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Abstract

The loss of retinal ganglion cells (RGCs) is the hallmark of optic neuropathies, such as
glaucoma. Monitoring RGC function and subsequent dysfunction over time is an
invaluable tool in experimental optic neuropathies and potentially in clinical disease. This
research characterizes a non-invasive technique for delivering a functional fluorescent
marker to RGCs to optically record function. We tested the hypothesis that the genetically
encoded calcium (Ca®") indictor, GCaMP, could be exogenously delivered to the retina
with intravitreal injection and produce functional GCaMP3 proteins capable of
responding to external stimuli. C57Bl/6 mice were injected with an AAV2-CAG-
GCaMP3 viral vector and monitored weekly with in vivo confocal scanning laser
ophthalmoscopy over five weeks to quantify the transduction of the virus into retinal
cells. Following five weeks, Ca’" imaging was performed in retinas of a subset of mice
injected with AAV2-CAG-GCaMP3 and well as in Thy1-GCaMP3 transgenic mice.
Transient increases of intracellular Ca*" evoked by 50 pM kainic acid (KA) treatments
were recorded. In another subset of AAV2-GCaMP3 injected mice, retinas were
processed for immunohistochemistry with antibodies against RBPMS (a marker for
RGCs), ChAT (a marker for cholinergic amacrine cells), and GFP (to enhance the
GCaMP signal). In all injected mice, labelled cells were visible with in vivo imaging one-
week following injection. The density of transduced cells increased significantly over five
weeks, and the labelling persisted to six-months post-injection. Ex vivo Ca®>" imaging
demonstrated that the transduced GCaMP3 was functional in response to treatments of 50
uM KA. The transduced GCaMP3 produced similar mean KA-induced-transients when
compared to Thy1-GCaMP3 transgenic mice. Immunohistochemical analysis determined
that a mean (SD) of 79 (6)% of GFP-positive cells were RBPMS-positive, 9 (4)% were
ChAT-positive, and 12 (7)% did not co-localize with either RBPMS or ChAT. This
research demonstrates that exogenous functional fluorescent markers such as GCaMP can
be delivered to the retina, be visualized with in vivo imaging and be used to record
functional responses from RGCs. It paves the way for examining single cell functional
responses, both in vivo and non-invasively, for evaluating experimental optic
neuropathies and gauging the effects of potential neuroprotective avenues. Finally, it is
proof-of-principle for translation to clinical medicine.
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CHAPTER 1. Introduction

1.1. The Retina
1.1.1. Anatomy of the Retina

Vision allows us to perceive, interpret, and interact with our environment. The
visual pathway begins when light rays enter the eye through the pupil. These light rays
are refracted twice; first by the cornea, and then by the crystalline lens before they
converge onto the retina (Figure 1.1). The retina is a laminated, multi-layered neural
tissue responsible for processing visual signals and transmitting this information to the
brain.

The retina is composed of five major types of neurons; rod and cone
photoreceptors, horizontal cells, bipolar cells, amacrine cells, and retinal ganglion cells
(RGCs). These neurons are organized into five distinct anatomical layers (Figure 1.2);
three nuclear layers which contain the somatas of the retinal neurons and two plexuses
where the dendritic processes of the retinal neurons synapse with each other. The outer
nuclear layer (ONL) is the outermost nuclear layer of the retina and is where the cell
bodies of the light sensitive rod and cone photoreceptors reside. Moving towards the inner
retina, the next nuclear layer is the inner nuclear layer (INL) containing bipolar and
amacrine cells. The ganglion cell layer (GCL) is the innermost nuclear layer where RGCs
and displaced amacrine cells are found. Between the ONL and INL is the outer plexiform
layer (OPL) where rod and cone photoreceptor terminals synapse with horizontal and
bipolar cell processes. The inner plexiform layer (IPL) lies between the INL and the GCL
and 1s where bipolar cells and amacrine cells synapse with RGCs. RGCs are the output

neuron of the retina. The information they receive is relayed along their axons that largely



compose the retinal nerve fiber layer (RNFL) and optic nerve. The latter exits the eye at
the posterior pole and carries visual signals to higher level visual centres in the brain for

further processing.
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Figure 1.1. Anatomy of the human eye. Figure was adapted from Smerdon, 2011, with

permissions.



1.1.2. Signal Propagation through the Retina

Signal propagation through the retina begins when the light rays that enter the eye
pass through the retinal layers until they reach the photoreceptor layer (PRL) that is
adjacent to the retinal pigment epithelium (RPE). The RPE is a pigmented monolayer that
lies between the light sensitive outer segments of rod and cone photoreceptors and the
choroid that supplies blood to the outer retina. The RPE acts to supply nutrients to the
photoreceptors and plays a critical role in phagocytosing the constantly regenerating rod
and cone outer segments as they degenerate due to photo-oxidative damage (Boulton and
Dayhaw-Barker, 2001).

Once light excites the photoreceptors, a cascade of reactions through the retina
begins. Photons of light cause photoisomerization of rhodopsin and cone opsins, in rods
and cones respectively, resulting in the conversion of light into electrical and chemical
signals that travel through the retinal layers until they reach the RGCs (Sanes and
Zipursky, 2010). Rod and cone outer segments contain photopigments, allowing them to
respond to certain wavelengths of light. A photopigment is a molecule which undergoes a
chemical reaction in response to certain wavelengths of light. Rod photoreceptors are
primarily active in dim light conditions and cone photoreceptors are active in bright light
conditions and are also responsible for colour perception. Photoreceptors exist in a
constant state of depolarization in the absence of light; therefore, there is a sustained
release of glutamate, one of the primary excitatory neurotransmitters in the CNS, onto
bipolar cell processes. Upon the detection of photons by their outer segments, the
photoreceptors become hyperpolarized. The photon causes the catalysis of 11-cis-retinal

into all-trans-retinal which drives downstream reactions leading to a decrease in the



amount of glutamate released by photoreceptors, onto bipolar cell processes in the OPL

(Bloomfield and Dowling, 1985).
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Figure. 1.2. Anatomy of the mammalian retina. A) Nissl stained retinal cross section
depicting the three major neuronal layers and two major plexiform layers. The
photoreceptor outer segments (OS), the outer nuclear layer (ONL), the outer plexiform
layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL) and ganglion cell
layer (GCL). Figure was adapted from Helga Kolb, Webvison the Organization of the
Retina and Visual System. 2011. B) Schematic of the five major neurons and their
connectivity in the retina. The signal from rod and cone photoreceptors (PRs) is modified
by horizontal cells (HCs) and synapse onto bipolar cells (BCs). The signal is further
modified by amacrine cells (ACs) before synapsing with retinal ganglion cells (RGCs).
Adapted from Baden et al., 2019, with permission.



