your help in

navigating graduate school and keeping me sane until the finish line.

Xiv



CHAPTER 1. Introduction

1.1. Vision

For those with sight, vision is an inherent sense utilized in navigating the challenges
of everyday life. Through the process of conducting and converting light from objects
into usable information, the eye and retina permits us to visualize and interact with our

surroundings.

1.1.1. Anatomical Structure and Function of the Eye

The main function of the eye is to collect, refract, focus and transform light into
information that can be used later by higher processing centres in the brain. Briefly, light
collected from the environment first passes through the cornea, where most refraction
occurs, then passes through the anterior chamber, pupil and crystalline lens, where it is
further focussed on to the retina at the posterior wall of the eye (Figure 1.1). As the
outermost coating of the eye, the cornea and sclera serve to protect the interior structures.
The cornea is a transparent, avascular tissue that contributes from 66% to 80% of the
refractive power of the eye (Hejtmancik & Shiels, 2015; Sridhar, 2018). The sclera is
opaque and connects to the cornea at the limbus. Posterior to the cornea is the iris and
pupil. The iris is a coloured, circular muscle that contracts and dilates to change the size
of the pupil, the aperture through which light reaches the retina. The crystalline lens is
located just posterior to the iris and pupil, suspended in place by the ligamentous zonular
fibres that attach to the ciliary body. Tight packaging of numerous proteins enables lens

transparency and refractive power (Hejtmancik & Shiels, 2015). The ciliary body is a



ring of tissue posterior to the iris and contains the ciliary muscle and processes, which act
to control the shape of the lens and secrete aqueous humour, respectively (Donaldson et
al., 2017; Glasser & Kaufman, 1999). Filling in the space posterior to the lens is the
vitreous, a gel-like substance that consists almost entirely of water, but supports a
network of collagen that stabilizes the vitreous and maintains the shape of the inner
cavity of the eye (Pokki et al., 2015). There are three distinct fluid chambers within the
eye. The anterior chamber is situated between the cornea and the iris, while the posterior
chamber is located between the iris and the anterior surface of the zonule fibres. The
anterior and posterior chambers are filled with aqueous humour. The final fluid chamber
is the vitreous chamber, filled with vitreous and found between the zonule

fibres/posterior lens and the retina.
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Figure 1.1. Structural anatomy of the human eye in cross-section. Relevant
anatomical structures labelled. Figure adapted from Webvision
(http://webvision.med.utah.edu/) and used under the non-commercial 4.0 international

(CC BY-NC) creative commons license.



1.1.2. Anatomical Structure of the Retina

The retina is a stratified coat of neural tissue approximately 0.5mm thick in
vertebrates (Kolb, 2011). The vertebrate retina is organized into three nuclear layers,
separated by two plexiform layers (Hoon et al., 2014) (Figure 1.2). The nuclear layers
contain the bodies of cells that populate the retina, with the external layer (the outer
nuclear layer [ONL]) containing the rod and cone photoreceptor somas, the middle layer
(the inner nuclear layer [INL]) containing primarily the amacrine, bipolar and horizontal
cells, as well as Miiller glial cells, and the inner layer (the ganglion cell layer [GCLY]),
containing primarily retinal ganglion cells (RGC) and displaced amacrine cells (Hoon et
al., 2014; Kolb et al., 2001). The two plexiform layers contain synapses between cells of
adjacent nuclear layers. The outer plexiform layer (OPL) is situated between the ONL
and INL, and contains synaptic connections between the photoreceptors, bipolar and
horizontal cells. The inner plexiform layer (IPL) is located between the INL and GCL,
and contains synaptic connections between bipolar cells, amacrine cells and RGCs.
Anterior to the GCL, the retinal nerve fibre layer (RNFL) contains axons of RGCs that
span across the retina in nerve fibre bundles towards the optic nerve (ON), where they

exit the eye.



[
Ganglion

TJ_,,

Amacrine

-

Mdller Glia

Horizontal

RPE

Bipolar Cone

Rod

Nerve fiber layer
Ganglion cell layer
(GcL)

Inner plexiform
layer (IPL)

Inner nuclear layer

Outer plexiform
layer (OPL)

Outer nuclear
layer (ONL)

Photoreceptor
outer segments

Retinal pigment
epithelium (RPE)

Figure 1.2. Schematic of the mammalian retina and its cell types. The three nuclear

layers of the retina and the cell somas found within are labelled. The synaptic

connections between cell types within the two plexiform layers are illustrated.

Connection between photoreceptor outer segment and the RPE is illustrated. Figure

obtained from Grigoryan, 2022 and used under the non-commercial 4.0 international (CC

BY- 4.0) creative commons license (https://creativecommons.org/licenses/by/4.0/).



1.1.3. Signal Progression Through the Retina

Signal progression begins when light traverses the retina and reaches the
photoreceptors, which neighbor the retinal pigment epithelium (RPE). The RPE is a
single layer of cells located between the light sensitive outer segments of the
photoreceptors and the choroid. Key RPE functions are to nourish the photoreceptors and
absorb light, which is made possible by the heavy pigmentation of RPE cells (Pepperberg
et al., 1993; Uehara et al., 1990). The RPE also plays an important role in phagocytosing
and regenerating the tips of the photoreceptor outer segments after they receive photo-
oxidative damage and shed off (Beatty et al., 2000; Bok, 1993; LaVail, 1983; Winkler et
al., 1999).

Rods are the most abundant photoreceptor in both the human and mouse retina,
contain the visual pigment rhodopsin and are primarily used for low-light vision. Cones
are primarily used for light-abundant vision. Primates contain three visual pigment cone
opsins, which respond maximally to light in the long (red), medium (green) and short
(blue) wavelength ranges (Bowmaker & Dartnall, 1980). Cones comprise ~3% of all
photoreceptors in the mouse retina and have two cone pigments, S and M, which
maximally respond to light in the short (360nm) and medium (508nm) wavelength
ranges, respectively (Carter-Dawson & LaVail, 1979; Fu & Yau, 2007). In darkness,
open cation channels induce constant photoreceptor depolarization, permitting continuous
release of the neurotransmitter (NT) glutamate (Stryer, 1991; Yau, 1994). Stimulation
from a photon initiates signal transduction as light energy photo-isomerizes the 11-cis-
retinal chromophore to all-frans-retinal, inducing conformational change of the G

protein-coupled receptor opsin. This initiates a cascade of signals that closes cation



channels, thereby inducing cell membrane hyperpolarization and cessation of glutamate
release. After isomerization, all-trans-retinal is reduced to all-frans-retinol and travels to
the RPE, where it is re-oxidized to 11-cis-retinal before returning to the photoreceptors.
(Hargrave & McDowell, 1992; Tsin et al., 2018).

Bipolar cells contribute to the vertical pathway from photoreceptors to RGCs and
are reported to make up ~40% of all cells in the mouse INL (Jeon et al., 1998). Two types
of bipolar cells exist, on-centre and off-centre, where light stimuli in the centre of the
receptive field results in depolarization and hyperpolarization, respectively (Dacheux &
Miller, 1976; Toyoda, 1973; Werblin & Dowling, 1969). Horizontal cells are retinal
interneurons and comprise 3% of all INL cell bodies (Jeon et al., 1998). Across the OPL,
a laterally interconnected network of horizontal cell axons enables information
summation (Werblin & Dowling, 1969). Horizontal cells provide a variety of functions,
one of the most important being the inhibitory modulation of photoreceptors and bipolar
cells via various feedback and feedforward mechanisms (Baylor et al., 1971; Hirano et
al., 2007; Kolb et al., 2001; Werblin & Dowling, 1969). Amacrine cells are retinal
interneurons that make up 39% of all cells in the mouse INL. Additionally, displaced
amacrine cells comprise ~59% of all cells in the mouse GCL, while in humans make up
3-80% of all GCL cells, depending on proximity to the optic nerve head (ONH) (Curcio
& Allen, 1990; Jeon et al., 1998). Using y- aminobutyric acid (GABA) and glycine,
amacrine cells integrate and modulate inhibitory information sent to RGCs either directly
via synaptic connections, or indirectly via reciprocal synapses with bipolar cells (Kolb &

Nelson, 1993; Wissle et al., 2009).



RGC:s are the terminal cells in signal progression through the retina and act to
transmit the final output to the brain. Human retinas contain approximately 1.5 million
RGCs, while mouse retinas contain approximately 60,000 (Albrecht May, 2008; Curcio
& Allen, 1990; Jeon et al., 1998). Chemical information received by RGCs is converted
into electrical potentials at the cell membrane and further integrated by the dendrites and
soma into electrical spikes that are sent along RGC axons (Kolb et al., 2001). The
dominant targets in the brain for RGC axons are the lateral geniculate nucleus (LGN) in
humans and the superior colliculus (SC) in rodents (Calkins, 2012; Lund, 1965; Perry,
1981; Salinas-Navarro et al., 2009). Although the brain perceives the final visual signal,
RGC:s participate in some visual processing at the retinal level. Examples include varying
RGC responses to on/off status, width and direction of light stimuli (Barlow et al., 1964;

Hartline, 1938; Lettvin et al., 1959; Wiesel, 1959).

1.2. Eye Vasculature
1.2.1. Perfusion of the Eye

In humans, blood in the internal carotid artery branches into the ophthalmic artery
and prior to reaching the eye, is further divided into the choroidal and retinal systems of
blood supply (Anand-Apte & Hollyfield, 2010; Anderson & MclIntosh, 1967; Kiel, 2010;
Wright et al., 2020) (Figure 1.3).

The choroidal system receives blood from three branches of the ophthalmic artery,

the anterior ciliary artery and the long and short posterior ciliary arteries, which together
supply blood to the anterior tissues of the eye and the choroid. The anterior ciliary artery

passes through the sclera near the limbus and joins the arterial circle of the iris, supplying



blood to the iris and ciliary body (Kiel, 2010; Wright et al., 2020). The two long posterior
ciliary arteries penetrate the sclera at the posterior pole of the eye, travel anteriorly
between the sclera and the choroid and give off branches that join the arterial circle of the
iris, or supply the anterior portion of the choroid (Anand-Apte & Hollyfield, 2010; Kiel,
2010). In humans, 16-20 short posterior ciliary arteries penetrate the sclera around the
ON and form the circle of Zinn, which give off branches that supply blood to the
proximal ON and posterior choroid (Anand-Apte & Hollyfield, 2010; Kiel, 2010). The
choroid is dense with interconnecting capillaries that receive 80-85% of the total ocular
blood flow, supplying 79% of all oxygen (O2) consumed by the retina (Alm & Bill, 1972,
1973; Yu et al., 2010). The choroid is an inefficient Oz delivery system, as low
arteriovenous Oz differences have been found in choroidal circulation, likely due in part
to high blood flow rates (Alm & Bill, 1972; Anderson & MclIntosh, 1967). The capillary
bed of choroidal circulation is the choriocapillaris and as the innermost layer of the
choroid, located adjacent to Bruch’s membrane. Blood vessels in the choriocapillaris are
fenestrated with circular openings, permitting the passage of macromolecules and O2 that
cross Bruch’s membrane to nourish the RPE and outer retina (Cunha-Vaz et al., 1966;
Guyer et al., 2006). Deoxygenated blood and metabolic by-products are cleared from the
iris, ciliary body and choroidal circulation via venules that empty blood into the vortex
veins serving each quadrant of the eye (Anand-Apte & Hollyfield, 2010; Anderson &
Mclntosh, 1967; Kiel, 2010). The vortex veins empty into the superior and inferior
ophthalmic veins, which drain into the cavernous sinus, carrying blood back towards the

heart.



The retinal system is supplied by the central retinal artery (CRA). The CRA pierces
the tissue of the ON, travels along its inferior edge and enters the eye through the ONH
(Anand-Apte & Hollyfield, 2010; Kiel, 2010) (Figure 1.3). After entering the eye, the
CRA divides into branch arteries that radiate outwards from the ONH to supply blood to
all quadrants of the inner retina. The retinal blood supply is both terminal and exclusive,
indicating that there are no arteriovenous anastomoses and blood supply to each retinal
quadrant is specific to the branch vessel that delivered it (Anand-Apte & Hollyfield,
2010). The branch arteries descend into the retina to supply blood to the retinal
microvasculature. Blood vessels of the inner retina are drained by retinal venules and
veins, which empty into the central retinal vein (CRV) that exits the eye in the ON,
parallel to the CRA. The CRV will drain into the cavernous sinus, directing blood

inferiorly towards the heart (Anderson & Mclntosh, 1967).

10



Vortex veins

\

Fovea

Long anterior
ciliary artery

Short posterior/
ciliary artery -

Circle of Zinn Schlemm’s

canal

/.

Short posterior

ciliary artery

Long anterior Vortex veins

ciliary artery e gz(f:xg

Figure 1.3. Vascular anatomy of the human eye in cross-section. Major arteries and

veins perfusing the anterior structures, retina and choroid of the eye are labelled. Drawing

originally by Dave Schumick, used from Anand-Apte & Hollyfield, 2010, with

permission.
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1.2.2. Retinal Microvasculature

The retina is one of the most metabolically active tissues in the body, consuming
more Oz per gram than the brain (Andersen & Saltzman, 1964; Chan et al., 2012; Wright
et al., 2020; Yu & Cringle, 2001). The intersection of metabolic need and physiological
processing presents a unique situation for perfusion within the retina. Blood vessels must
be organized such that adequate light transparency is maintained, while simultaneously
servicing the extensive metabolic needs of the retina (Chan et al., 2012; Funk, 1997;
Wangsa-Wirawan & Linsenmeier, 2003; Wright et al., 2020; Yu et al., 2010).

The outer retina is completely avascular, therefore nourishment is required from
blood circulating the choriocapillaris, which supplies the RPE and photoreceptors
(Anderson & Mclntosh, 1967; Germer et al., 1998; Yu et al., 2005; Yu et al., 2010). In
contrast, the inner retina is characterized by a complex network of vascular beds that
supply the various layers of the inner retina. Blood flow in the inner retina is slower,
affording higher O2 extraction as indicated by higher arteriovenous Oz differences, when
compared to the choroid (Anand-Apte & Hollyfield, 2010; Hickham et al., 1963).