The main role of bipolar cells is transmitting signals from the photoreceptors to
RGCs in a vertical path; all three of which are glutaminergic in vertebrate retinas
(Ehinger et al., 1988; Marc et al., 1990). Bipolar cells and their subsequent signalling
pathways to RGCs can be classified into two major groups: ON bipolar and OFF bipolar
cell pathways (Werblin and Dowling., 1969). In addition to their function in response to
light, ON and OFF bipolar cells can also be differentiated by the laminae in which they
stratify in the IPL where they synapse onto RGCs (Kolb et al., 2001). In response to light,
ON bipolar cells become depolarized, while OFF bipolar cells become hyperpolarized.
ON bipolar cells, express a metabotropic glutamate receptor (mGluR6) that is coupled to
an inhibitory G protein (Slaughter and Miller, 1983). When glutamate binds, an
intracellular cascade occurs, resulting in the closure of voltage-gated ion channels,
hyperpolarizing the bipolar cell and reducing the amount of glutamate that is released
onto RGCs. OFF bipolar cells, express ionotropic glutamate receptors (AMPA and
kainate) that in response to glutamate binding, open non-selective cation channels
permeable to potassium (K*), sodium (Na®) and calcium (Ca?*; Slaughter and Miller,
1983). Upon glutamate binding, cations can flow into the bipolar cell from the
extracellular environment, causing depolarization and subsequent release of glutamate
that binds to ligand gated receptors on RGC processes in the IPL.

ON and OFF bipolar cells relay their information onto ON and OFF RGCs that
also have morphological and physiological differences. OFF RGCs have processes that
stratify into sublamina a of the IPL (more posterior; closer to the bipolar and amacrine
cell bodies) where they synapse with OFF bipolar cells (Kolb et al., 2001). In contrast, the
ON type RGC:s stratify into sublamina b of the IPL (more anterior; closer to the RGC cell

bodies) where they synapse with ON bipolar cells. There are also ON-OFF RGCs that are



activated with both the onset and offset of light and have processes that stratify into both
sublamina a and b in the IPL (Amthor et al., 1984; Kolb et al., 2001). The electrical
signals are propagated along the RGC axon to synapse in the brain; primarily the superior
colliculus (SC) in the midbrain of rodents and the lateral geniculate nucleus of the
thalamus in primates (Sanes and Zipursky, 2010) where the signals are further processed.

There are two other neurons, classified as interneurons, that are crucial in the
modulation of signals that propagate throughout the retina; horizontal and amacrine cells.
Horizontal cells interact with photoreceptors, modulating their outputs and are thought to
play a role in early visual processing as it pertains to contrast enhancement and opposing
colours (Chapot et al., 2017). Horizontal cells also mediate lateral inhibition as they
synthesize and release y-aminobutyric acid (GABA), an inhibitory neurotransmitter, onto
photoreceptors (Wiéssle, 2004) and can act in feedback and feedforward mechanisms
(Kolb et al., 2001). Amacrine cells act to modify and integrate the signal between bipolar
cells and RGCs, and similar to horizontal cells, are inhibitory in nature, sending inhibitory
neurotransmitters, glycine and GABA, onto RGC processes. Although amacrine cells
reside primarily in the INL, they can be displaced in the GCL and can make up to 50% of
the total neurons residing in the GCL of the mouse retina (Jeon et al., 1998). The number
of displaced amacrine cells varies by species and proximity to the optic nerve head

(Curcio and Allen, 1990; Jeon, Strettoi and Masland, 1998; Chen and Naito, 1999)

1.2. Calcium
1.2.1. The Role of Calcium in Neurons
Calcium (Ca®") is a second messenger that is critical for the normal functioning of

neurons and is involved in a variety of cellular functions, among which are membrane



excitability, metabolism, vesicle trafficking and gene transcription (Berridge, Lipp and
Bootman, 2000). Fundamentally, Ca®* is involved in the transmission of signals via action
potentials (APs) within and between neurons. When neurons fire APs, the depolarization
causes the opening of voltage gated Ca®* channels (VGCC), allowing Ca?* to flow into
the neuron where it is involved in the release of neurotransmitters from synaptic vesicles
(Katz and Miledi, 1967; Augustine et al., 1985; Sabatini and Regehr, 1996; Meinrenken
et al., 2003). Ca?" aids with the fusion of synaptic neurotransmitter (NT) filled vesicles
with the presynaptic membrane through recruiting SNARE proteins that are important for
the docking and fusing steps of this release process (Neher and Sakaba, 2008). The
vesicle contents are then released into the synaptic cleft where the NTs can bind to other
neurons (for review see Siidhoft, 2012).

Following neuronal depolarization, Ca?*-activated K channels act to induce
hyperpolarization of the neuron to control neuronal excitability and return it to its resting
membrane potential. Ca?* plays an intimate role in shaping APs, and it can contribute to
long-term potentiation and long-term depression in neurons; the strengthening of synaptic
connections over time from frequent stimulation or the weakening of synaptic strength
over time, respectively (Dingeldine et al., 1999; Zucker, 1999; Liischer and Malenka,
2012). Ca** is also a key player in gene transcription which occurs primarily through
ionotropic and metabotropic glutamate receptor induced Ca®" activity (for extensive
review see Lyons and West, 2011). Ca?* has autoregulative properties in that the genes
for some of the proteins that control Ca?" within the neuron are controlled by Ca?" itself
(Brini and Carafoli, 2009). Therefore, for these critical cellular processes to occur, Ca**

flux must be tightly regulated.



1.2.2. The Regulation of Calcium in Neurons

Under resting conditions, there is a large concentration gradient across the
membrane with the intracellular or cytosolic calcium concentration ([Ca?*];), at
approximately 100 nM and the extracellular Ca?* concentration at approximately 2 mM.
To ensure this gradient is maintained, Ca" is tightly regulated through a number of
pumps, channels and ATPases both within the neuron, on organelle membranes, and on
the plasma membrane (Figure 1.3). Within the neuron, Ca?" is sequestered in the
endoplasmic reticulum (ER) and mitochondria. The movement of ions across the
membranes of these organelles is regulated through a number of different channels and
pumps. The ER contains two types of receptors that, when activated, are responsible for
Ca’" release from the ER into the cytosol: ryanodine receptors (RyRs) and inositol-1,4,5-
tris-phosphate receptors (IP3Rs; Henzi and MacDermott, 1992; Kostyuk and Verkhratsky,
1994; Simpson et al., 1995). Sarco-/endoplasmic reticulum Ca** ATPases (SERCA)
permit Ca®" ions to flow into the ER from the cytosol.

RyRs and IP3Rs both sample information from the ER lumen and the cytosol and
are extremely sensitive to fluctuations in [Ca?"]; as they are both activated by small
increases in [Ca?"]i and are inactivated at high [Ca?"]; (Meissner, 1986; Bezprozvanny,
Watras and Ehrlich, 1991). These receptors can also be activated by Ca?*-induced-Ca?*-

release (CICR). CICR is a process in which Ca?" being released from the ER causes local
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Figure 1.3. Calcium signaling in neurons. Schematic showing the major channels,

pumps and ATPases involved in Ca?>" dynamics on the plasma membrane of neurons and

on organelle membranes. From Grienberger and Konnerth, 2012, with permission.
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elevations in [Ca?*] that promotes more Ca?" to be released (Roderick, Berridge and
Bootman, 2003). The release of Ca’* by IPsRs occurs when phosphatidylinositol 4,5-
bisphosphate (PI[4,5]P2) is hydrolyzed into two second messengers: inositol triphosphate
(IP3) and diacylglycerol (DAG), and IPs binds to IPsR and promotes the release of Ca?*
into the cytoplasm. Cytosolic Ca?" also activates the channel but when acting together
with [Pz, can cause an increase in the activity of the IP3;R receptor (Berridge, 1998). In
contrast, the SERCA acts to remove Ca’* from the cytosol, transporting two Ca’* ions
into the ER lumen in exchange for three H' ions for each ATP hydrolyzed (Brini and
Carafoli, 2009).

The mitochondria is another organelle involved in regulating [Ca?*]i. They contain
two main mechanisms for Ca®* influx and efflux; the mitochondrial Ca?* uniporter
(MCU) and the Na*/Ca?" exchanger (NCX), respectively. The MCU is involved in the
unidirectional entry of Ca?* ions from the cytoplasm into the mitochondria which occurs
due to the mitochondrial membrane potential. The electron transport chain exists on the
inner membrane of mitochondria and pumps protons from the matrix into the
intermembrane space, causing the matrix to adopt an electrochemical gradient of -180
mV (Marchi and Pinton, 2014). Under physiological conditions, the MCU has a low
affinity for Ca?*, and can associate with two accessory proteins; mitochondrial calcium
uptake 1 (MICU1) and MICU2 which regulate MCUs function via their EF-hand domains
that detect Ca?". At resting state conditions, MICU1 impairs Ca>" flux through MCU into
the matrix, however, when there is an increase in cytosolic Ca?*, Ca?" binds to the EF-
hand domains and allows for MCU to adopt an open confirmation and Ca*" can flow
quickly down its electrochemical gradient into the matrix (Brini et al., 2014). The NCX is

also located on the inner mitochondrial membrane and it acts to pump Ca®* out of the
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matrix of the mitochondria to the cytosol. It uses secondary active transport, pumping
three Na* ions into the matrix and one Ca?* ion out, allowing for the maintenance of the
mitochondrial electrochemical gradient (Palty et al., 2010; Brini et al., 2014).

There are a number of proteins and channels on the plasma membrane that act to
regulate Ca?" efflux and influx between the cytosol and the extracellular environment.
The two responsible for the majority of Ca?" efflux are the Ca?>" ATPases (PMCA) and
the NCXs that remove Ca?* from the cytosol and restore basal Ca®* levels (Berridge et al.,
2003). The PMCAs are considered to play a large housekeeping role as they have a high
affinity for Ca?* (Brini et al., 2014). They act by way of primary active transport, using
the hydrolysis of ATP to allow conformational changes to occur in the protein and the
subsequent extrusion of Ca®*. The NCX is known to have a low affinity for Ca?* but a
high capacity for Ca®" transport.

There are voltage gated Ca®* channels (VGCCs) and ligand gated plasma
membrane channels, which upon activation cause influx of Ca®* into the cell. VGCCs are
activated when there are membrane depolarizations, for example in the case of action
potentials (AP), allowing Ca*" to flow into the cell and act as a second messenger to
propagate and initiate signals within the neuron; turning electrical signals received by the
cell into Ca*" transients (Catterall, 2011).

Ligand gated Ca”" channels are activated upon the binding of external molecules
from the extracellular space such as glutamate. Glutamate is the primary excitatory
neurotransmitter in the CNS and when bound can activate two classes of receptors; the
ionotropic receptors and the metabotropic receptors (Brini et al., 2014). The ionotropic
receptor family is composed of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

(AMPA), N-methyl-D-aspartate (NMDA), and kainate receptors, named for the

13



compounds that can activate them. They are typically expressed on neuronal membranes
and at glutaminergic synapses and act to produce excitatory postsynaptic potentials
(EPSPs) in the postsynaptic neuron (Purves, Augustine, Fitzpatrick et al., 2001). At
resting membrane potential, NMDA receptors have a voltage dependent block by a
magnesium (Mg?") ion tightly bound in its pore that prevents ion conductance (Mayer et
al., 1984; Nowak et al., 1984; Grienberger and Konnerth 2012). When glutamate binds,
AMPA receptors become activated leading to neuronal depolarization of the postsynaptic
neuron. The depolarization causes the Mg?" ion to be displaced from the NMDA pore,
allowing monovalent ions such as Na*, K* and divalent Ca*" ions to flow into the neuron
from the extracellular environment, resulting in an even larger neuronal depolarization
(Purves, Augustine, Fitzpatrick et al., 2001). Finally, kainate receptors act similarly to
AMPA receptors to yield fast EPSPs in contrast to NMDA receptors which produce
slower, more long-lasting EPSPs (Purves, Augustine, Fitzpatrick et al., 2001).
Metabotropic glutamate receptors are G-protein coupled receptors that modulate
Ca’" release and neuronal excitability by activating second messenger signalling cascades
and are grouped based on their downstream signalling mechanisms (Liischer and Huber,
2010; Niswender and Conn, 2010). For example, activation of group 1 metabotropic
glutamate receptors, such as mGlul, leads to phospholipase C hydrolyzing PI[4,5]P; into
DAG and IP; causing the release from internal Ca?" stores from the ER (Niswender and
Conn, 2010). These cascades can result in a much larger release of Ca®* from intracellular
stores and subsequently a larger depolarization of the neuron. In contrast, Group II and III
metabotropic glutamate receptors are coupled to inhibitory G-proteins and cause

suppression of neuronal activity (Niswender and Conn, 2010).
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1.3. Tools for Visualizing Cellular Calcium Dynamics

When Ca?* is not tightly regulated it can lead to cellular dysfunction that can
trigger pathogenic states and cell death pathways. Therefore, being able to visualize
cellular function is very important when trying to understand both normal and pathogenic
states. There are a number of tools that scientists use to study Ca?" dynamics, including

chemical Ca?* indicators and genetically encoded Ca?" indicators.

1.3.1. Chemical Calcium Indicators

Ca’®" cations can be held in the cytosol by Ca*" buffers that are responsible for
Ca?* clearance, controlling the duration of Ca®* signalling, and can also act as sensors.
Some of these buffers include calbindin, parvalbumin and calretinin (Schwaller, 2010).
Although Ca?* can be bound to buffers in the cytosol, a small quantity also exists in free
form at a ratio of 100:1 (bound:unbound, respectively; Paredes et al., 2008). Ca**
indicators bind and interact with these free Ca?* ions, acting in a similar manner to Ca®*
buffers. Chemical Ca?" indicators are molecules that have been engineered to visualize
Ca?" dynamics and have both a Ca?* chelating site (EGTA or BAPTA) and a fluorophore
(Tsien 1980; Grynkiewicz et al., 1985; Pardes et al., 2008). Once they bind Ca?" ions,
there is a conformational change resulting in emission of fluorescence. Unlike other types
of Ca*" indicators, chemical Ca?" indicators are typically loaded into cells with membrane
disrupting techniques such as electroporation, microinjection or diffusion throughout the
neuron with patch clamping techniques (Pardes et al., 2008).

Numerous chemical Ca®" indicators have been created based on their differing
affinities for Ca?", although the two most commonly used for measuring cytoplasmic Ca”*

levels in Ca?" imaging studies are fluo-4 and fura-2. Fluo-4 is a single wavelength dye,
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i.e., it is excited at one peak wavelength (488 nm excitation), causing emission at another
wavelength (516 nm; Gee et al., 2000). Single wavelength dyes are advantageous in that
they do not overlap with the wavelengths of other fluorophores and they are able to show
large changes in fluorescence upon interacting with Ca>* without any shifts in their
excitation or emission wavelengths. Fluo-4 has been a popular and widely used chemical
indicator because it has low background absorbance and is much brighter than other
chemical indicators, thereby requiring a lower concentration of dye for experiments
(Pardes et al., 2008). In contrast, fura-2 (Grynkiewicz et al., 1985) is a ratiometric
indicator and is considered to be a standard for quantitative [Ca’*]; measurements.
Ratiometric indicators quantify Ca?* flux or change in fluorescence as a ratio of the
emission between two different excitation wavelengths. In the case of fura-2, the
excitation peak is at 380 nm when it is not bound to Ca®*, but upon binding Ca?", it shifts
to 340 nm. Ratiometric indicators allow for corrections of various experimental artifacts
such as uneven dye loading, photobleaching, and changes in cell volume (cell swelling;

Paredes et al., 2008).