In mice, three retinal capillary plexuses are described, the superficial vascular plexus
(SVP) found in the GCL, the intermediate capillary plexus (ICP) in the IPL and the deep
capillary plexus (DCP) in the OPL (Paques et al., 2003; Ramos et al., 2013). Incoming
blood from CRA-derived branch retinal arteries is first received by the SVP, a capillary
free zone where horizontal arterioles branch perpendicularly to form the ICP (Paques et
al., 2003). The ICP is characterized by short capillary segments in the horizontal plane
that also branch perpendicularly, supplying blood to the DCP. The DCP is composed

mostly of post-capillary venules running horizontally and branching vertically to initiate
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a venous drainage system that is symmetrical, but opposite to the arteriolar system
described above (Paques et al., 2003; Ramos et al., 2013).

In humans, four capillary plexuses are described in the retinal peripapillary region
(Campbell et al., 2017; Chan et al., 2012, 2015; Kurokawa et al., 2012; Spaide et al.,
2015; Tan et al., 2012) (Figure 1.4). The radial peripapillary capillary plexus (RPCP) is
located in the RNFL, the SVP is located primarily in the GCL, the ICP is located above
the INL and the DCP is located below the INL (Campbell et al., 2017; Chan et al., 2012).
The RPCP, ICP and DCP are terminal capillary networks (Alterman & Henkind, 1968;
Campbell et al., 2017; Chan et al., 2012; Henkind, 1967; Jia et al., 2014). Briefly, blood
from branches of the CRA first arrives in the SVP, where it is shuttled either superiorly to
the RPCP or inferiorly to the ICP and DCP via vertical pre-capillary arterial segments
(Campbell et al., 2017; Henkind, 1967; Snodderly et al., 1992). Venous drainage within
the inner retina consists of post-capillary vertical venules draining blood from the RPCP,
ICP and DCP to the SVP, where branch veins collect the blood and eventually leave the

eye through the CRV (Campbell et al., 2017).
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Figure 1.4. Localization of the four vascular plexuses in the human retina. Location
of retinal capillary plexuses drawn in red (labelled on right) on top of a histological
section of the human retina, which illustrates all anatomical layers (labelled on left).
NFL= nerve fibre layer, GCL= ganglion cell layer, IPL= inner plexiform layer, INL=
inner nuclear layer, OPL= outer plexiform layer, ONL= outer nuclear layer, PR=
photoreceptor layers, RPE= retinal pigment epithelium, RPCP= radial peripapillary
capillary plexus, SVP= superficial vascular plexus, ICP= intermediate capillary plexus
and DCP= deep capillary plexus. Figure adapted from Campbell et al., 2017 and used
under the non-commercial 4.0 international (CC BY- 4.0) creative commons license

(https://creativecommons.org/licenses/by/4.0/).
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1.2.3. Comparison of Human and Mouse Eye Vasculature

The mouse eye is an important experimental model system as the distribution and
general pattern of the mouse eye vasculature is similar to that of humans (Ramos et al.,
2013).

Blood distribution to the eye is similar between humans and mice (Hayreh, 1974;
May & Liitjen-Drecoll, 2002; Olver et al., 1994). Blood supply to the outer and inner
retina from the choriocapillaris and the CRA, respectively, is similar between humans
and mice (Albrecht May, 2008; Germer et al., 1998; Ramos et al., 2013). One of the most
characteristic differences is the contrast in CRA branching at the ONH (Figure 1.5). In
humans, the CRA gives off four branches, the superior and inferior nasal arteries, as well
as the superior and inferior temporal arteries, which supply blood to the four quadrants of
the eye (Anand-Apte & Hollyfield, 2010; Wright et al., 2020). In contrast, the CRA in
mice gives off four to eight branch arterioles running towards the periphery in a spoke-
like pattern (Hawes et al., 1999). Another difference is the disparity in the number and
location of the inner retinal capillary plexuses, with descriptions of four vascular plexuses
in humans and three in mice (Campbell et al., 2017; Chan et al., 2012; Paques et al.,
2003; Wright et al., 2020). Human retinas have a fovea, where the inner retina and thus,
inner retinal vasculature is absent, whereas mice do not possess a fovea and inner retinal
vasculature is found across the retina (Ramos et al., 2013). In humans, no arterio-venous
shunts are found within the retina, however, both arterio-venous and arterio-arteriolar
shunts have been found in mice and are proposed to protect the retina in hypoxic
situations (Paques et al., 2003; Ramos et al., 2013). Venous drainage of the retina and eye

are similar between humans and mice (Ramos et al., 2013).
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Figure 1.5. Comparison of vascular branching at the ONH in humans and mice.
Fundus autofluorescence images illustrating the differing distributions of CRA and CRV
branches in humans (left) and mice (right). F= fovea, ST= superotemporal arteries and
veins, [T= inferotemporal arteries and veins, SN= superonasal arteries and veins, IN=
inferotemporal arteries and veins, OD= optic disc, a= arteriole (indicated by solid black
circles on inner dotted line), v= venule (indicated by solid black circles on outer dotted

line). Figure used from Ramos et al., 2013, with permission.
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1.3. Ischemia in the Retina

Retinal ischemia is a common pathology in many retinal diseases and is a main
factor leading to visual impairment and blindness. A destructive two-phase ischemia-
reperfusion (I/R) process leads to the death of retinal cells and breakdown of critical
signalling pathways in the retina. The clinical significance of retinal ischemia has led

researchers to find effective experimental animal models for knowledge translation.

1.3.1. Mechanisms of Retinal Ischemia

Retinal ischemia is indicated when a lack of blood supply results in the inability
to meet metabolic demands of the retinal cells, such as the delivery of Oz, metabolic
substrates and removal of metabolic by-products (Minhas et al., 2012; Osborne et al.,
2004; Schmid et al., 2014). Ischemic retinal diseases include, central retinal artery
occlusion (CRAO), branch retinal artery occlusion (BRAO), central retinal vein occlusion
(CRVO), branch retinal vein occlusion (BRVO), age-related macular degeneration
(AMD), diabetic retinopathy (DR) and glaucoma (Flammer, 1994; Kaur et al., 2008;
Linsenmeier et al., 1998; Renner et al., 2017; Schmid et al., 2014).

The exact pathophysiological mechanisms underlying cell death during ischemia is
still not completely understood. Some of the supported mechanisms of injury include:
degeneration of plasma membrane function, glutamate excitotoxicity and increased
intracellular calcium leading to reactive Oz species (ROS) and nitric oxide (NO)
production. The onset of ischemia decreases blood flow and therefore, O2 and glucose to
retinal tissues, reducing cellular metabolism and yielding less adenosine triphosphate

(ATP), leading to the deterioration of cellular membrane function and ion homeostasis
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(Lipton, 1999; Osborne et al., 2004). Notably, reduction in ATP decreases function of the
sodium/potassium ATPase transporter, which further disrupts ion gradients, including the
opening of voltage gated calcium channels (De Flora et al., 1998; Lipton, 1999).
Stimulated via calcium dependent and independent means, the extracellular accumulation
of glutamate during ischemia mediates pathogenesis of retinal degeneration via
overstimulation of metabotropic glutamate receptors, as well as ionotropic amino-methyl-
propionic-acid (AMPA) and N-methyl-D-aspartate (NMDA) glutamate receptors
(Benveniste et al., 1984; Cao et al., 1994; Hartveit et al., 1995; Louzada-Junior et al.,
1992; Vorwerk et al., 1996). Elevation of intracellular calcium due to the opening of
voltage gated calcium channels and NMDA receptor overstimulation leads to the
production of ROS and NO, which are critical to toxic cascades (Abdel-Hamid &
Tymianski, 1997; Dugan et al., 1995; Siliprandi et al., 1992; Zipfel et al., 2000). The
physical process of cell death during ischemia is due to either apoptosis or necrosis
(Biichi, 1992; Dessi et al., 1993; Mehmet et al., 1994; Nakajima et al., 2000).

Retinal ischemia also induces inflammation and blood-retinal-barrier (BRB)
dysfunction. During ischemia, leukocytes are recruited and produce proinflammatory
cytokines such as interleukin-1 and tumor necrosis factor-a (TNF-a), that are implicated
in cell death (Fontaine et al., 2002; Ju et al., 2003; Werns et al., 1985). Excess production
of vascular endothelial growth factor and NO during ischemia results in disruption of the
BRB, inducing fluid leakage and accumulation in both extracellular and intracellular
spaces, leading to retinal degeneration via compression (Johnson, 1974; Marmor, 1999).

The inner and outer retina present differing responses to ischemia. The outer retina

may be relatively protected from ischemic injury due to the photoreceptors’ ability to

18



derive nutrition from anaerobic sources during ischemia (Osborne & Larsen, 1996; Stone
et al., 1999; Winkler, 1972). Alternatively, the inner retina may be more sensitive to
ischemic insult because inner retinal neurons have higher expressions of ionotropic
glutamate receptors that are overstimulated during ischemia (Brandstitter et al., 1994).
Also implicated is the dual nature of retinal circulation, since blood delivered to the outer
and inner retina is derived from different sources and may contribute to the differing
response to ischemia (Janaky et al., 2007; Tinjust et al., 2002). Cell degeneration and
death is generally proportional to the length of ischemia, however, the threshold for
irreversible damage varies between species and type (model) of injury (Faberowski et al.,

1989; Lafuente et al., 2002; Smith & Baird, 1952; Zhu et al., 2002).

1.3.2. Reperfusion Injury

Reperfusion injury takes place following the reintroduction of blood flow to
previously ischemic tissue. The retinal response to reperfusion depends on the magnitude
and duration of the ischemic insult, as a certain period of ischemic time must elapse
before reperfusion injury occurs, with threshold times varying across tissue types and
species (Soares et al., 2019; Wang et al., 2001).

Mechanisms of injury after reperfusion revolve around oxidative and
microcirculatory stress (Renner et al., 2017; Schmid et al., 2014; Soares et al., 2019).
Upon reperfusion, reduced compounds accumulated during ischemia are re-oxidized,
resulting in ROS formation and subsequent tissue damage (Belforte et al., 2011; Gilgun-
Sherki et al., 2002; Nastos et al., 2014; Szabo et al., 1991). Reperfusion also mobilizes

neutrophils in the vascular space, producing ROS, TNF-a, and inflammatory mediators
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that contribute to tissue damage (Wu et al., 2018). Reperfusion additionally stimulates an
extracellular accumulation of glutamate, as the two-fold increase in ischemia bloats to a

five to ten-fold increase in reperfusion (Louzada-Junior et al., 1992).

1.3.3. Animal Models of Retinal Ischemia-Reperfusion Injury

In vivo animal models have been invaluable in understanding the pathophysiology
of retinal I/R injuries. Common species in experimental models include primate, mouse,
rabbit and the most used, rat (Osborne et al., 2004).

A variety of methods have been used to induce experimental retinal ischemia,
such as the elevation of intraocular pressure (IOP), ligature of retinal vessels and photo-
thrombosis of retinal vessels. The elevation of IOP above perfusion pressure in the eye
results in the collapse of blood vessels, mimicking CRAO, acute primary angle closure
glaucoma (PACG) and ophthalmic artery occlusion (Biichi et al., 1991; Smith & Baird,
1952). The most common technique to elevate IOP is cannulation of the anterior or
vitreous chambers and pressure elevation via external reservoir. The elevation of IOP has
many advantages including transiency, reversibility, reproducibility and requires
minimally invasive techniques. A potential limitation is ocular and retinal damage due to
the pressure elevation itself (Minhas et al., 2012). Ligature of the ON, or specifically the
CRA and CRYV, offers complete ischemia via constriction or collapse of vessels and
resembles CRAO and ophthalmic artery occlusion (Otori et al., 1997; Stefansson et al.,
1988; Vidal-Sanz et al., 2001). A limitation of ON ligature is the potential mechanical
damage to axons bundles, however, specific ligature of the CRA and CRV avoids this

problem, but is more difficult to achieve technically (Osborne et al., 2004). Photo-
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thrombosis of retinal vessels involves the injection of a photo-responsive dye, followed
by exposure to a laser of a specific wavelength. This method results in incomplete
ischemia, most closely resembling BRAO (Daugeliene et al., 2000; Mosinger & Olney,
1989; Romano et al., 1993). Advantages include simplicity and being relatively non-
invasive, while limitations include variable injury and potential phototoxic damage to the

retina (Osborne et al., 2004).

1.4. Visualizing Retinal Structure and Perfusion In Vivo

Technological advances have revolutionized the way we image retinal structures.
Information on retinal structure and vasculature previously available only through
histological analyses can now be available with in vivo imaging. The application of in
vivo imaging modalities has enhanced our knowledge of retinal disease pathophysiology
and will continue to be invaluable as we expand our understanding in both experimental

and clinical settings.

1.4.1. Confocal Scanning Laser Ophthalmoscopy

Confocal scanning laser ophthalmoscopy (CSLO) is an imaging technique that
enables the in vivo visualization of retinal and vascular structures with an en face view
(Manivannan et al., 1993; Webb et al., 1987). CSLO works via the projection of specific
wavelengths of laser light, pinhole apertures arranged in confocal positions and a beam
splitter that directs backscattered light from the retina on to a detector (Webb et al.,
1987). CSLO is commonly used to image gross changes in retinal and vascular structures

and recent examples include en face visualization and characterization of retinal
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degeneration following disease progression in experimental murine models (Huber et al.,
2009; Pinilla et al., 2016; Yang et al., 2014). CSLO can also be used for fluorescence
imaging of single cells. This has been shown previously in mice, where fluorescent
proteins specific to retinal cells are excited by CSLO, permitting subsequent in vivo
visualization and image acquisition (Beck et al., 2009; Chauhan et al., 2012; Leung et al.,
2008). Strengths of CSLO include high lateral resolution and scanning efficiency, while a
limitation of conventional CSLO is poor axial resolution (Balendra et al., 2015; Sher et

al., 2020).