1.3.2. Genetically Encoded Calcium Indicators

As the field of Ca?" imaging progressed, the need for developing methods to
express Ca?" indicators without having to electroporate retinas or cells became very
important. This was one of the main driving forces for the creation of genetically encoded
Ca?" indicators (GECIs). GECIs share similar properties with chemical Ca®" indicators
because they also have a Ca®* binding domain tagged to a fluorescent molecule, causing
increases in fluorescence upon interacting with and binding Ca>* ions. They also can be

non-ratiometric or ratiometric depending on whether they have one or two fluorescent
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proteins, respectively (Koldenkova and Nagai, 2013). The invention of GECIs occurred
following three major findings: the discovery of green fluorescent protein (GFP),
coloured variants, and experiments that lead to a greater understanding of how Ca?" binds
to calmodulin through an M13 peptide from myosin light chain kinase (Porumb et al.,
1996; Koldenkova and Nagai, 2013).

The first used GECIs were termed “cameleons” and were used in fluorescence
(Forster) resonance energy transfer (FRET) microscopy experiments (Miyawaki et al.,
1997). FRET is a phenomenon that describes the physical transfer of energy from a donor
fluorescent molecule to an acceptor and as such, is thought to be a way of measuring the
distance between these donor and acceptor molecules (Sekar and Periasamy, 2003).
FRET is a distance dependent process as the energy transfer is sensitive to 1-10 nm
between fluorophores (Jares-Erijman and Jovin, 2003).

Cameleon GECIs are dependent on two fluorescent proteins acting together to
emit fluorescence in the presence of Ca?* and are therefore considered ratiometric in
nature. Cameleons have a linear structure, consisting of a blue fluorescent protein (BFP;
acts as the FRET donor), an M13 domain of myosin light chain kinase, calmodulin, and a
GFP molecule (acts as the FRET acceptor; Miyawaki et al., 1997). When there is no Ca**
bound and cameleon is excited at 370nm, the molecule remains in this linear form and no
energy transfer occurs yielding no FRET signal. When cameleon binds free Ca?", there is
a conformational change that brings the BFP and GFP in close proximity so that FRET
can occur, passing energy from the BFP molecule to the GFP and emitting fluorescence at
510 nm, thereby increasing the FRET signal that can be visualized (Miyawaki et al.,

1997; Whitaker, 2010).
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The cameleon GECIs were foundational in creating the next family of GECls, the
GCaMP family. Unlike their predecessors that depended on FRET, the GCaMP family
are single-fluorescent protein Ca?" sensors that depend only on the excitation of one
fluorescent molecule to generate one emission signal. GCaMP is composed of a circularly
permutated GFP, fused to both a calmodulin and an M 13 peptide at its C- and N-
terminus, respectively (Nakai et al., 2001). In the absence of Ca?*, the M13 peptide and
calmodulin are not associated, and GCaMP emits low fluorescence (excitation 488 nm,
emission 516 nm). When Ca?* is present, it binds to calmodulin causing a conformational
change so that the M13 peptide and calmodulin associate, resulting in an increase in the
fluorescence emitted. Since they emit fluorescence at only one single wavelength, they
are considered non-ratiometric (Koldenkova and Nagai, 2012).

The GCaMP family is constantly evolving, with different variants being created
based on their fluorescent and kinetic properties as well as their Ca?* binding affinities.
For a long time, GCaMP3 was the most popular variant used in detecting neuronal
activity in the cortex, hippocampus, and retina, as it was superior to previous variants
(GCaMP and GCaMP2) because of its increased affinity for Ca®*, increased baseline
fluorescence, and larger dynamic range (Tian et al., 2009). Since then, more GCaMP
variants have been created, each attempting to improve on those three characteristics. The
GCaMP6 family has become widely used in brain and retina research for in vivo Ca®*
imaging (Chen et al., 2013; Bar-Noam, Farah and Shoham, 2016; Ye et al., 2017; Cheong
et al., 2018a; Cheong et al., 2018b). The GCaMP6 family is comprised of GCaMP6s,
GCaMP6m, and GCaMP6f, named based on their rise and decay kinetics (slow, medium

and fast, respectively; Chen et al., 2014). The GCaMP6 family all exhibit lower baseline
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fluorescence, higher affinity for Ca?* than GCaMP3, and an improved signal-to-noise
ratio, allowing more accurate and sensitive measures of neuronal Ca?" dynamics.

There has also been progress in the creation of different color variants, such as the
red-shifted variants, R-GECO (Zhao et al., 2011; Broussard et al., 2014). The GCaMP
family is a green fluorescent indicator and is excited at a shorter wavelength than red-
shifted indicators. Shorter wavelength light can be more phototoxic than longer
wavelength light (Ham et al., 1976), so the red shifted GECI, jRGECO1a, has been
introduced to the field as an alternative and a potentially less phototoxic tool as the use of
in vivo functional imaging increases.

There are a number of advantages of GECIs over chemical Ca?" indicators. They
can be expressed in a specific population of cells using promoter sequences that are cell-
type specific. The creation of GECls provided the impetus for the introduction of various
strains of transgenic mice. The use of these mice allows for a more convenient way to
express GECls for performing longitudinal experiments, and for in vivo experiments to be
performed without having to introduce the exogenous fluorophore with invasive

procedures.

1.3.3. The Thy1-GCaMP3 Transgenic Mouse Strain

Because mice can be genetically manipulated to express, or not to express,
selected genes and proteins, they are valuable in many disease models. In 2012, Chen and
colleagues created the first transgenic mouse strain that expressed GCaMP3 under the
control of a Thymocyte differentiation antigen 1 (Thy1) promoter. They started with six
founder lines that varied in levels and patterns of GCaMP3 expression in excitatory

projection neurons. They used the six lines to breed the mice at an expected Mendelian
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rate and found that GCaMP3 was expressed in a widespread fashion throughout the CNS.
GCaMP expressed in the neurons in this transgenic mouse strain was found in the somata
and neurites, but not in the nucleus (Chen et al., 2012). The Thy1-GCaMP3 mice also
showed no histological or behavioural abnormalities.

Although the majority of experiments using the Thy1-GCaMP3 transgenic mouse
strain have been performed in brain, characterization the GCaMP3 expression in the
retina has also been performed, specifically for ex vivo Ca?" imaging experiments in
RGCs. It was found that GCaMP3 was widely and uniformly expressed across central,
middle and peripheral retina and that the expression was primarily localized to the GCL,
with some displaced RGCs in the INL showing GCaMP3 expression. When specificity
studies with immunohistochemistry (IHC) were performed, the GCaMP3 (labelled with
GFP to amplify the fluorescence signal) colocalized primarily with RGCs and rarely with
displaced amacrine cells (Blandford et al., 2019).

The functional responses of the GCaMP3 in RGCs have also been characterized in
brain (Chen et al., 2012), and recently in retina (Blandford et al., 2019). It has been found
with Ca?* imaging, that kainic acid (KA)-induced Ca*" transients can be evoked in RGCs
in a dose-dependent manner. Blandford and colleagues also reported Ca?" responses
following optic nerve transection (ONT); a procedure where the optic nerve is completely
severed, leading to rapid cell death and loss of RGCs (Quigley et al., 1977; Berkelaar et
al., 1994). They were able to show a significant decrease and eventual complete loss of
KA-induced transients as early as three days post-ONT. Although there were visible cells
with Ca?" imaging at five- and seven-days post-ONT, they were not responsive to KA

treatments, indicating that functional loss precedes structural loss (Blandford et al., 2019).
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1.4. Adeno-Associated Viral Vectors as a Tool to Deliver Structural and Functional
Markers

Transgenic mice such as the Thy1-GCaMP3 and Thy1-GCaMP6 mouse strains
that express GECIs have and continue to be a valuable resource that have allowed for the
expansion of our knowledge of both ex vivo and in vivo Ca>* dynamics. However, the
major limitation remains that transgenic mice are not clinically relevant, and research
cannot be directly translated for clinical use as genetic manipulation is not possible or
ethical. Therefore, researchers have developed different methods to exogenously deliver
proteins for gene therapy, as well as fluorescent molecules for both structural and
functional fluorescent imaging in the retina. With the exception of photoreceptors that can
be imaged with adaptive optics because of their high refractive index, the ability to
visualize retinal cells that would otherwise be transparent is an invaluable tool.

The most commonly used method for delivery into the retina is the use of viral
vectors, more specifically adeno-associated viral (AAV) vectors. AAV is a single
stranded DNA virus in a non-enveloped icosahedral capsid. It is a small virus,
approximately 25 nm in size, from the Parvoviridae family with a genome consisting of
approximately 4.7 kb (Balakrishnan and Jayandharan, 2014; Colella, Ronzitti and
Mingozzi, 2018). It is primarily episomal, therefore, it does not integrate into the cell
genome. AAV is non-pathogenic and is able to provide long transgene expression in
infected cells, making it a highly attractive choice for gene therapy and delivery
(Zincarelli et al., 2008).

There are a number of AAV serotypes which are differentiated by the surface
antigens they express on their capsid and some serotypes have been found to be

preferable for viral transduction in different tissues. For example, AAVS has been shown
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to have the highest level of transgene expression in the liver in comparison to other
serotypes (Gao et al., 2002), while AAV2 and AAV9 have been shown to have high
levels of transgene expression in the CNS, notably in the retina (Lei et al., 2009; Lee et
al., 2019). A recent study showed that labelling with AAV9 in retina can be weak or
patchy in comparison to AAV2 which was more robust and widespread, leaving AAV?2 as
potentially more preferable for labelling RGCs in mice (Cheong et al., 2018a).

AAV vectors have been used to deliver therapeutic agents, structural and
functional makers to the retina (for reviews see: Hauswirth, 2014; Pierce and Bennett,
2015). There are three main routes of administration, via injection, to the retina:
suprachoroidal, subretinal and intravitreal. Suprachoroidal injections primarily target the
choroid, RPE and outer retinal neurons, as the virus is injected into the suprachoroidal
space, the space between the choroid and the sclera. Subretinal injections target cells that
reside in the outer retina (namely RPE cells and photoreceptors) because the viral vector
is injected in the potential space between the RPE and the photoreceptor layer of the outer
retina (Ochakovski et al., 2017). In contrast, intravitreal injections are preferable for
targeting the inner retina (RGCs and amacrine cells). With intravitreal injections, the
vector is injected directly into the vitreous humour, the fluid that fills the posterior
chamber of the eye. It is a minimally invasive technique and is widely used clinically to
deliver agents to the retina.

AAYV has been used to deliver structural markers such as GFP to the inner retina.
It has been used to quantify cells transduced by the virus and monitor cell structure before
and after inducing an injury in a number of different animal models. For example, in non-
human primates (NHP) such as the macaque monkey, it has been shown that AAV2-GFP

labelling is relatively concentrated to the foveal region of the retina (Yin et al., 2011; Yin
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et al. 2014). In New World marmosets, another NHP, when CAG (cytomegalovirus
(CMV) early enhancer/chicken P actin) or CMV (cytomegalovirus) promoters were used,
more widespread labelling of GFP was found across the retina (Ivanova et al., 2010).
Smith and Chauhan demonstrated in vivo longitudinal imaging and tracked the
transduction of cells labelled with both a specific (DCX; doublecortin) and ubiquitous
(CAG) promoter over time in wild type mice using AAV2. They were also able to report
a decrease in the number of cells labelled with the AAV?2 vector in vivo following ONT
and co-localized those lost cells to baseline images (Smith and Chauhan, 2019).

Although this technique allows retinal cells to be labelled with a structural marker,
it does not allow for the inference or knowledge of their functional status. Therefore, in
recent years, several groups have reported delivery of GECls, such as GCaMP to the
retina to obtain functional responses from RGCs by using AAV (Borghuis et al., 2011;
Sharma et al., 2013; Weitz et al., 2013) and rabies virus (Yin et al., 2013). GCaMP3
transduced by AAV has been shown to be functional with ex vivo Ca?" imaging with
pulse stimulation through an electrode (Borghuis et al., 2011; Weitz et al., 2013) and is
actively used as a tool to visualize Ca>* dynamics in vivo using two-photon (2P) and
multi-photon microscopy in rodent models.

In a number of in vivo 2P dynamic imaging experiments, GCaMP3 has been used
as a structural marker because of its high baseline fluorescence, however, due to its small
dynamic range, other members of the GCaMP family have been used for functional
experiments. GCaMP6s has been used for successfully recording in vivo functional data
from RGCs with optical stimuli (Bar Noam et al., 2015, Cheong et al., 2018a; Qin et al.,

2020). There has also been an increase in the use of red-shifted Ca?>" GECIs in monitoring
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cellular function in the retina such as JRGECO1a as it has been found to provide similar

results to GCaMP6s (Chen et al., 2013; Cheong et al., 2018b).

1.5. Objectives and Hypothesis

Previous research on RGC functional responses in the transgenic Thy1-GCaMP3
mouse strain has been reported (Blandford et al., 2019); however, delivery of GECls
exogenously is a more rational approach for clinical translation. In our laboratory, there
has been recent work demonstrating the delivery of structural markers to the retina and
the ability to monitor that fluorescence over time (Smith and Chauhan, 2018). However,
we know from ex vivo studies that neuronal dysfunction precedes structural changes in
RGCs (Blandford et al., 2019). Therefore, the overarching goal of this research was to
label RGCs with an exogenous functional fluorescent marker and to be able to visualize
these cells with longitudinal in vivo imaging. Using intravitreal injection, my project
sought to characterize the AAV2-CAG-GCaMP3 viral vector as a tool to accomplish
functional imaging.

The objectives of this thesis were to:

1. Track the transduction of retinal cells labelled with AAV2-CAG-GCaMP3
using longitudinal in vivo imaging.

2. Evaluate the functional properties of the AAV2-CAG-GCaMP3 viral vector
transduced in retinal cells and compare that to those of the Thy1-GCaMP3
transgenic mouse strain.

3. Examine the specificity of the AAV2-CAG-GCaMP3 viral vector to cells

residing in the GCL.
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We hypothesized that the viral vector could be successfully transduced in RGCs and that
the transduced GCaMP3 protein would yield a viable functional signal upon chemical

stimulation.