1.4.2. Optical Coherence Tomography

Optical coherence tomography (OCT) is an in vivo imaging technique that
provides high resolution cross-sectional images of the retinal layers (Alex et al., 2019;
Sher et al., 2020). The principles of OCT imaging have been described elsewhere
(Wojtkowski et al., 2005). Briefly, the OCT device generates a beam of low-coherence
light which is split, diverting one half to the retina and the other half to the reference
mirror. Backscattered light from the retina and reference mirror converge to produce an
interference pattern that is sent to an interferometer for A-scan processing (Drexler &
Fujimoto, 2008; Fujimoto et al., 2000; Jaffe & Caprioli, 2004).

The applications of OCT imaging are diverse. Several types of OCT devices exist
with different properties, such as: time-domain OCT, spectral-domain OCT, swept-source
OCT and long-wavelength OCT (Keane & Sadda, 2014). Recently, OCT has been
utilized by clinicians to measure retinal layer and choroidal thickness, evaluate retinal

lesions, visualize retinal atrophy and evaluate macular ischemia due to DR or retinal vein
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obstruction (Bakhoum et al., 2018; Corradetti et al., 2019; Govetto et al., 2020; Shi et al.,
2021; Virgili et al., 2015). Experimental OCT imaging has been widely used in various
animal models of disease, for example, the longitudinal characterization and evaluation
of retinal structure at different stages of DR disease progression (Allingham et al., 2018;
Bubis et al., 2019; Groh et al., 2014; Shirai et al., 2016). Limitations for OCT imaging
include poor imaging of retinal blood vessels, inability to display single cells and limited

field of view (Drexler et al., 2014; Leitgeb et al., 2014; McNabb et al., 2019).

1.4.3. Optical Coherence Tomography Angiography

Optical coherence tomography angiography (OCTA) is a relatively new, non-
invasive imaging technique that provides images of retinal and choroidal
microvasculature with enhanced depth resolution (Keane & Sadda, 2014; Rocholz et al.,
2018; Spaide, 2015). Prior to OCTA, the gold-standard of retinal vascular imaging was
fluorescein angiography (FA) and indocyanine green angiography (ICGA), however,
both require invasive injections of dyes and have comparatively poor depth resolution of
the inner retinal microvasculature and choroidal circulation (Gao et al., 2016; Spaide et
al., 2015). OCTA analyzes the intensity of reflected light as it changes over time by
repeatedly capturing OCT B-scans at a single point in the retina to generate motion
contrast between the blood vessels (with moving erythrocytes) and the static surrounding
tissue (Fogel-Levin et al., 2022; Rocholz et al., 2018). OCTA image generation employs
algorithms to assess the variations between repeated OCT B-scans. The Spectralis
program used in this thesis (Spectralis Multiline, Heidelberg Engineering GmbH,

Heidelberg, Germany) employs a probabilistic algorithm that calculates the probability of
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whether a pixel is in a location of perfused or non-perfused structure, based on pre-
existing OCT signal distributions (Rocholz et al., 2018). Algorithms can be different
between manufacturers and dependent on acquisition protocols (Zhang et al., 2015).

The use of OCTA has recently become more widespread in clinical and
experimental settings. It has been used in the detection of microvascular changes,
microaneurysms and choroidal or retinal ischemia following vascular diseases such as
DR and retinal vein occlusion (Balaratnasingam et al., 2016; Greig et al., 2020; Salz et
al., 2016; Soares et al., 2017). It has also been used to evaluate ischemic optic
neuropathies and even proposed as a diagnostic indicator of choroidal neovascularization
and AMD (Sharma et al., 2017; Sulzbacher et al., 2017). Limitations of OCTA imaging
include the inability to visualize vascular leakage and provide information on blood
velocity and flow (Ang et al., 2018; Fogel-Levin et al., 2022). Other limitations include
potential segmentation errors in the case of retinal layer alteration, restricted field of
vision and the lack of a standardized segmentation method (Chen et al., 2016; Rocholz et

al., 2018; Sher et al., 2020).

1.5. Objectives and Hypothesis

Previous experimental research, including work from our own laboratory, has
used OCTA imaging to assess the impact of acute I/R injury at limited time points, or
neuronal damage at longitudinal time points, on rodent retinal microvasculature, though
the impact of acute I/R injury at longitudinal time points has yet to be fully explored.
(Choi et al., 2021; Jiang et al., 2018; Park et al., 2016; Smith et al., 2019; Zhao et al.,

2020). The overall goal of this research was to explore the time course of perfusion
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changes and the longitudinal relationship between retinal perfusion, retinal thickness and

RGC loss using a model of acute retinal ischemia in mice.

The specific objectives of this thesis were to:

1. Track inner retinal perfusion and GCC thickness longitudinally with OCTA
and OCT, respectively, following acute I/R injury

2. Evaluate longitudinal changes in retinal perfusion and GCC thickness, as well
as cumulative changes in RGC density, by comparing groups with differing
durations of ischemia

3. Evaluate retinal perfusion longitudinally, by comparing changes in perfusion

between the vascular plexuses

We hypothesized that:

1. We would be able to track retinal perfusion and GCC thickness longitudinally
in vivo.

2. We would record retinal perfusion and GCC thickness loss over time
following acute I/R injury, as well as cumulative RGC loss, all increasing with
duration of ischemia.

3. We would record no difference in perfusion changes between vascular

plexuses following acute I/R injury.
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CHAPTER 2. Materials and Methods

2.1. Animals
2.1.1. Ethics, Housing and Usage

All animal procedures were conducted in accordance with the Canadian Council
of Animal Care (CCAC). Ethics approval was obtained from the Animal Ethics
Committee at Dalhousie University. Adult female C57B1/6 mice (JAX™ Mice Stock
Number: 027, Charles River Laboratories, Wilmington, MA, USA) were used in this
study. The mice were housed in a 12-hour light-dark cycle environment and had access to
water and food ad libitum. Twenty-four mice underwent retrograde labelling of the
superior colliculus (RCL) and subsequent experimental elevation of IOP. The mice were
split into three experimental groups with eight mice used for each of the 15-, 30-, and
45-minute elevated IOP timepoints. A separate group of four mice was used for
repeatability testing. All twenty-eight mice were used to quantify ganglion cell complex
(GCC) thickness and retinal perfusion density (PD) with longitudinal in vivo imaging
over 10 days. 47 retinas from the 15-, 30-, and 45-minute elevated IOP groups (15, 16
and 16, respectively) were used to quantify RGC density with immunohistochemistry

(IHC).

2.1.2. Anaesthesia
For the RCL, elevated IOP and longitudinal in vivo imaging procedures, mice
were initially anaesthetized with 2% isoflurane (Baxter Corporation, Mississauga, ON,

Canada) and 1% O3, administered at a flow rate of 1.5 I/min. Following initial induction,
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mice were maintained at 1.5% isoflurane and 1% Oz, with 1.5 I/min O flow via nose

cone for the duration of the procedure.

2.2. Retrograde Labelling of the Superior Colliculus
2.2.1. Retrograde Labelling Procedure

Prior to the surgery, mice were injected subcutaneously with buprenorphine and
meloxicam at dosages of 0.1mg/kg and Smg/kg body weight, respectively, for analgesia.
Following anaesthesia (see 2.1.2.), the depth of anaesthesia was confirmed by the pedal
reflex and breathing rate. Mice were placed in a stereotaxic frame and on a heating pad to
maintain body temperature for the duration of the procedure. Prior to incision, the skin
was shaved, cleaned and sterilized with povidone-iodine (Betadine, Purdue Pharma,
Pickering, ON, Canada). Using anatomical skull markings, a 2-3cm incision was made in
the skin from bregma to just posterior to lambda. To remove a small portion of the skull,
bilateral 0.5 cm square-shaped holes were drilled into the skull beginning midway
between bregma and lambda, extending posteriorly to lambda. Once the brain matter was
exposed, suction apparatus (Allied Healthcare Products Inc., St. Louis, MO, USA) with
tubing attached to a glass needle was used to suction the white and grey matter,
uncovering the SC. Absorbable gelatin sponges (Ethicon, Bridgewater, NJ, USA) soaked
with 4% Fluoro-Gold (FG; Fluorochrome LLC., Denver, CO, USA) were placed
bilaterally above the SC, filling the space left by suctioned matter. With the sponges in
place, the skin was sutured with 5-0 monofilament suture. Ophthalmic gel was applied to
the eyes for recovery and saline was administered subcutaneously to replenish fluid lost

during surgery. Mice were recovered on heat overnight. Subcutaneous meloxicam
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(5mg/kg body weight) was administered the following morning and mice were recovered
for 7 days. All surgical instruments were autoclaved and bead sterilized between

surgeries.

2.2.2. In vivo CSLO Fluorescence Imaging

CSLO was centred on the ONH and fluorescence images of FG labelled RGCs
were acquired at baseline and 1-, 3-, 5-, 7- and 10-days post-ischemic insult, for the
purposes of quantifying in vivo RGC density. Images were focused axially where
fluorescence signal was strongest and fluorescently labelled cells within a 30° scan angle
were imaged. Fluorescence images were acquired with an 448nm excitation bandpass and

barrier filter of 460-490nm (Chauhan et al., 2012).

2.2.3. Difficulties Encountered

We dedicated several months optimizing the technique for labeling the SC in
mouse. While we use this technique routinely in rats it was considerably more
challenging in mice. Initially, the RCL procedures appeared successful and baseline in
vivo imaging showed that fluorescently labelled RGCs could be visualized and imaged.
However, the axial depth at which the fluorescence signal was strongest (and thus,
presence of labelled cells) was largely variable between mice. Furthermore, labelling
location across the retina was unreliable, wherein some mice showed labelling across the
whole retina, while others had labelling in only one quarter of the retina.

Further difficulties were encountered during follow-up imaging sessions in

tracking RGC density. Because of acute edema and inflammation that occurred
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immediately post-IOP elevation, follow-up images were difficult to register to baseline
and were of sub-optimal quality. Furthermore, image quality at later follow-up imaging
timepoints was often poor (Figure 2.1). These factors made it impossible to use in vivo
RGC as a longitudinal measure of RGC viability

Due to the difficulties outlined above, it was not feasible to quantify in vivo RGC
density accurately and consistently using the in vivo fluorescence images. As an
alternative to in vivo RGC density quantification, we elected to quantify in vivo GCC
thickness as a proxy assessment of inner retinal health. This technique has been used

frequently and published by our lab before (Di Pierdomenico et al., 2022).
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Baseline

Figure 2.1. Longitudinal in vivo CSLO imaging of a mouse that received 45 minutes
of retinal ischemia. The same mouse was imaged at baseline (prior to elevated IOP
procedure) and over a period of 10 days post-elevated IOP procedure. Follow-up images
representative of the 45-minute elevated IOP group demonstrate poor image quality of
FG labelled RGCs. Green line indicates OCT B-scan location. Follow-up images were

unable to be registered to baseline. White scale bars represent 200pum.
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2.3. In vivo Longitudinal Imaging
2.3.1. Set-Up and Animal Preparation

In vivo longitudinal imaging procedures were performed with CSLO and spectral
domain OCT device, modified for use in mice (Heidelberg Engineering GmbH)
(Chauhan et al., 2012). OCT imaging was used to acquire cross-sectional B-scans of the
retina at baseline and over a period of 10 days post-elevated IOP procedure, to quantify
GCC thickness. OCTA imaging was used to acquire images of the vascular plexuses at
various retinal depths at baseline and over a period of 10 days post-elevated IOP
procedure, to quantify retinal PD. To protect the integrity and quality of longitudinal
imaging, the software minimizes motion artifacts by using real time eye tracking
(Chauhan et al., 2012). Additionally, the software is set to register all follow-up images to
baseline, granting serial analysis at the exact same retinal location for each time point.

Following anaesthesia (see 2.1.2.), all mice were placed on a heating pad and the
left pupil was dilated with 1% tropicamide (Alcon, Mississauga, ON, Canada) and 2.5%
phenylephrine hydrochloride (Alcon). Ophthalmic gel and a polymethyl methacrylate
contact lens (Cantor and Nissel Limited, Brackley, UK) were placed on the cornea for

maintenance of corneal hydration and image quality.

2.3.2. In vivo Imaging Timeline

For each of the 15-, 30- and 45-minute elevated IOP groups, follow-up imaging
sessions were performed at 1-, 3-, 5-, 7- and 10-days post-elevated IOP procedure. As the
repeatability group did not undergo the elevated IOP procedure, follow-up imaging

sessions were performed at 1-, 3-, 5-, 7- and 10-days post-baseline imaging (Figure 2.2).
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Along with the imaging set-up and animal preparation outlined above, each baseline and
follow-up imaging session included: i) One circular peripapillary OCT B-scan; ii) one
OCTA volume acquired both nasal and temporal to the ONH; and ii1) CSLO fluorescence
imaging of RGCs at various retinal depths. Additionally, at each timepoint one infrared
light (IR; 820nm) image and one 19-line raster pattern OCT B-scan were acquired to

monitor retinal integrity.
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Mouse Groups Baseline Imaging | IOP Procedure Follow-up Imaging
Day -1 Day 0 Day 1 Day3 | Day5 | Day7 | Day10
15 Minutes of Ischemia >
30 Minutes of Ischemia >
45 Minutes of Ischemia —>
Repeatability @~ @ p—————————————====-=----- >

Figure 2.2. Timeline for in vivo imaging sessions performed on each group of mice.
Mice in the 15-, 30- and 45-minute elevated IOP groups were imaged at baseline and for
a period of 10-days following the elevated IOP procedure. Mice in the repeatability group
underwent baseline, then follow-up imaging beginning 1-day post-baseline imaging. All

imaging sessions consisted of OCT and OCTA imaging.
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2.3.3. Invivo OCT Imaging

Beginning by centering OCT on the ONH and focusing into the RNFL, one
circular peripapillary B-scan subtending 12° was acquired for the purposes of quantifying
GCC thickness over time. For OCT imaging, the scanning speed was 40,000 A-scans per
second and each B-scan was comprised of 1536 A-scans. The B-scans were averaged 100

times.