25



CHAPTER 2. Materials and Methods

2.1. Animals

Animal procedures were conducted in accordance with the Canadian Council of
Animal Care (CCAC) and the Animal Ethics Committee at Dalhousie University. Adult
female C57B1/6 mice (JAX™ Mice Stock Number: 000664, Charles River Laboratories,
Saint-Constant, QC, Canada) were used in this study. The mice were housed in an
environment with a 12-hour light-dark cycle and access to food and water ad libitum.
Twelve mice were used to quantify the transduction of the AAV2-CAG-GCaMP3 virus
with longitudinal in vivo imaging over five weeks, 10 mice were used for ex vivo Ca?*
imaging in both the Thy1-GCaMP3 transgenic mouse group and the AAV injected group,
and six retinas from mice injected with AAV2-CAG-GCaMP3 were used for IHC. For
both the in vivo imaging sessions and the intravitreal injection procedures, mice were
anesthetized with 2% isoflurane (Baxter Corporation, Mississauga, ON, Canada) and 1%
O administered at a flow rate of 1.5 L/min via a nose cone.

The GCaMP3 vector was chosen for this work for two reasons: the first being that
GCaMP3 has point mutations allowing it to emit brighter baseline fluorescence than
previous GCaMP variants (Tian et al., 2009) making it optimal for visualizing transduced
cells with longitudinal in vivo imaging. Secondly, we chose to deliver GCaMP3 to ensure
that we make direct comparisons to the Thy1-GCaMP3 transgenic mouse strain during ex

vivo experiments.
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2.2. Intravitreal Injection

All mice used in the study, with the exception of the transgenic mice used for Ca?*
imaging, received an intravitreal injection of AAV2-CAG-GCaMP3 (Vigene Biosciences,
Inc., Rockville, MD). For this procedure, the left pupil was first dilated with 1%
tropicamide (Alcon, Mississauga, ON, Canada) and 2.5% phenylephrine hydrochloride
(Alcon). The mice were anesthetized, and a 30G needle was used to create a puncture in
the sclera, 0.5 mm posterior to the limbus. The tip of a 33G needle (Hamilton Company,
Reno, NV, USA) was guided through the puncture site and 1.5 pL of the AAV2-CAG-
GCaMP3 viral vector at a titer of 1x10'3 vg ul"! was injected posterior to the lens, into the
vitreous. Following the injection, topical antibacterial eye drops were administered, and

the animals recovered on a heating pad overnight.

2.3. In Vivo Longitudinal Imaging

Prior to in vivo imaging, the left pupil was dilated with 1% tropicamide (Alcon,
Mississauga, ON, Canada) and 2.5% phenylephrine hydrochloride (Alcon). Mice were
anesthetized and a polymethyl methacrylate contact lens (Cantor and Nissel Limited,
Brackley, UK) was placed on the cornea to maintain hydration of the cornea (thereby
preventing cataracts and corneal ulcerations) and enhance image quality. A confocal
fluorescence scanning laser ophthalmoscope (CSLO)/spectral-domain optical coherence
tomography (OCT) device modified for use in mice (Spectralis Multiline, Heidelberg
Engineering GmbH, Heidelberg, Germany) was used for the in vivo imaging (Chauhan et
al., 2012).

With the CLSO centered on the optic nerve head and focused on the nerve fiber

layer, virus transduced, fluorescently labelled retinal cells within a 30° field of view were
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imaged. The CSLO software minimizes motion artefacts from respiration by using real-
time eye tracking (Chauhan et al., 2012). The software also registers all follow-up images
to baseline such that an accurate serial analysis in exactly corresponding locations can be
performed. Fluorescence images were acquired with 488 nm excitation and emission
bandpass filter of 500-550 nm (Chauhan et al., 2012).

Baseline images were acquired with infrared light (IR; 820 nm) prior to the
intravitreal injection. Following the intravitreal injection, mice were imaged weekly for
five weeks before being sacrificed for either ex vivo Ca?* imaging or
immunohistochemistry. At each timepoint, IR images, fluorescence images, circle scans
and B scans were acquired. The latter two scans allow for visualization of the retina in
cross section and were acquired to monitor retinal integrity over the time-course of the

experiment.

2.4. Calcium Imaging

After five weeks of monitoring transduction of retinal cells with AAV2-CAG-
GCaMP3 by in vivo imaging, a subset of mice were sacrificed with an overdose
intraperitoneal injection of sodium pentobarbital. Retinas were dissected and mounted on
filter paper before being submerged in oxygenated Hanks Balanced Salts Solution
(HBSS; 100% O2, 1 mM HEPES; Praxair, Dartmouth, NS) at a pH of 7.4 and placed in a
microscope mounted superfusion chamber. The retinas were perfused at a rate of 2
mL/minute for the duration of the Ca?" imaging experiments.

The retinas were imaged with a 40X water immersion objective (0.80W numerical
aperture, Achroplan; Carl Zeiss Meditec, Oberkochen, Germany) that was connected to a

charge-coupled device camera (Sensicam PCO, Kelheim, Germany). All experiments
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were recorded with this system using Axon Imaging Workbench 4 software (Molecular
Devices, Sunnyvale, CA, USA). Once the tissue was placed in the superfusion chamber,
the microscope was focused on the GCL and the experiments began with five minutes of
baseline imaging at an acquisition rate of one frame per 20 seconds. The GCaMP3
fluorescence in both the transgenic and virus injected mice was stimulated with 488 nm
excitation and collected at 516 nm emission. Following five minutes of baseline imaging,
30 second baths of 50 uM KA dissolved in 100% oxygenated HBSS were performed
followed by 15 minutes of washout in the oxygenated HBSS solution between each KA
treatment. 50 pM KA was chosen from previously published literature because it was
sufficient to evoke transients in the majority of cells without causing signal saturation.
Each retina was treated four times with KA. During each KA treatment, images were
acquired at a rate of one frame per five seconds and during the washout periods, images

were acquired at one frame per 20 seconds.

2.5. Immunohistochemistry and Tissue Preparation

Following five weeks of viral transduction, mice that were not used for Ca*
imaging were sacrificed, and retinas were dissected and prepared for IHC. Dissected
retinas were fixed at room temperature in 4% paraformaldehyde (PFA) for one hour.
Following one hour of fixation, retinas were washed with phosphate buffered saline
(PBS) and blocked in 10% normal donkey serum (Jackson ImmunoResearch Laboratories
Inc., West Grove, PA, USA) in PBS with 0.3% Triton X-100 overnight at 4°C. Retinas
were left to incubate in primary antibodies against RNA-binding protein with multiple
splicing (RBPMS; 1:1000 guinea pig anti-RBPMS, PhosphoSolutions #1832, Aurora,

Colorado, USA) and choline acetyltransferase (ChAT; 1:100 goat anti-ChAT,
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PhosphoSolutions #315, Aurora, CO, USA) for five days at 4°C to stain for RGCs and
cholinergic amacrine cells, respectively. Retinas were washed in PBS and incubated in
secondary antibodies; Cy3 (1:1000 Cy3 conjugated donkey anti-guinea pig, Jackson
Immuno Research Laboratories Inc., West Grove, PA, USA), Alexa Fluor® 633 (1:1000
Alexa Fluor® 633 conjugated donkey anti-goat, Invitrogen #A21082) and Alexa Fluor®
488 (1:100 Alexa Fluor® 488 conjugated antibody, Invitrogen #121411, Carlsbad,
California, USA) overnight. Alexa Fluor® 488 was used to enhance the GFP signal from
the GCaMP. The following day, retinas were washed in PBS, mounted on microscope
slides with Vectashield® anti-fade fluorescent mounting medium (Vector Labs,

Burlingame, CA) and cover-slipped in preparation for epifluorescence imaging.