2.3.4. In vivo OCTA Imaging

One OCTA image volume was acquired both temporal and nasal to the ONH for
the purposes of quantifying retinal PD. The OCTA image was focused on the RNFL and
OCT B-scan image quality was maximized. Each OCTA volume was 512 A-scans by 512
B-scans (20° x 20° in high-speed mode), each an average of four B-scans. Compared to
smaller (10° x 10°), slower options, the larger high-speed scan pattern was the ideal
choice for detection of large vascular abnormalities and perfusion drop out resulting from

retinal conditions (Rocholz et al., 2018).

2.4. Experimental Elevation of Intraocular Pressure
All mice used in this project underwent the elevated IOP procedure, excluding

four in the repeatability group.

2.4.1. Pressure Column Set-Up

The pressure column utilized to increase IOP in this project has been described

previously (Nuschke, 2017) and later adapted for this project. Briefly, a 60ml syringe
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reservoir was filled with Hanks’ Balanced Salt Solution (HBSS; GIBCO, Grand Island,
NY, USA) and connected to a wall-mounted track. A pulley system was fitted to the
reservoir, permitting vertical translation along the track and subsequent generation of
hydraulic pressure. The HBSS reservoir was connected to a three-way stopcock via
plastic tubing. The stopcock directed HBSS flow to both a sphygmomanometer, for the
purposes of monitoring pressure within the system and polyethylene PE10 tubing,

connected to a 32-gauge needle (TSK Laboratory, Tochigi, Japan) at the distal endpoint.

2.4.2. Cannulation Procedure

Following anaesthesia (see 2.1.2.), mice were placed on a heating pad to maintain
body temperature throughout the procedure and the left eye was dilated with 1%
tropicamide (Alcon) and 2.5% phenylephrine hydrochloride (Alcon).

The cannulation technique used for the elevated IOP procedure was adapted from
a mouse anterior chamber cannulation protocol described previously (Hartsock et al.,
2016). The modifications included the use of the pressure column (see 2.4.1.), tubing and
needle for a single mouse and the use of a 32-gauge needle.

Following dilation of the left eye, the pressure column was raised until the
sphygmomanometer read 90 mmHg. This pressure level was chosen as it appeared to be
the lowest value at which retinal ischemia was observed by fundoscopic examination.
The stopcock was then opened and HBSS was allowed to flow through the needle tip.
Visualizing the left cornea through a surgical microscope (Carl Zeiss AG, Oberkochen,
Germany) two forceps were used simultaneously: the first was used to gently proptose

the left eye, while the second was used to guide the needle into the anterior chamber with

35



the needle bevel facing up. The anterior chamber was cannulated midway between the
corneal apex and the zonular fibres, angling the needle anteriorly towards the corneal
apex, away from the crystalline lens. Special care was taken to avoid scratching the lens
or pushing the needle through the opposite side of the cornea, both of which would
classify a failed experiment.

Following successful cannulation, the needle and connected tubing was secured
so that it did not move for the remainder of the experiment. The eye was then checked to
confirm there were no leaks and balanced salt solution (Alcon Laboratories, Fort Worth,
TX, USA) was applied to the eye to maintain corneal hydration. Retinal ischemia was
confirmed by cessation of blood flow at the optic disc visualized with the surgical
microscope. Every 15 minutes for the duration of the procedure, the eye was checked for
any signs of leakage and to confirm the retina was still ischemic. Balanced salt solution
was reapplied for maintenance of corneal hydration. Following completion of the
ischemic timepoint, the needle was carefully removed and the stopcock was closed to halt
the flow of HBSS. Reperfusion within the retina was confirmed via the return of blood
flow at the optic disc. Ophthalmic gel was applied to maintain corneal hydration during
recovery and the mice were given a subcutaneous injection of buprenorphine
hydrochloride (0.02 mg/kg body weight) for analgesia. The mice were then returned to

cage and left on a heat pad overnight for recovery.

2.4.3. Ischemia Groups

The three elevated IOP groups chosen for this project all received the same degree

of IOP elevation (90mmHg) to induce retinal ischemia, however the duration of elevated
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IOP in the three groups differed at 15-, 30- and 45-minutes. A fourth group for
repeatability did not undergo the elevated IOP procedure and thus, did not receive retinal
ischemia.

The selection of ischemic timepoints was based on information gained from
previous work done in the laboratory and preliminary testing. The 15-, 30- and 45-minute
ischemic timepoints were ultimately selected to induce mild, moderate and severe

damage, respectively.

2.5. Immunohistochemistry and Tissue Preparation

Upon completion of the last in vivo imaging timepoint, all mice (excluding the
repeatability group) were sacrificed using an overdose of sodium pentobarbital
(Dorminal, Rafter 8 Products, Calgary, AB, Canada) via intraperitoneal injection.
Experimental and fellow eyes were enucleated and the corneas incised to remove the
lenses. They were then fixed in 4% paraformaldehyde (PFA; Fisher Scientific, Ottawa,
ON, Canada) for 24 hours. The retinas were dissected and prepared for IHC by blocking
in 10% normal donkey serum (NDS; Sigma- Aldrich Co., St. Louis, MO, USA) in
phosphate buffered solution (PBS) with 0.5% Triton-X overnight at 4°C. After blocking,
the retinas were incubated in primary antibodies against RNA-binding protein with
multiple splicing (RBPMS; 1:1000 guinea pig anti-RBPMS, PhosphoSolutions #1832,
Aurora, CO, USA) in PBS with 0.5% Triton-X for 5 days at 4°C to stain the RGCs.
Retinas were then washed 3 x 20 minutes in PBS and incubated in the secondary
antibody Cy3 (1:500 Cy3-conjugated donkey anti-guinea pig, Jackson ImmunoResearch

Laboratories Inc., West Grove, PA, USA) in PBS with 0.5% Triton-X overnight at 4°C.

37



The retinas were washed 3 x 20 minutes in PBS and mounted on microscope slides.
Fluorescence mounting medium (Vectashield, Vector Laboratories Inc., Burlingame, CA,
USA) was applied for anti-fading purposes and the retinal wholemounts were cover-

slipped for subsequent epifluorescence imaging.

2.6. Epifluorescence Imaging

Following IHC, a fluorescence microscope (Axio Imager M2, Carl Zeiss AG,
Oberkochen, Germany) with a 20x objective (Plan-Apochromat 0.8 numerical aperture;
Carl Zeiss) was used to acquire tiled images of wholemounted retinas. With device
software (Zen, Carl Zeiss), the retinal wholemounts were viewed under a rhodamine filter

channel and fluorescence images of cells expressing RBPMS were captured.

2.7. Data Analysis
2.7.1. Image Analysis, Data Management and Statistics

For analysis, OCT and OCTA images were segmented using device software
(Heidelberg Engineering GmbH). OCTA images were batch-cropped using ImageJ
(version 2.9 for macOS, open-source) and binarized using MATLAB (The Mathworks,
Natick, MA, USA). Data was managed using Microsoft Excel (version 16.66.1 for
Macintosh, Microsoft, Redmond, WA, USA). Statistics were performed using Prism
(version 9.4.1 for MacOS, GraphPad Software, San Diego, CA, USA). Statistical

significance was assumed when the p value was less than 0.05.

2.7.2. OCT Imaging
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Circular peripapillary OCT B-scans acquired longitudinally following ischemic
insult were manually segmented using the segmentation editor within the device software
(Heidelberg Engineering GmbH). GCC thickness was measured from the inner limiting
membrane (ILM) to the outer border of the IPL, after these borders were segmented.
GCC thickness (in pm), averaged across the retina was calculated by the device software.
GCC thickness change relative to baseline for each timepoint was computed and reported
as a percentage change from baseline. Ordinary one-way ANOV As with Tukey’s
multiple comparisons test were performed to determine statistical significance by

comparing the differences between group means at each timepoint.

2.7.3. OCTA Imaging

OCTA scans acquired longitudinally following ischemic insult were automatically
segmented by the device software (Heidelberg Engineering GmbH). Derived from the
automatic segmentations, 2D transverse projection images of various vascular volumes
were created by the software. For the 15- and 30-minute elevated IOP groups, transverse
projection images of the SVP (segmented from the RNFL to the inner border of the IPL),
ICP (segmented from the inner border of the IPL to the outer border of the IPL) and DCP
(segmented from the outer border of the IPL to the OPL) were used for analysis. For the
45-minute elevated IOP group, transverse projection images of a custom vascular volume
(CCV; segmented from the RNFL to the OPL) combining the SVP, ICP and DCP were
used for analysis. The CCV images were used because 45-minutes of ischemia resulted in
significant thinning of retinal layers, therefore the device software was ineffective in

segmenting all retinal layers and produced poor transverse projections that artifactually
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influenced retinal PD quantification. Transverse projection images of the SVP, ICP and
DCP, as well as CCV projections, were used for repeatability group analysis, which
served as a comparison for the 15-, 30- and 45-minute elevated IOP groups. OCTA
images at one-day post-ischemic insult were not included in analysis or statistics. This
was implemented due to the presence of vitreous haze artifactually lowering retinal PD
quantification, which resolved in all cases by the 3-day time point. All images were
exported as tiff files.

All transverse projection images were imported into Image J (open-source) as
image sequences and batch-cropped to 600 x 600-pixel region of interests (ROI)
representing the best image quality across all timepoints and vascular volumes within the
same mouse. The batch-cropping was implemented to mitigate the artifactual impact of
poor image quality areas within projection images, on retinal PD quantification. For each
mouse, batch-cropping was done at the same location within the image across all
timepoints and vascular volumes, to maintain longitudinal and comparative integrity

Following batch-cropping, the transverse projection images were imported into
MATLAB (The Mathworks) and analyzed with a customized OCTA binary threshold
analysis. The analysis algorithm has been published in detail elsewhere (Smith et al.,
2019), however, in brief, the transverse projection images were first converted to
greyscale and a gaussian filter (o = 1, 42 = 7) was applied for noise removal and contrast
enhancement. A locally adaptive image-thresholding algorithm was then employed to
binarize the projection images coding each pixel within the image to either white (areas
of blood flow), or black (areas with no blood flow; Figure 2.3). Following thresholding,

mask-subtraction, where large vessels identified in the SVP were removed from the
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deeper ICP and DCP vascular volumes, was implemented to avoid shadow artifacts.
Finally, PD was calculated as the ratio of white pixels over total binarized image area.

PD change respective to baseline was computed for all PD values and reported as
a percent change from baseline. Ordinary one-way ANOV As with Tukey’s multiple
comparison test were used to determine statistical significance by comparing means
between groups at each timepoint for the repeatability, 15- and 30-minute elevated IOP
groups. Unpaired t-tests with Welch’s correction for groups with unequal variance were
used to determine statistical significance by comparing group means at each timepoint for
the repeatability and 45- minute elevated IOP groups. Pearson correlation with two-tailed
significance tests were also used to correlate day 10 PD values with RBPMS density

values for the 15-, 30- and 45-minute elevated IOP groups.
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Figure 2.3. In vivo OCTA image binarization of the ICP in a mouse at baseline

during binary threshold analysis. A transverse projection image of the ICP vascular
volume was acquired via in vivo OCTA imaging. A locally adaptive image-thresholding

algorithm was used to produce a binary version of the original image.
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2.7.4. Immunohistochemistry

Tiled images of wholemounted retinas expressing fluorescently labelled RBPMS
cells were analyzed using Zen software (Carl Zeiss AG, Oberkochen, Germany). For
each wholemounted retina, 318um x 318 um ROIs were acquired. For each retinal
quadrant, ROIs from the central, middle and peripheral retina were collected for a total of
12 ROIs. All 12 ROIs for each retina were exported as tiff files.

Each ROI was imported into Image J (open-source) and cells expressing RBPMS
were manually counted using the cell counter plug-in. RBPMS cell counts were manually
imported into Excel (Microsoft) for management. Cell counts from the non-experimental
fellow eyes from all mice in the 15-, 30- and 45-minute elevated IOP groups were
accumulated to create a control group for comparison. RBPMS density was computed
and reported as mean RBPMS density (standard deviation [SD]). A Brown-Forsythe and
Welch ANOVA test with Dunnett’s T3 multiple comparisons test was used to determine
statistical significance by comparing means between groups with unequal variance.
Pearson correlation with two-tailed significance tests were used to correlate RBPMS
density values with day 10 PD values for the 15-, 30- and 45-minute elevated IOP

groups.
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CHAPTER 3. Results

3.1. Longitudinal Evaluation of Perfusion and Structure in the Repeatability Group
All four mice in the repeatability group were imaged in vivo with OCTA and OCT

at all time points post-baseline imaging.

3.1.1. Evaluating the Time Course of Changes in Retinal Perfusion Density

We tracked the time course of in vivo changes in retinal PD for the repeatability
group, which received no ischemic injury. Vascular volumes from the SVP, ICP, DCP
and CCV were acquired, then used to quantify retinal PD and subsequently reported as a
percent change respective to baseline. Statistics were reported elsewhere.

Vascular volumes of the SVP, ICP, DCP and CCV from a representative mouse
are shown (Figures 3.1A, 3.2A, 3.3A and 3.4A, respectively). Compared to baseline,
mean PD remained relatively consistent across all time points and plexuses. Mean PD in
all vascular volumes were at approximately baseline values at the 10-day imaging
endpoint, when mean change from baseline (SD) was -0.4% (5.4), -2.4% (5.3), -1.1%
(3.3) and -0.1% (3.4) for the SVP, ICP, DCP and CCV (Figures 3.1B, 3.2B, 3.3B and

3.4B, respectively).
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Figure 3.1. Time course of PD in the repeatability group SVP. A) In vivo OCTA
images were acquired at baseline and over a period of 10-days post-baseline imaging in a
mouse that received no elevation of IOP. Images were acquired in the same mouse and
retinal location at each time point. B) /n vivo quantification of PD in the SVP vascular
volume. At each time point, PD was computed from the in vivo images and reported as
change respective to baseline. Figure illustrates minimal change in mean PD at all time
points post-baseline imaging in the SVP of the repeatability group. Black bars indicate

group mean and grey symbols indicate individual values; n=4.
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Figure 3.2. Time course of PD in the repeatability group ICP. A) /n vivo OCTA
images were acquired at baseline and over a period of 10 days post-baseline imaging in a
mouse that received no elevation of IOP. Images were acquired in the same mouse and
retinal location at each time point. B) /n vivo quantification of PD in the ICP vascular
volume. At each time point, PD was computed from the in vivo images and reported as
change respective to baseline. Figure illustrates a slight decrease in mean PD, followed
by an approximate return to baseline values at the 10-day imaging endpoint. Black bars

indicate group mean and grey symbols indicate individual values; n=4.
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Figure 3.3. Time course of PD in the repeatability group DCP. A) In vivo OCTA
images were acquired at baseline and over a period of 10 days post-baseline imaging in a
mouse that received no elevation of IOP. Images were acquired in the same mouse and
retinal location at each time point. B) /n vivo quantification of PD in the DCP vascular
volume. At each time point, PD was computed from the in vivo images and reported as
change respective to baseline. Figure illustrates a slight decrease in mean PD, followed
by an approximate return to baseline values at the 10-day imaging endpoint. Black bars

indicate group mean and grey symbols indicate individual values; n=4.
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Figure 3.4. Time course of PD in the repeatability group CCV. A) In vivo OCTA
images were acquired at baseline and over a period of 10 days post-baseline imaging in a
mouse that received no elevation of IOP. Images were acquired in the same mouse and
retinal location at each time point. B) /n vivo quantification of PD in the CCV. At each
time point, PD was computed from the in vivo images and reported as change respective
to baseline. Figure illustrates minimal change in PD at all time points post-baseline

imaging. Black bars indicate group mean and grey symbols indicate individual values;
n=4.
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3.1.2. Evaluating the Time Course of Changes in Retinal Thickness

We tracked the time course of in vivo changes in GCC thickness for the
repeatability group, which received no ischemic injury. Circular peripapillary OCT B-
scans were acquired, then used to compute in vivo GCC thickness and subsequently
reported as percent change respective to baseline. Statistics were run elsewhere.

Circular peripapillary OCT B-scans from a representative mouse are shown
(Figure 3.5A). Compared to baseline values, mean GCC thickness in the repeatability
group was relatively consistent across all time points, as mean change from baseline (SD)
never exceeded more than 0.6% (0.7), or less than -1.2% (1.0) at any time point (Figure

3.5B).
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Figure 3.5. Time course of GCC thickness in the repeatability group. A) /n vivo OCT
B-scans were acquired at baseline and over a period of 10 days post-baseline imaging in a
mouse that received no elevation of IOP. Depicted images were acquired in the same
mouse and retinal location, at each time point. Coloured lines demarcate the GCC, with
the red and blue lines indicating segmentation of the ILM and outer border of the IPL,
respectively. B) In vivo quantification of mean GCC thickness in mice that underwent no
elevation of IOP. At each time point, GCC thickness was computed and reported as
change respective to baseline. Figure illustrates minimal change in mean GCC thickness
at all imaging time points. Black bars indicate group mean and grey symbols indicate

individual values; n=4.
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3.2. Longitudinal Evaluation of Perfusion and Structure Following Acute Ischemia
3.2.1. Evaluating the Time Course of Changes in Retinal Perfusion Density

Eight mice in each of the 15-, 30- and 45-minute elevated IOP groups were
imaged in vivo with OCTA at all time points post-I/R injury. We tracked the time course
of changes in retinal PD for groups with differing durations of acute retinal ischemia by
acquiring vascular volumes of the SVP, ICP, DCP and CCV and quantifying retinal PD,
which was then subsequently reported as a percent change respective to baseline.
Statistics were reported elsewhere.

In the 15-minute elevated IOP group, vascular volumes of the SVP, ICP and DCP
from a representative mouse are shown (Figures 3.6A, 3.7A and 3.8A, respectively).
Compared to baseline, mean PD in each vascular volume was decreased at 3-days, which
persisted to the 10-day imaging endpoint when mean change from baseline (SD) was -
10.4% (16.5), -9.1% (19.1) and -13.4% (25.5) for the SVP, ICP and DCP (Figures 3.6B,
3.7B and 3.8B, respectively).

In the 30-minute elevated IOP group, examples of the vascular volumes from a
representative mouse are shown (Figures 3.9A, 3.10A and 3.11A, respectively).
Compared to baseline, mean PD was decreased in each volume at the 3-day imaging time
point, which persisted over all time points post-I/R injury. Mean change from baseline
(SD) at the 10-day imaging endpoint was -11.8% (9.2), -7.6% (17.4) and -14.4% (20.7)
for the SVP, ICP and DCP (Figures 3.9B, 3.10B and 3.11B, respectively).

In the 45-minute elevated IOP group, vascular volumes of the CCV from a
representative mouse are shown (Figure 3.12A). Compared to baseline, mean PD was

decreased at 3-days post-ischemic insult, which persisted to the 5-day imaging time point
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and further decreased at subsequent imaging sessions until the 10-day imaging endpoint,

when mean change from baseline (SD) was -19.8% (15.3) (Figure 3.12B).
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Figure 3.6. Time course of PD in the 15-minute elevated IOP group SVP. A) In vivo
OCTA images were acquired at baseline and over a period of 10 days post-I/R injury in a
mouse that received 15 minutes of ischemia. Images were acquired in the same mouse
and retinal location at each time point. B) /n vivo quantification of PD in the SVP
vascular volume. At each time point, PD was computed from the in vivo images and
reported as change respective to baseline. Figure illustrates a decrease in mean PD at all
time points post-I/R injury. Black bars indicate group mean and grey symbols indicate

individual values; n=8.
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Figure 3.7. Time course of PD in the 15-minute elevated IOP group ICP. A) In vivo
OCTA images were acquired at baseline and over a period of 10 days post-I/R injury in a
mouse that received 15 minutes of ischemia. Images were acquired in the same mouse
and retinal location at each time point. B) /n vivo quantification of PD in the ICP vascular
volume. At each time point, PD was computed from the in vivo images and reported as
change respective to baseline. Figure illustrates a decrease in mean PD at all time points
post-I/R injury, as well as a wide variability in PD values. Black bars indicate group

mean and grey symbols indicate individual values; n=8.
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Figure 3.8. Time course of PD in the 15-minute elevated IOP group DCP. A) /n vivo
OCTA images were acquired at baseline and over a period of 10 days post-I/R injury in a
mouse that received 15 minutes of ischemia. Images were acquired in the same mouse
and retinal location at each time point. B) /n vivo quantification of PD in the DCP
vascular volume. At each time point, PD was computed from the in vivo images and
reported as change respective to baseline. Figure illustrates a decrease in mean PD at all
time points post-I/R injury, as well as a wide variability in PD values. Black bars indicate

group mean and grey symbols indicate individual values; n=8.
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Figure 3.9. Time course of PD in the 30-minute elevated IOP group SVP. A) In vivo
OCTA images were acquired at baseline and over a period of 10 days post-I/R injury in a
mouse that received 30 minutes of ischemia. Images were acquired in the same mouse
and retinal location at each time point. B) In vivo quantification of PD in the SVP
vascular volume. At each time point, PD was computed from the in vivo images and
reported as change respective to baseline. Figure illustrates a decrease in mean PD at all
time points post-I/R injury. Black bars indicate group mean and grey symbols indicate

individual values; n=8.
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Figure 3.10. Time course of PD in the 30-minute elevated IOP group ICP. A) In vivo
OCTA images were acquired at baseline and over a period of 10 days post-I/R injury in a
mouse that received 30 minutes of ischemia. Images were acquired in the same mouse
and retinal location at each time point. B) /n vivo quantification of PD in the ICP vascular
volume. At each time point, PD was computed from the in vivo images and reported as
change respective to baseline. Figure illustrates a decrease in mean PD at all time points
post-I/R injury, as well as a wide variability in PD values. Black bars indicate group

mean and grey symbols indicate individual values; n=8.
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Figure 3.11. Time course of PD in the 30-minute elevated IOP group DCP. A) In vivo
OCTA images were acquired at baseline and over a period of 10 days post-I/R injury in a
mouse that received 30 minutes of ischemia. Images were acquired in the same mouse
and retinal location at each time point. B) /n vivo quantification of PD in the DCP
vascular volume. At each time point, PD was computed from the in vivo images and
reported as change respective to baseline. Figure illustrates a decrease in mean PD at all
time points post-I/R injury, as well as a wide variability in PD values. Black bars indicate

group mean and grey symbols indicate individual values; n=8.
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Figure 3.12. Time course of PD in the 45-minute elevated IOP group CCV. A) In
vivo OCTA images were acquired at baseline and over a period of 10 days post-I/R injury
in a mouse that received 45 minutes of ischemia. Images were acquired in the same
mouse and retinal location at each time point. B) /n vivo quantification of PD in the CCV.
At each time point, PD was computed from the in vivo images and reported as change
respective to baseline. Figure illustrates a decrease in mean PD at all time points post-I/R

injury. Black bars indicate group mean and grey symbols indicate individual values; n=8.
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3.2.2. Evaluating the Time Course of Changes in Retinal Thickness

Eight mice in each of the 15-, 30- and 45-minute elevated IOP groups were
imaged in vivo with OCT at all time points post-I/R injury. We tracked the time course of
changes in GCC thickness for groups with differing durations of acute retinal ischemia by
acquiring circular peripapillary OCT B-scans and computing in vivo GCC thickness,
which was then reported as percent change respective to baseline. Statistics were reported
elsewhere.

In the 15-minute elevated IOP group, circular peripapillary OCT B-scans from a
representative mouse are shown (Figure 3.13A). Mean GCC thickness in the 15-minute
elevated IOP group was increased compared to baseline at 1-day post-I/R injury, which
extended to the 10-day imaging endpoint. Mean change from baseline (SD) peaked at
6.4% (2.4) 3-days post-I/R injury, then continuously declined over each timepoint until
the 10-day imaging endpoint, where mean change from baseline was 0.5% (0.9) (Figure
3.13B).

In the 30-minute elevated IOP group, circular peripapillary OCT B-scans from a
representative mouse are shown (Figure 3.14A). Mean GCC thickness in the 30-minute
elevated IOP group was first increased at 1-, 3- and 5-days post-I/R injury, then
decreased at 7- and 10-days post-I/R injury. Mean change from baseline (SD) peaked at
5.2% (2.1) 1-day post-I/R injury, remained elevated at 3-days, then continuously declined
at each timepoint thereafter until the 10-day imaging endpoint when mean change from
baseline was -4.3% (5.1) (Figure 3.14B).

In the 45-minute elevated IOP group, circular peripapillary OCT B-scans from a

representative mouse are shown (Figure 3.15A). Mean GCC thickness was increased at 1-
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day post-I/R injury and decreased at all subsequent time points. Mean change from
baseline (SD) spiked to 44.3% (33.6) 1-day post-I/R injury, then rapidly declined at 3-
days post-I/R injury to -4.8% (18.5), continuing to decline to the 10-day imaging

endpoint when mean change from baseline was -46.7% (5.1) (Figure 3.15B).
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Figure 3.13. Time course of GCC thickness in the 15-minute elevated IOP group. A)
In vivo OCT B-scans were acquired at baseline and over a period of 10 days post-I/R
injury in a mouse that received 15-minutes of ischemia. Depicted images were acquired
in the same mouse and retinal location, at each time point. Coloured lines demarcate the
GCC, with the red and blue lines indicating segmentation of the ILM and outer border of
the IPL, respectively. B) In vivo quantification of mean GCC thickness in mice that
received 15-minutes of ischemia. At each time point, GCC thickness was computed and
reported as change respective to baseline. Figure illustrates an increase in mean GCC
thickness, followed by an approximate return to baseline values by the 10-day imaging
endpoint. Black bars indicate group mean and grey symbols indicate individual values;

n=s.
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Figure 3.14. Time course of GCC thickness in the 30-minute elevated IOP group. A)
In vivo OCT B-scans were acquired at baseline and over a period of 10 days post-I/R
injury in a mouse that received 30-minutes of ischemia. Depicted images were acquired
in the same mouse and retinal location, at each time point. Coloured lines demarcate the
GCC, with the red and blue lines indicating segmentation of the ILM and outer border of
the IPL, respectively. B) /n vivo quantification of mean GCC thickness in mice that
received 30-minutes of ischemia. At each time point, GCC thickness was computed and
reported as change respective to baseline. Figure illustrates an initial increase in mean
GCC thickness, followed by a gradual decrease up to the 10-day imaging endpoint. The
figure also illustrates a wide variability of individual GCC thickness results. Black bars

indicate group mean and grey symbols indicate individual values; n=8.
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Figure 3.15. Time course of GCC thickness in the 45-minute elevated IOP group. A)
In vivo OCT B-scans were acquired at baseline and over a period of 10 days post-I/R
injury in a mouse that received 45-minutes of ischemia. Depicted images were acquired
in the same mouse and retinal location, at each time point. Coloured lines demarcate the
GCC, with the red and blue lines indicating segmentation of the ILM and outer border of
the IPL, respectively. B) In vivo quantification of mean GCC thickness in mice that
received 45-minutes of ischemia. At each time point, GCC thickness was computed and
reported as change respective to baseline. Figure illustrates a sharp initial increase in
mean GCC thickness, followed by a large decrease up to the 10-day imaging endpoint,
when compared to baseline. Black bars indicate group mean and grey symbols indicate

individual values; n=8.

64



3.3. Comparison of Changes in Retinal Perfusion, Structure and RGCs Between

Groups with Varying Ischemic Durations
3.3.1. Longitudinal Comparison of Changes in Perfusion Density Between Groups

Vascular volumes of the SVP, ICP, DCP and CCV were used to quantify in vivo
retinal PD. At each time point, retinal PD (reported as percent change respective to
baseline) was statistically compared between the repeatability group and the 15- and 30-
minute elevated IOP groups in the SVP, ICP and DCP volumes, then between the
repeatability group and the 45-minute elevated IOP group in the CCV.