2.6. Ex vivo Epifluorescence Imaging and Image Processing

Tiled images of retinal wholemounts were obtained using a Zeiss Axio Imager M2
microscope (Carl Zeiss AG, Oberkochen, Germany) with a 20x Plan-Apochromat
objective (0.8 numerical aperture; Carl Zeiss). Using Zen Software (Carl Zeiss), exposure
times were set for each of the three channels and fluorescence images of cells expressing

GFP (GCaMP), RBPMS and ChAT in the GCL were acquired.

2.7. Data Analysis and Statistics

Statistics were performed using Prism (version 8 for Macintosh, GraphPad

Software, La Jolla, CA, USA) and statistical significance was assumed when p < 0.05.
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2.7.1. In Vivo Imaging

In vivo images acquired weekly with the CSLO were imported into image J. Using
the cell counting tool, the labelled fluorescent cells were manually counted. The total
number of cells was divided by the retinal area which excluded the optic nerve head and
large vessels and reported as a cell density (cells/mm?). A repeated measures one-way
ANOVA was performed with Tukey’s multiple comparisons test to compare the difference

between pairs of means with appropriate adjustment for multiple testing.

2.7.2. Calcium Imaging

Experiments were recorded and analyzed using Axon Imaging Workbench 4
(Molecular Devices, Sunnyvale, CA, USA). Focussing on the GCL, cells expressing the
virus were traced as individual regions of interest (ROI). For each experiment, 40-50 cells
were selected and tracked for the duration of the experiment. Baseline fluorescence for
each cell was measured from the first 15 frames of the recorded experiment where the
retina was bathed in oxygenated HBSS. Maximum fluorescence was determined for each
cell for each of the KA treatments. KA-induced Ca?" transient amplitudes were defined as
the peak fluorescence change over the baseline fluorescence (AF/Fy). A one-way
ANOVA was performed for each group to determine if there were any statistically
significant differences over the four KA treatments. T-tests were performed to determine
any significant differences between virus and transgenic mouse groups at each KA

treatment.
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2.7.3. Immunohistochemistry

The image analysis for the wholemounted retinas was performed using Zen2Lite
software (Carl Zeiss Meditec, Oberkochen, Germany). From the tiled image of the
wholemounted retinas, 500 um x 500 pm ROIs were selected. In each quadrant, ROIs
were selected from central, middle and peripheral retina to yield 12, 500 pm x 500 um,
ROIs per retina. For each ROI, cell counts were performed for the each of the three
channels individually; GFP (GCaMP), RBPMS, and ChAT as well as the GFP-positive
cells that colocalized with RBPMS-positive cells, and ChAT-positive cells. The cell
counts were expressed as mean densities (standard deviation). One-way ANOV As were
performed for each channel to determine statistical significance between cell densities

across central, middle and peripheral retina.
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CHAPTER 3. Results

3.1. Quantification of the Transduction of AAV2-CAG-GCaMP3 in Retinal Cells

The GCaMP3 transduced by the virus was visible with CSLO in the GCL one-
week following intravitreal injection, and the expression increased steadily every week
for five weeks (Figure 3.1). The labelling was visualized in the somata and axons of
retinal cells. In the majority of mice, the labelling was more intense, and the fluorescence
was brighter in the superior-temporal portion of the retina, as that was the proximal site of
the injection. The labelling spread from this region across the retina over the course of
five weeks. Furthermore, in the majority of mice injected with the virus, the fluorescence
intensity was weak one-week post-injection and was increased by two-weeks post-
injection.

When quantified, the mean (standard deviation) cell density one-week post-
injection was 191 (39) cells/mm? and this increased to 586 (67) cells/mm? at five weeks
post-injection (Figure 3.2). A repeated measures one-way ANOVA was performed and
indicated a significant increase in the density of labelled cells each week (weekly from
baseline to week 4: p <0.0001, week 4 to week 5: p <0.001). In a mouse that was
followed over a longer time-course, the labelling and expression of the transduced
GCaMP3 persisted for six months post-injection (Figure 3.3). With monthly imaging
sessions, the cellular labelling remained consistent and the vitreous remained clear in this
mouse, allowing for the registration of all follow-up images to baseline over the six-

month time-course.
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Pre-injection

Figure 3.1. Longitudinal in vivo imaging of a mouse injected with AAV2-CAG-
GCaMP3 over five weeks. One representative mouse injected with AAV2-CAG-
GCaMP3 imaged weekly over five weeks. A baseline IR image was acquired prior to the
injection. Week-one through week-five fluorescence images were taken post-injection

with image registered acquisition.
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3.2. In vivo quantification of the transduced GCaMP3 expressed in retinal cells in
the ganglion cell layer following intravitreal injection. At each timepoint, cell densities
were calculated from the in vivo images. Repeated measures one-way ANOVA with

Tukey’s multiple comparisons test confirmed significance of p < 0.05 each week; n=12.
Mean (SD) are reported.
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Month 1 Month 2

Month 5

Figure 3.3. Longitudinal in vivo imaging of a mouse injected with AAV2-CAG-
GCaMP3 over six months. Images acquired from the same mouse injected with AAV2-
CAG-GCaMP3 demonstrating that labelling persists to six months following injection.
The mouse was imaged weekly for the first month following injection and monthly until

six months, each imaged was registered to baseline.
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3.2. Comparison of Thyl-GCaMP3 and AAV2-CAG-GCaMP3 Transients

Isolated retinas treated with 50 uM of kainic acid (KA) successfully produced
KA-induced Ca®" transients, or increases in the transient amplitudes which is indicative of
increases in the GCaMP fluorescence, in retinas from both Thy1-GCaMP3 transgenic
mice and retinas from the AAV2-CAG-GCaMP3 injected mice (Figures 3.4 and 3.5,
respectively). Following the transient increases in response to KA treatments, GCaMP3
labelled cells from both groups successfully returned to baseline levels with KA washout
following each of the four treatments, which was visualized through pseudo-colour
videos. Frames from the videos are shown in Figures 3.4 and 3.5 where cooler colours are
indicative of lower levels of Ca?* and warmer colours are indicative of higher levels of
Ca?",

When groups were analyzed individually, the KA-induced Ca?* transients showed
no statistically significant differences between each of the four treatments of KA in either
the transgenic group or the virus injected group (p = 0.43 and p = 0.97 respectively; Table
3.1), indicating that the GCaMP was consistently and reliably responding to KA
treatments. Furthermore, when the two groups were compared, there were no significant
differences found in the mean transient amplitudes between the Thy1-GCaMP?3 retinas
and retinas transduced with AAV2-CAG-GCaMP3 over any of the four treatments of KA.
However, the transients recorded from GCaMP3 labelled cells in the virus injected group
were more variable than those in the transgenic group (Figure 3.6; Table 3.1).

Retinas from the virus injected group also displayed regions of increased baseline
fluorescence in comparison to other fields of view within the same retina. When
stimulated, these regions became oversaturated and hyper-fluorescent in response to

treatments of 50 uM KA, as indicted by bright red signals on the pseudocoloured video
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(Figure 3.7). It is likely the increased fluorescence in these fields of view are due to these

regions being near the superior-temporal region.
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Figure 3.4. Calcium transients in a Thyl GCaMP3 transgenic mouse.