In the SVP, there was no significant difference in mean PD between the repeatability
group and the 15- and 30-minute elevated IOP groups at any time point (Figure 3.16).
Although non-significant, the 15- and 30-minute elevated IOP groups had a lower mean
change from baseline than the repeatability group at all time points. Further, mean change
from baseline in the 30-minute elevated IOP group was lower than the 15-minute
elevated IOP group at all time points except 3-days post-I/R injury, though differences
were non-significant.

In the ICP, mean PD was not significantly different between the repeatability group
and the 15- and 30-minute elevated IOP groups, across all time points (Figure 3.17). Like
the SVP, mean change from baseline in both the 15- and 30-minute elevated IOP groups
were non-significantly lower than the repeatability group at all time points. Further, mean
change from baseline in the 15-minute elevated IOP group was lower than the 30-minute
elevated IOP group at all time points except 5-days post-I/R injury, however, differences
were non-significant.

In the DCP, there was no significant difference in mean PD between the
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repeatability group and the 15- and 30-minute elevated IOP groups, at any time point
(Figure 3.18). When compared to the repeatability group, mean change from baseline in
the 15-minute elevated IOP was slightly higher at 3- and 5-days post-I/R injury, then
lower at 7- and 10-days post-I/R injury, although all differences were non-significant.
Mean change from baseline in the 30-minute elevated IOP group was lower than the
repeatability group and the 15-minute elevated IOP group at all time points except for at
7-days post-I/R injury, when the 15-minute elevated IOP group was higher, however,
differences were non-significant.

Variability was higher in both elevated IOP groups across almost all time points
when compared to the repeatability group. Group SDs were higher in both elevated IOP
groups for each of the SVP, ICP and DCP at all time points (except 7-days in the SVP,
when group SD in the repeatability group exceeded that of the 30-minute elevated IOP
group). This is shown by the larger dispersion of change from baseline values around the
mean, at each time point in the SVP, ICP and DCP (Figures. 3.16, 3.17 and 3.18,
respectively).

In the CCV, mean change from baseline (and thus, mean PD) in the 45-minute
elevated IOP group was significantly lower than the repeatability group at all time points
(Figure 3.19). Further, variability in the 45-minute elevated IOP group was higher, as
group SDs were higher when compared to those of the repeatability group, shown by the

larger dispersion of change from baseline values around the mean (Figure 3.19).
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Figure 3.16. Longitudinal inter-group comparison of PD in the SVP. /n vivo
quantification of PD was computed from OCTA images of the SVP vascular volume, for
the repeatability, 15- and 30-minute elevated IOP groups. At all time points, mean change
from baseline for both elevated IOP groups and repeatability group were compared for
significance using an ordinary one-way ANOVA with multiple comparisons. There was
no significant difference in mean change from baseline between the repeatability, 15- and
30-minute elevated IOP groups at any time point in the SVP; n=4, 8, 8 for the
repeatability and 15- and 30-minute elevated IOP groups, respectively. Assume non-
significance unless otherwise stated. Black bars indicate group mean and grey symbols

indicate individual values.
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Figure 3.17. Longitudinal inter-group comparison of PD in the ICP. /n vivo
quantification of PD was computed from OCTA images of the ICP vascular volume, for
the repeatability, 15- and 30-minute elevated IOP groups. At all time points, mean change
from baseline for both elevated IOP groups and repeatability group were compared for
significance using an ordinary one-way ANOV A with multiple comparisons. There was
no significant difference in mean change from baseline between the repeatability, 15- and
30-minute elevated IOP groups at any time point in the ICP; n= 4, 8, 8 for the
repeatability and 15- and 30-minute elevated IOP groups, respectively. Assume non-
significance unless otherwise stated. Black bars indicate group mean and grey symbols

indicate individual values.
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Figure 3.18. Longitudinal inter-group comparison of PD in the DCP. /n vivo
quantification of PD was computed from OCTA images of the DCP vascular volume, for
the repeatability, 15- and 30-minute elevated IOP groups. At all time points, mean change
from baseline for both elevated IOP groups and repeatability group were compared for
significance, using an ordinary one-way ANOVA with multiple comparisons. There was
no significant difference in mean change from baseline between the repeatability, 15- and
30-minute elevated IOP groups at any time point in the DCP; n= 4, 8, 8 for the
repeatability and 15- and 30-minute elevated IOP groups, respectively. Assume non-
significance unless otherwise stated. Black bars indicate group mean and grey symbols

indicate individual values.
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Figure 3.19. Longitudinal inter-group comparison of PD in the CCV. In vivo
quantification of PD was computed from OCTA images of the CCV in the repeatability
and 45-minute elevated IOP groups, across all time points. Group mean change
respective to baseline at each time point was compared for significance using an unpaired
t-test with Welch’s correction for unequal variances. When compared to the repeatability
group, mean change from baseline in the 45-minute elevated IOP group was significantly
decreased at all time points post-I/R injury; n=4 and 8 for the repeatability and 45-
minute elevated IOP group, respectively. Assume non-significance unless otherwise
stated for *=p < 0.05 and **=p < 0.01. Black bars indicate group mean and grey

symbols indicate individual values.

70



3.3.2. Longitudinal Comparison of Changes in Retinal Thickness Between Groups

Circular peripapillary OCT B-scans were used to compute in vivo GCC thickness.
At each time point, GCC thickness (reported as percent change respective to baseline)
was statistically compared between the repeatability group and the 15-, 30- and 45-
minute elevated IOP groups.

Although mean change from baseline was higher at all time points in the 15-
minute elevated IOP group, there was no significant difference in mean GCC thickness
when compared to the repeatability group across all time points (Figure 3.20). Similarly,
there was no significant difference in mean GCC thickness between the repeatability
group and the 30-minute elevated IOP group across all time points, even though mean
change from baseline in the 30-minute elevated IOP group was higher than the
repeatability group at 1-, 3- and 5-days post-ischemic insult, then subsequently lower at
7- and 10-days post-ischemic insult (Figure 3.20). Additionally, there was no significant
difference in mean GCC thickness between the 15- and 30-minute elevated IOP groups at
all time points, even though mean change from baseline in the 30-minute elevated IOP
group was lower at the 5-, 7- and 10-day imaging time points (Figure 3.20). Compared to
the repeatability, 15- and 30-minute elevated IOP groups, mean GCC thickness in the 45-
minute elevated IOP group was significantly higher at 1-day post-I/R injury, then
significantly lower at all subsequent imaging time points, except the 3-day imaging time
point, where differences between the groups were non-significant (Figure 3.20).

Variability tended to increase with duration of ischemia across all time points, as

the 45-minute elevated IOP group had the largest SD amongst all groups. This is shown
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by the larger dispersion of change from baseline values around the mean at all time points

(Figure 3.20).
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Figure 3.20. Longitudinal inter-group comparison of GCC thickness. /n vivo
quantification of GCC thickness was computed from OCT B-scans for the repeatability,
15-, 30- and 45-minute elevated IOP groups. At all time points, mean change from
baseline for the repeatability group and all elevated IOP groups were compared for
significance, using an ordinary one-way ANOVA with multiple comparisons. There was
no significant difference between the repeatability, 15- and 30-minute elevated IOP
groups at any timepoint, however, the 45-minute group was significantly increased at 1
day and significantly decreased at days 5, 7 and 10, when compared to all other groups;
n=4, 8, 8, 8 for the repeatability, 15-, 30- and 45-minute elevated IOP groups,
respectively. Significance indicated in reference to repeatability group. Assume non-
significance unless otherwise stated for **=p < 0.01, ***=p <0.001 and ****=p <

0.0001. Black bars indicate group mean and grey symbols indicate individual values.
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3.3.3. Cumulative Comparison of Changes in RGC Density Between Groups

We statistically compared changes in RGC density between the non-experimental
control retinas and retinas with differing durations of acute I/R injury. Following the last
imaging time point, retinal wholemounts with fluorescently labelled RBPMS cells were
used to quantify RGC density, which was reported as mean RBPMS density.

Mean RBPMS density (in cells/'mm?) (SD) at 10-days post-I/R injury was 3009.9
(812.6), 3021.3 (795.0), 2651.5 (678.1) and 1157.1 (591.1) for the control, 15-, 30- and
45-minute elevated IOP groups, respectively (Figure 3.21). There was no significant
difference between the control and 15-minute elevated IOP groups. Although the 30-
minute group mean RBPMS density was lower than the control and 15-minute elevated
IOP groups, the difference between them was non-significant. The 45-minute elevated
IOP groups had a significantly lower mean RBPMS density when compared to all other
groups. Variability was highest in the control group and decreased as the duration of IOP

elevation increased, as shown in figure 3.21.
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Figure 3.21. Inter-group comparison of cumulative RGC density loss. Cells
fluorescently labelled with RBPMS were quantified in tiled images of retinal
wholemounts from the control, 15-, 30- and 45-minute elevated IOP groups. Mean
RBPMS density in the control group and all elevated IOP groups were compared for
significance, using a Brown-Forsythe and Welch ANOVA test with Dunnett’s T3
multiple comparisons test (for unequal variance). There was no significant difference in
mean RBPMS density found between the control, 15- and 30-minute elevated IOP
groups, however, mean RBPMS density in the 45-minute elevated IOP group was
significantly decreased when compared to all other groups; n= 24, 7, 8, 8 for the control,
15-, 30- and 45-minute elevated IOP groups, respectively. Retinas in the control group
were from the non-experimental right eyes of mice in the elevated IOP groups. Retinas in
the 15-, 30- and 45-minute elevated IOP groups were from the experimental left eye.
Significance indicated in reference to repeatability group. Assume non-significance
unless otherwise stated for ****=p < (0.0001. Shaded bars indicate group mean and error

bars represent SD.
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3.3.4. Correlation Between Perfusion Density and RGC Density

We correlated PD at the last time point with RGC density. For each mouse in the
15- and 30-minute elevated IOP groups, PD values (reported as percent change respective
to baseline) in the SVP, ICP and DCP were correlated to the corresponding RGC density
values (reported as mean RBPMS density). For each mouse in the 45-minute elevated
IOP group, PD values in the CCV were correlated to the corresponding RGC density
values.

In the 15-minute elevated IOP group, all Pearson correlation coefficient (r) values
were positive: 0.63, 0.46 and 0.55 for the SVP, ICP and DCP, respectively (Figure
3.22A). However, all correlations were found to be non-significant, with two-tailed P-
values of 0.13, 0.30 and 0.20 for the SVP, ICP and DCP, respectively.

In the 30-minute elevated IOP group, all r values were positive: 0.39, 0.67 and
0.54 for the SVP, ICP and DCP, respectively (Figure 3.22B). Similar to the 15-minute
elevated IOP group, all correlations were found to be non-significant, with two-tailed P-
values of 0.34, 0.07 and 0.17 for the SVP, ICP and DCP, respectively.

In the 45-minute elevated IOP group, PD in the CCV correlated to RGC density
yielded an r value of -0.13 (Figure 3.22C). This correlation was also found to be non-

significant with a two-tailed P-value of 0.77.
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Figure 3.22. Correlation of day 10 PD and RGC density. A, B) For all mice in the 15-
and 30-minute elevated IOP groups, respectively, day 10 PD values from the SVP, ICP
and DCP were correlated to their corresponding RGC density values using pearson
correlation with two-tailed significance tests. All plexuses for both the 15- and 30-minute
elevated IOP groups were found to have positive correlations; n= 7, 8 for the 15- and 30-
minute groups, respectively. C) For all mice in the 45-minute elevated IOP group, day 10
PD values from the CCV were correlated to their corresponding RGC density values
using pearson correlation with two-tailed significance tests. Correlation in the 45-minute
groups was found to be slightly negative; n= 8. A, B, C) Assume non-significance unless

otherwise stated.
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3.4. Comparison of Changes in Retinal Perfusion Between Vascular Plexuses

3.4.1. Longitudinal Comparison of Changes in Perfusion Density Between Plexuses

We longitudinally compared in vivo changes in PD between vascular plexuses, for
each group following acute I/R injury. In vivo retinal PD was computed from OCTA
images of the repeatability group and the 15- and 30-minute elevated IOP groups, across
all time points. At each time point, mean retinal PD (reported as percent change
respective to baseline) was statistically compared between the SVP, ICP and DCP
vascular volumes. The 45-minute elevated IOP group was not included in analyses here
(see 2.7.3).

In the repeatability group, there was no significant difference in mean change
from baseline (and thus, mean PD) between the SVP, ICP and DCP at all time points
post-baseline imaging (Figure 3.23). For both the 15- and 30-minute elevated [OP
groups, there was no significant difference in mean PD between the SVP, ICP and DCP
across all time points post-I/R injury (Figures 3.24 and 3.25, respectively). Variability in
the 15- and 30-minute elevated IOP groups was lowest in the SVP and highest in the
DCP, as group SDs in the SVP and DCP were lowest and highest at all time points post-
I/R injury, respectively. This was shown by the increasing dispersion of change from

baseline values around the mean from the SVP to the DCP. (Figures 3.24 and 3.25).
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Figure 3.23. Longitudinal inter-plexus comparison of PD in the repeatability group.
In vivo quantification of PD was computed from OCTA images of the SVP, ICP and
DCP. At all time points, mean change respective to baseline for each plexus were
compared for significance, using an ordinary one-way ANOVA with multiple
comparisons. There was no significant difference between the SVP, ICP and DCP in the
repeatability group, at any time point; n= 4 for each of the SVP, ICP and DCP. Assume
non-significance unless otherwise stated. Black bars indicate group mean and grey

symbols indicate individual values.
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Figure 3.24. Longitudinal inter-plexus comparison of PD in the 15-minute elevated
IOP group. /n vivo quantification of PD was computed from OCTA images of the SVP,
ICP and DCP. At all time points, mean change respective to baseline for each plexus
were compared for significance, using an ordinary one-way ANOVA with multiple
comparisons. There was no significant difference between the SVP, ICP and DCP in the
15-minute elevated IOP group, at any time point; n= 8 for each of the SVP, ICP and
DCP. Assume non-significance unless otherwise stated. Black bars indicate group mean

and grey symbols indicate individual values.
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Figure 3.25. Longitudinal inter-plexus comparison of PD in the 30-minute elevated
IOP group. /n vivo quantification of PD was computed from OCTA images of the SVP,
ICP and DCP. At all time points, mean change respective to baseline for each plexus
were compared for significance, using an ordinary one-way ANOVA with multiple
comparisons. There was no significant difference between the SVP, ICP and DCP in the
30-minute elevated IOP group, at any time point; n= 8 for each of the SVP, ICP and
DCP. Assume non-significance unless otherwise stated. Black bars indicate group mean

and grey symbols indicate individual values.
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CHAPTER 4. Discussion

4.1. Summary of Key Findings

The overarching goal of this study was to initiate acute retinal I/R injury in mice
and explore the longitudinal relationship between retinal perfusion, structure and RGC
density. Using in vivo OCTA and OCT imaging longitudinally and post-mortem IHC, our
objectives were to record the time course of changes in retinal PD and GCC thickness,
compare the impact varying durations of ischemia had on PD, GCC thickness and RGC
density and compare the impact each duration of ischemia had on PD between the
vascular plexuses.

In the repeatability group, we observed minimal change in the time course of
retinal perfusion and GCC thickness. For our first objective, we were able to track and
observe the time course of retinal PD in each of the SVP, ICP and DCP after 15 and 30
minutes of ischemia, however, after 45 minutes of ischemia the CCV was needed. We
were also able to concurrently track and observe the time course of GCC thickness for all
durations of ischemia. For our second objective, we found that although PD was
decreased at all time points after 15- or 30-minutes of ischemia, changes were not
significantly different when compared to the repeatability group. Similarly, longitudinal
changes in GCC thickness induced by 15- or 30-minutes of ischemia were not
significantly different when compared to the repeatability group. Cumulative RGC
density after 15- or 30-minutes of ischemia was not significantly different when
compared to a control group. After 45-minutes of ischemia, PD was significantly

decreased at all time points beginning 3 days after I/R injury, GCC thickness was

82



significantly increased at 1 day, then significantly decreased from 5 days post-I/R injury
onwards and RGC density was significantly decreased at 10 days post-I/R injury. For our
last objective, we found no significant difference longitudinally between the SVP, ICP
and DCP in any of the repeatability, 15- or 30-minute elevated IOP groups.

To the best of our knowledge, this is the first work to report using OCTA in mice
to track retinal perfusion longitudinally following acute I/R injury induced by elevated

IOP and compare in vivo retinal perfusion between plexuses and varying ischemic groups

4.2. Interpretation of Results
4.2.1. OCTA and OCT Repeatability

Aside from our main objectives, we found results indicating good inter-sessional
repeatability of OCTA and OCT measurements. These findings are significant within the
context of this thesis, since the purpose of the repeatability group was to serve as a
comparison to groups of mice with acute I/R injury, thereby accounting for the normal
inter-sessional variability in OCTA and OCT measurements.

High OCTA and OCT repeatability has been shown previously in rodents. Smith
and colleagues measured OCTA quantitative parameters in healthy mice and found no
significant difference in median PD for the SVP, ICP and DCP across imaging sessions
spanning the course of a month, concluding that longitudinal OCTA imaging was feasible
in mice and repeatability values could be useful in determination of true changes in
retinal perfusion (Smith et al., 2019). Additionally, Yang et al. measured OCT intra- and
inter-sessional repeatability in healthy rats. Using circular peripapillary OCT B-scans

they found no significant difference in total retinal thickness and RNFL thickness
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between imaging sessions on the same day or one day later (Yang et al., 2016).

Good OCTA repeatability has also been shown previously in humans. In a clinical
study, You and colleagues measured the repeatability of OCTA in both healthy and
diseased human eyes. They found good intra- (same day) and inter-sessional (2 weeks
later) repeatability of superficial density values, concluding that OCTA is a reliable

method for assessing macular microcirculation (You et al., 2017).

4.2.2. Time Course of Retinal Perfusion and Structure Following Ischemia

The findings from our first objective are significant, as they detail the utility of
OCTA/OCT and could potentially expand their use in the longitudinal evaluation of acute
retinal I/R injuries. Furthermore, the assessment of retinal perfusion at the individual
capillary plexus level may be critical to improving our understanding of the
pathophysiology of acute I/R disease. These findings were in line with our hypothesis, as
we expected to be able to track the time course of retinal perfusion using OCTA and OCT
in vivo following acute I/R injury.

The results from objective one may also indicate a practical limitation for the
experimental use of OCTA, as we were surprised about the inability to resolve the 3
plexuses after prolonged durations of ischemia. One of the main strengths of OCTA
compared to other imaging techniques is the ability to segregate each vascular plexus.
Although we were still able to longitudinally track PD following prolonged durations of
ischemia, the necessity to combine the three plexuses into the CCV limited the depth to
which we could assess perfusion, similar to what imaging modalities like FA or ICGA

could offer.
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4.2.2.1. Assessing Retinal Perfusion and Thickness with OCTA and OCT in Ischemia

Previous experimental research has used OCTA to assess changes in retinal
perfusion during, or immediately following acute ischemia. In rat, Zhao and colleagues
incrementally raised IOP, immediately assessed vessel density using OCTA and found
that OCTA could be used to track vessel density in all vascular plexuses as it declines
with IOP elevation (Zhao et al., 2020). Similarly, Choi and colleagues incrementally
raised IOP in macaque monkeys, assessed macular perfusion immediately with OCTA
and found that OCTA could be used to track vessel density in the superficial and deep
capillaries of the macular region, even when significantly reduced following pressures
exceeding 40mmHg (Choi et al., 2021). In both studies, however, retinal perfusion was
assessed only briefly (2 and 30 minutes, respectively) following the initiation of
reperfusion, therefore information on the longitudinal impact of acute I/R injury was not
available.

OCT has been used previously to assess the longitudinal impact of I/R injury on
retinal thickness. In mice, Lee ef al. unilaterally occluded the common carotid artery via
suture to induce retinal I/R injury, then used in vivo OCT imaging to assess the
longitudinal impact of I/R injury on retinal thickness. For over a period of two weeks
following I/R injury, the researchers found that they were able to track retinal thickness

with OCT (Lee et al., 2021).

4.2.2.2. Assessing Retinal Perfusion with OCTA in Other Disease Models

Using OCTA to assess perfusion in the retina has not been limited to I/R injury
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models. Previous experimental uses of OCTA include assessing retinal perfusion in
models of retinal disease such as AMD, Oz-induced retinopathy and DR (Alnawaiseh et
al., 2016; Kim et al., 2018; Park et al., 2016; Uehara et al., 2019). In an experimental
mouse model of AMD, Alnawaiseh and colleagues used OCTA to assess outer retinal
perfusion following laser-induced choroidal neovascularization (CNV). At 1- and 3-
weeks following laser photocoagulation, they found CNV through the detection of new
vessels in the outer retina, concluding that OCTA was able to be used longitudinally to
assess retinal perfusion and that it may be useful to improve their understanding of

neovascular pathologies (Alnawaiseh et al., 2016).

4.2.2.3. Assessing Perfusion with OCTA Outside the Eye

The use of OCTA in experimental research has extended beyond the retina.
Researchers have used invasive techniques to record cortical blood perfusion with OCTA
following disease models such as ischemic stroke. Yang et al. created a long-term
transparent optical window to the mouse brain, permitting photothrombotic occlusion of
the middle cerebral artery and subsequent OCTA imaging. They found that they were
able to track cerebral perfusion longitudinally over a period of 13 days post- I/R injury,
concluding that OCTA is useful in improving the understanding of ischemic stroke (Yang

etal., 2019).

4.2.3. Retinal Perfusion, Structure and RGCs After Varying Ischemic Durations

4.2.3.1. Continuum of Damage Following I/R Injury

The findings from objective two may suggest that damage resulting from I/R
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injury exists on a continuum associated with a threshold that influences the magnitude of
ischemic injury. This may support our hypothesis, as we originally anticipated that 15-,
30- and 45-minutes of ischemia would represent mild, moderate and extensive time
points for damage and that loss would increase with duration of ischemia.

Our data tends to suggest that 15 and 30 minutes of ischemia induces some mild
damage to PD, GCC thickness and RGC density prior to the catastrophic damage
observed after 45 minutes of ischemia. After 15 and 30 minutes of ischemia, PD was
decreased across all imaging time points and at 10 days following 30 minutes of
ischemia, GCC thickness and RGC density appeared to decrease as well. This may be in
line with previous work that studied I/R injury and found damage to retinal thickness and
RGC:s after 30 minutes of ischemia (Lafuente et al., 2002; Zhu et al., 2002). Furthermore,
PD and RGC density appeared to be positively correlated after 15 and 30 minutes of
ischemia, suggesting a longitudinal relationship wherein PD reductions in the SVP are
related to RGC density reductions. This may be consistent physiologically, considering
that the SVP is intimately connected with the GCL and nourishes the RGCs (Paques et
al., 2003). Interestingly, similar relationships were found with the ICP and DCP, though
this may not imply causality but rather reflect the ICP and DCP’s interconnected
relationship with the SVP. Importantly, all changes observed after 15 and 30 minutes of
ischemia were found to be not statistically significant, however, the low sample size may

have resulted in underpowered data and the inability to find significance.

4.2.3.2. Threshold For Irreversible Damage in the Retina

The findings from objective two further suggest that there is a threshold for
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irreversible retinal perfusion, thickness and RGC density damage, which exists between
30 and 45 minutes of ischemia. This information could contribute to our understanding of
critical time periods during ischemic injury and the pathophysiology of disease
progression afterwards.

Previous work in rodents following I/R injury found results regarding an ischemic
damage threshold point similar to ours. Hughes elevated IOP in rats for a variety of
durations, finding significant reductions in retinal thickness and RGC population after 60
minutes of ischemia, but not after 30 minutes, suggesting a threshold for irreversible
damage between 30 and 60 minutes of ischemia (Hughes, 1991). Faberowski and
colleagues ligated the ON for periods of 60-240 minutes, finding significant cell loss after
60 minutes of ischemia (and all time points after), suggesting a threshold for irreversible
damage prior to 60 minutes (Faberowski et al., 1989). Our work may build upon this
knowledge base, perhaps introducing a more accurate time frame estimate for where the
threshold for irreversible damage might be, following acute I/R injury.

Other work in rodents following I/R injury found results that contrast ours. Zhu
and colleagues elevated IOP in mice, finding extensive histological damage to retinal
thickness and GCL cells after 30, 45 or 60 minutes, suggesting a threshold for irreversible
damage prior to 30 minutes of ischemia (Zhu et al., 2002). Similarly, Lafuente et al.
ligated the ophthalmic vessels in rats for various durations, finding a significant decrease
in RGC density after both 30 and 45 minutes of ischemia, further suggesting a threshold
for irreversible damage prior to 30 minutes of ischemia (Lafuente et al., 2002). A
possible reason why our results after 30 minutes of ischemia are incongruent with Zhu

and colleagues is the difference in analysis, as they measured total retinal thickness and
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IPL thickness histologically, while we measured GCC thickness with OCT. Furthermore,
differences could be attributed to low sample size, as 5 mice were used in their research,
while 8 mice were included in the 30-minute elevated IOP group in our study. Other
reasons may be due to the method of RGC density quantification - they retrogradely
labelled RGCs with the lipophilic dye, diAsp, whereas we labelled RGCs with the IHC
marker anti-RBPMS. The discrepancies in findings could also be attributed to inter-
species differences, which has been reported previously for the threshold of irreversible

damage (Osborne et al., 2004).

4.2.3.3. Threshold For Irreversible Damage in the Brain

Both the retina and brain have relatively high O2 demands for metabolism when
compared to the rest of the body and use the NT glutamate (proposed to contribute to
excitotoxic damage during ischemia in the retina and brain), thus comparisons of the
threshold for irreversible ischemic damage between the two have naturally arisen (Lee et
al., 2000). Evidence on cerebral ischemia in humans and retinal ischemia in monkeys
indicates irreversible tissue damage after just 5 minutes of complete occlusion of blood
flow to the brain, whereas, at least around 100 minutes of blood flow occlusion is needed
to induce irreversible damage in the retina (Hayreh & Weingeist, 1980; Lee et al., 2000).
In rabbit, Ames and colleagues induced cerebral ischemia via clamping of the common
carotid arteries and found histological evidence for cerebral vascular defects in up to 95%
of the brain after just 15 minutes of ischemia, suggesting a short threshold for permanent
damage of less than 15 minutes of ischemia, contrasting our findings in the mouse retina

(Ames et al., 1968). The findings, taken together, may suggest that the brain has a lower
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threshold for irreversible tissue damage and is therefore less resistant to ischemic damage
than the retina.

The per-gram usage of Oz in the retina has been reported to exceed that of the
brain, therefore it is surprising to find the brain more susceptible to ischemic damage
(Wright et al., 2020). Researchers have attributed this finding to the no-reflow
phenomenon, where following restoration of blood flow, neural tissue edema generated
by initial ischemic injury increases the brain volume and pushes against the skull,
increasing pressure and inducing a second ischemic period. In contrast, the no-reflow
phenomenon does not exist in the retina, since edema generated during ischemia can be

absorbed in the vitreous body (Hayreh & Weingeist, 1980).

4.2.3.4. Altered Retinal Perfusion and the Perfusion-Thickness Relationship

The findings from our second objective also suggest that there is longitudinal
depression of retinal perfusion following prolonged durations of acute I/R injury and that
perfusion loss may initially precede thickness loss. This information is significant, as it
could further our understanding of the role microcirculation plays in glaucoma and the
perfusion-thickness relationship that ensues following acute I/R injury.

Glaucoma is a chronic optic neuropathy well known to be associated with
increased IOP that leads to RGC death via the mechanical stress put on the posterior
structures of the eye, including RGC axons (Weinreb et al., 2014). However, the
pathogenesis of glaucoma is not completely understood and recent clinical studies using
OCTA have investigated the role of microcirculation during glaucoma, finding

significantly reduced retinal vessel density in both patients with primary open angle
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glaucoma (POAG) and PACG (Liu et al., 2015; Rao et al., 2020; Zhang et al., 2017).
Zhang and colleagues used OCTA to assess retinal peripapillary vessel density following
acute angle-closure attack in PACG patients, finding that vessel density was reduced by
~20% when compared to non-glaucomatous controls and that decreases in vessel density
were positively correlated with thinning of the GCC (Zhang et al., 2017). Though direct
translation of results is limited, the elevation of IOP used in our work may closely model
PACG- where IOP can rapidly increase to pressures around 70mmHg, therefore it is
possible within the context of our findings, that the longitudinal decrease we observed in
perfusion and thickness values after 45 minutes of ischemia resembles what has been
reported in clinical PACG populations (Garala & Bansal, 2019).

Importantly, while perfusion deficits have been observed in glaucoma, the causal
relationship of altered perfusion and RGC death is still unknown and there is currently no
evidence to suggest altered perfusion directly leads to RGC death. Contrasting our
findings, there is histological evidence in rodents following elevated IOP-induced I/R
injury, that suggests neuronal cell and thickness loss precedes capillary degeneration,
although the incongruency in our results may be due to differing analyses (Zheng et al.,
2007). Additionally, there is conflicting clinical evidence on whether changes in retinal
perfusion precede changes in thickness. A variety of cross-sectional clinical studies on
patients with POAG have used OCTA and OCT or optical microangiography to assess
retinal perfusion and thickness. Pradhan ef al. found in the upper temporal retinal sector
that perfusion loss may precede structural loss, but vice-versa in the superotemporal
sector (Pradhan et al., 2018). Comparing retinal perfusion and thickness in healthy and

glaucomatous eyes, Chen and colleagues found that changes in perfusion may precede
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changes in structure (Chen et al., 2017). In contrast, Akagi et al. found evidence

suggesting that RNFL thinning preceded changes in perfusion (Akagi et al., 2016).

4.2.3.5. Blood-Retinal-Barrier Breakdown

Before decreasing at 5-days, GCC thickness in the 45-minute elevated IOP group
was significantly increased 1 day following acute I/R injury. We believe the reason for
this is the development of intraretinal edema, which could be observed in the 1-day OCT
B-scans of some mice in the 45-minute elevated IOP group (Figure 3.15A). This has been
shown previously in pig, where retinal thickness was significantly increased 20 hours
after acute retinal I/R injury due to fluid accumulation in the RNFL (Zadeh et al., 2019).
After finding an increase in ROS in the retinal arterioles, Zadeh and colleagues suggested
that acute I/R injury induced endothelial cell dysfunction of the retinal arterioles and
subsequent inner BRB disruption, indicated by the presence of retinal edema. It is
possible in the context of our findings then, that 45 minutes of ischemia induced
endothelial cell disruption of the retinal arterioles and subsequent BRB disruption, which
caused the observed retinal edema and significant increase in GCC thickness at 1 day
following acute I/R injury. In the porcine study, however, they used a model wherein the
left and right carotid arteries were clamped to induce ocular ischemia, therefore it is also
possible that our mechanism of damage is not directly correlated to theirs. In the
literature, BRB disruption has been associated with ischemic retinopathies, so it is
possible that BRB breakdown could be a potential cause for the significant longitudinal
decrease in retinal PD and GCC thickness we observed following acute I/R injury

(Vinores, 2010).
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Significant intraretinal edema was observed after 45 minutes of ischemia, in
contrast to the 15 or 30 minute conditions. It is therefore possible that the edema itself, as
opposed to the ischemic injury, induced, or contributed to the significant longitudinal
decreases in PD, GCC thickness and RGC density after 45 minutes of ischemia. A
limitation of our work is that we are unable to attribute PD changes and RGC loss to
either ischemia or edema, or a combination of the two.

Interestingly, Marmor postulated that edema itself does not always result in
neuronal degeneration, and that the underlying cause of the edema could impact the
retinal neurons independently of edema (Marmor, 1999). When contextualized with our
findings, it is possible that the longitudinal damage seen after 45 minutes of ischemia was
due to the initial ischemic insult and worked independently of the subsequent edema.
Contrastingly, Reichenbach and colleagues state that in edema-based retinal disorders,
such as diabetic macular edema, the fluid accumulation associated with macular edema
directly leads to degeneration of the retina via compression of the neurons and nerve
fibres (Reichenbach et al., 2007). While mice do not have a macula and translatability
with clinical disease is low, it is still possible that the retinal edema generated after 45
minutes of ischemia in our work resulted in compression of the RGCs and nerve fibres,
leading to the longitudinal decreases in GCC thickness and RGC density that was
observed. Likely, the ischemic insult and resultant edema worked in concert to produce
our findings, however, our analyses were not able to distinguish their respective

contributions.

4.2.4. Differences in Retinal Perfusion Between Inner Retinal Vascular Plexuses
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4.2.4.1. Plexus-Specific Impact After Acute Ischemic Injury

Results from our third objective suggest that perfusion in any of the SVP, ICP and
DCP are not preferentially impacted longitudinally following short or medium durations
of acute I/R injury. The findings appear to be as expected, since we hypothesized that
there would be no longitudinal difference in perfusion changes between the vascular
plexuses following I/R injury. This information may better inform our understanding of
the longitudinal plexus-specific pathological perfusion response to acute I/R injury in the
retina. Importantly, OCTA images from the CCV were used for the 45-minute elevated
IOP group, therefore, we were unable to distinguish or compare PDs from the SVP, ICP
and DCP at any time point, leaving our inter-plexus analyses incomplete. It is possible
that we could have seen preferential damage to any of the vascular plexuses following 45
minutes of ischemia.

Previous research has compared the immediate effect of acute ischemia on the
individual vascular plexuses. In rat, Zhao et al. found evidence suggesting that the DCP
was more impacted by high elevations of IOP, while Pi and colleagues contrastingly did
not report preferential attenuation between plexuses after high elevations of IOP (Pi et al.,
2019; Zhao et al., 2020). In monkey, Choi ef al. found evidence that suggested the deep
vascular complex was more attenuated than the superficial vascular complex at 30mmHg,
but not at any higher IOPs (Choi et al., 2021). In contrast, Cheung and colleagues found
evidence suggesting the deep vascular complex was more attenuated at ~100mmHg and
recovered less than other plexuses 40 minutes after reperfusion (Cheung et al., 2020). By
contextualizing with our findings, it is possible that any immediate plexus-specific

preferential attenuation from high IOPs does not propagate to longitudinal time points
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after short or medium durations of acute I/R injury.

4.2.4.2. Plexus-Specific Impact in Diabetic Retinopathy

Recent research using a model of DR has suggested that the DCP is preferentially
impacted at longitudinal time points. Uehara et al. used OCTA to assess retinal perfusion
in mice that had diabetes for 2 and 6 months. After 6 months of diabetes, vessel density
in the DCP was significantly lower than age-matched controls, while the SVP and ICP
were not different (Uehara et al., 2019). As our work modeled diseases such as CRAO or
PACG, it is possible within the context of our findings that experimental models of DR

and CRAO/PACG generate different longitudinal plexus-specific pathologies.

4.3 Limitations of Thesis Research
4.3.1. Sample Size

The groups utilized in this study consisted of 4, 8, 8 and 8 mice for the
repeatability, 15-, 30- and 45-minute elevated IOP groups, respectively. As such, the low
sample size could have given rise to the high variability in OCTA measurements we
observed in the groups of mice that received ischemia. The presence of high variability in
results may also have impacted our ability to detect statistical significance in some

groups.

4.3.2. Current OCTA Technology

Poor scan quality was observed at certain time points. We omitted the 1-day

OCTA measurements, as we found that image quality was poorer at this time point due to
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edema, yielding artifactually low PD measurements. Omission of these data is potentially
limiting, since the most immediate time point post-I/R injury was not available for
analyses. A possible reason for the poor-quality scans is that edema induced the presence
of inflammatory cells in the vitreous, causing an opacity known as vitreous haze, which
was observed in the OCT B-scans in the eyes of some mice at this time point (Figures
3.14A and 3.15A). In all cases, observations of the OCT B-scans at the 3-day imaging
time point indicated the vitreous haze was resolved and poor-quality OCTA scans were
no longer acquired.

Automatic OCTA segmentation errors in the 45-minute elevated IOP group were
evident upon visualizing volume projections of the SVP, ICP and DCP. Errors were
likely due to the gross degeneration of the inner retina, which we observed in the
peripapillary OCT B-scans (Figure 3.15A) and prevented us from manually segmenting
the individual layers. It was thus necessary to use the CCV for analysis of PD in the 45-
minute elevated IOP group, however this limited our investigation of retinal perfusion at
the individual plexus level. The failure of automatic segmentation due to diseases that
induce retinal layer alteration is a limitation noted by the manufacturer of the OCTA
device used in this thesis (Rocholz et al., 2018).

A general limitation of OCTA technology is that automatic segmentation of the
retinal vasculature and OCTA image generation algorithms can vary across different
OCTA devices (Rao et al., 2020). This could make comparison of results to the literature

more difficult.

4.3.3. Elevated IOP Model of Retinal Ischemia

96



To induce an acute I/R injury, we utilized a technique wherein IOP is elevated,
however, this technique may introduce a mechanical damage element since the high
pressure needed to collapse the retinal vessels is also exerted on the retina and causes
decreases in retinal layer thickness (Zhao et al., 2020). Furthermore, it has been reported
that the induction of ischemia with elevated IOP induces more retinal injury than other
techniques that directly occlude the vessels, such as vessel ligation (Barnett & Osborne,
1995; Gehlbach & Purple, 1994). The introduction of further damage may potentially
confound the results, as the changes in retinal perfusion, structure and RGC population
we observed may be due in part to mechanical damage rather than purely ischemic

damage.

4.4. Future Directions

There are a variety of experiments that could be performed to build upon and
expand the findings presented in this thesis, including the extension of current work,
comparing different techniques of inducing acute I/R injury and assessing the
longitudinal impact of age, or preconditioning on retinal perfusion and thickness.

Increasing sample size, lengthening the imaging period following I/R injury and
imaging at closer intervals between 30 and 45 minutes may yield beneficial results. There
is evidence showing good OCTA inter-sessional reliability up to 1 month following
baseline imaging, therefore, future work could extend past the 10-day imaging endpoint
we used, in contribution towards further elucidating the time course of changes in retinal
perfusion following acute I/R injury (Smith et al., 2019). Additionally, the period

between the 30 and 45 minutes of ischemia we used, is a relatively long period of time,
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therefore future work could introduce a variety of time points in that 15-minute span to
better distinguish the threshold for irreversible damage and further our understanding of
critical time periods following acute ischemic injury.

The limitation regarding mechanical damage for the elevated IOP technique has
been noted above, therefore future work could compare retinal perfusion and thickness
longitudinally after using the elevated IOP technique and an alternative technique, such
as the ligature of the ON or CRA and CRV, which have been used previously
(Faberowski et al., 1989; Lafuente et al., 2002). This potential study could directly
determine the extent to which mechanical damage contributed to the changes in structure,
perfusion and RGC population we found with the elevated IOP technique, however, it
may require additional expertise and experience, as the ligature of the ON or CRA and
CRYV is more invasive and technically challenging.

Age is a significant risk factor for both POAG and PACG (Amerasinghe & Aung,
2008; Gordon et al., 2002). As a model of PACG, the elevated IOP technique may be
useful in assessing the effect of aging on longitudinal changes in retinal perfusion, which
could further inform our understanding of the pathophysiology of glaucoma. Recently,
Jiang et al. assessed the impact of age on retinal perfusion in response to elevated IOP in
rat using optical microangiography and found that retinal perfusion is attenuated at lower
IOPs in elderly rats, when compared to adult rats (Jiang et al., 2018). It would be
interesting then, for future research to compare elderly and adult mice with OCTA
following acute I/R injury, to see the longitudinal impact age has on changes in retinal
perfusion and thickness.

Preconditioning is defined as a period of ischemia or hypoxia that is brief and
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non-lethal in nature, designed to mimic endogenous protective mechanisms (Zhu et al.,
2002). In the rat and mouse retina, preconditioning periods of ischemia or hypoxia have
been shown to provide significant protection against histological damage induced by mild
and severe ischemic injury for up to 4 weeks following the ischemic event (Roth et al.,
1998; Zhu et al., 2002). It would be interesting then, for future research to employ an
ischemic or hypoxic mouse preconditioning model characterized by Zhu and colleagues,
to assess the benefit it may have on longitudinal changes in retinal perfusion, thickness or

RGC loss following acute I/R injury.

4.5. Conclusions

Retinal ischemia is common pathology in many retinal diseases that ultimately
lead to vision loss, therefore, research investigating the time course of disease
progression is increasingly needed to better understand and potentially treat in the future.
While there is a plethora of imaging techniques that assess retinal perfusion in vivo, few
can compare to OCTA in terms of providing the depth resolution necessary to assess
perfusion at the level of the individual vascular plexuses. Recently, OCTA has become
increasingly utilized in clinical and experimental research for the investigation of
perfusion after acute I/R injury.

The results of the work presented in this research describe the successful use of in
vivo OCTA and OCT imaging to track and observe the longitudinal time course of
changes in retinal PD and GCC thickness following acute I/R injury. Information derived
from OCTA and OCT analysis was invaluable in the description of a threshold for

irreversible damage, the indication of longitudinal disruptions in retinal perfusion and
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structure, the evaluation of temporal relationships between perfusion and structure and
finally, the indication of the lack of longitudinal preferential impact between the vascular
plexuses. This research has shown the utility of OCTA in the study of vascular disorders
in the retina. Future research on the longitudinal impact of age and ischemic

preconditioning will lead to more clinically relevant insights.
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