A) Pseudocoloured images acquired from one calcium imaging experiment performed in
a retina from a Thy1-GCaMP3 mouse. Images (left to right) show baseline fluorescence,
the KA-induced peak in GCaMP3 fluorescence, and recovery to baseline Ca?" levels upon
KA wash out. Scale bars= 50 um. (B) Example traces from 50 cells selected in the
experimental field of view over four, 30-second treatments of 50 uM KA demonstrating

the increases in GCaMP3 fluorescence in response to KA.
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Figure 3.5. Calcium transients in a mouse injected with AAV2-CAG-GCaMP3.

A) Pseudocoloured images acquired from one calcium imaging experiment performed in
a retina from a mouse injected with AAV2-CAG-GCaMP3. Images (left to right) show
baseline fluorescence, the KA-induced peak in GCaMP3 fluorescence, and recovery to
baseline Ca®* levels upon KA wash out. Scale bars= 50 pm. (B) Example traces from 50
cells selected in the experimental field of view over four, 30-second treatments of 50 uM

KA demonstrating the increases in GCaMP3 fluorescence in response to KA.
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Figure 3.6. Comparison of calcium transients between the Thyl-GCaMP3
transgenic mice and the AAV2-CAG-GCaMP3 injected mice. Mean data show
transient amplitudes for the Thy1-GCaMP3 and AAV2-CAG-GCaMP3 groups over four,
30-second treatments of 50 uM KA (n = 482 total cells from 10 experiments in the Thy1-

GCaMP3 group and 474 total cells from 10 experiments in the AAV2-CAG-GCaMP3
group. Mean (SD) are reported.
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Table 3.1. Comparison of the KA-induced Ca?" transients in the Thy1-Transgenic

and AAV2-CAG-GCaMP3 injected mice.

KA Treatment 1 2 3 4 D

Thy1-GCaMP3! 1.35 1.65 1.90 1.66 0.43
(0.62) 0.78)  (0.79) (0.70)

AAV2 -GCaMP3? 1.55 1.72 1.74 1.51 0.97
(1.16) (1.33)  (1.46) (0.98)

!'n =482 total cells from 10 experiments

2 n =474 total cells from 10 experiments

Data represents the mean peak fluorescence change over the baseline fluorescence
(AF/Fy). Data is reported as mean (standard deviation).
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Baseline Recovery

Figure 3.7. Hyper-reflective regions in a retina from a mouse injected with AAV2-
CAG-GCaMP3. Pseudocoloured images acquired from a field of view in one Ca?*
imaging experiment performed in a retina from a mouse injected with AAV2-CAG-
GCaMP3 demonstrating increased baseline fluorescence and saturation of cells following
KA-treatment. Images (left to right) show baseline fluorescence, the KA-induced peak in
GCaMP3 fluorescence, and recovery to baseline Ca?* levels upon KA wash out. Scale

bars= 50 um.
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3.3. Specificity of AAV2-CAG-GCaMP3 to Cells in the GCL

When immunohistochemistry was performed, robust GFP labelling was visualized
in the GCL with epifluorescence microscopy in wholemounted retinas (Figure 3.8).
Similar to observations made with in vivo imaging, immunohistochemistry showed
intense GFP fluorescence in the superior-temporal region in comparison to other retinal
regions or quadrants (Figure 3.9). Increased fluorescence in this region was visualized in
retinas from every mouse injected with the virus. Although the fluorescence was
increased in the superior-temporal region, there was still widespread labelling visualized
and quantified across the entire retina.

Following quantification of cell densities for RBPMS, ChAT and GFP in the
GCL, the average density of RBPMS-positive cells was 3086 (832) cells/mm?, the
average density of ChAT-positive cells was 1103 (189) cells/mm?, and the average
density of GFP-positive cells was 1155 (285) cells/mm?. The GFP-positive and ChAT-
positive cells were widely distributed throughout the retina with no significant differences
in cellular densities between central, middle and peripheral retina (p = 0.96 and p = 0.07,
respectively), indicating that in the case of GFP-positive cells, the virus was able to
adequately diffuse throughout the vitreous and cross the ILM in all retinal regions. In
contrast, the density of RBPMS-positive cells decreased significantly with increasing
distance from the optic nerve head (p < 0.005, Figure 3.10), which has been previously
reported (Rodriguez et al., 2014).

There was a high specificity of the viral vector for RGCs in the GCL with 79 (6)%
of RBPMS-positive cells colocalizing with GFP-positive cells. In contrast, when the
number of RBPMS-positive cells that were GFP-positive were analyzed, indicative of the

proportion of RGCs in the retina labelled by the viral vector, it was determined that
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29 (5)% were labelled (Figure 3.11). The virus also labelled cholinergic amacrine cells
with 9 (4)% of GFP-positive cells colocalizing with ChAT-positive cells. There were,
however, a number of GFP-positive cells quantified in the GCL that did not colocalize
with either RBPMS-positive or ChAT-positive cells which made up the remaining 12
(7% (Figure 3.12).

When epifluorescence microscopy was performed at deeper retinal layers to
determine the penetrance of the vector, there was robust labelling of GFP-positive cells
visualized in the INL (Figure 3.13). Although it was not quantified in each retina, there
appeared to be colocalization of GFP-positive cells with ChAT-positive cells in the INL.
There was also colocalization of GFP-positive with ChAT-negative cells, indicating that
the GCaMP is transduced in not only cholinergic amacrine cells, but other subtypes of

amacrine cells, and bipolar cells in the INL.

45



Figure 3.8. Imnmunohistochemistry of the GCL from a mouse injected with AAV2-
CAG-GCaMP3. A) Labelling of RGCs with RNA-binding-protein-multiple-splicing
(RBPMS). B) Labelling of amacrine cells with choline acetyltransferase (ChAT). C)
Labelling of the virally transduced GCaMP amplified with GFP. D) Merged image with

all 3 channels. Scale bars= 50 um.
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Figure 3.9. GCaMP3 labelling and fluorescence in the superior-temporal retinal
region in a mouse injected with AAV2-CAG-GCaMP3. [HC staining for GFP to
amplify the GCaMP signal confirmed an injection streak or hot spot of brighter GFP-

positive cells closer to the injection site. Scale bar = Imm.
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Figure 3.10. Distribution of RBPMS-, ChAT-, and GFP- positive cells with
increasing distance from the optic nerve head. Densities of GFP-positive and ChAT-
positive cells were evenly distributed in central, middle and peripheral retina. The density

of RBPMS-positive cells decreased with increasing distance from the nerve head; p <

0.005.

48



100 =

80

=)
]
1

Colocalization (%)
4=
[—]
|

20 -

0 1 1

GFP-positive that are RBPMS-positive that
RBPMS-positive are GFP-positive

Figure 3.11. Quantification of GCaMP3 colocalization in RBPMS-positive cells in a
mouse injected with AAV2-CAG-GCaMP3. Colocalization of GFP-positive and
RBPMS-positive cells in the GCL. GFP-positive cells that are RBPMS-positive indicates
the specificity of the viral vector to RGCs. RBPMS-positive cells that are GFP-positive
indicates the proportion of RGCs that are labelled by the viral vector.
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Figure 3.12. Quantification of the GCaMP3 colocalization with retinal cells in a
mouse injected with AAV2-CAG-GCaMP3. GFP-positive cells which colocalized with
both RBPMS- positive and ChAT-positive cells. A number of GFP-positive cells did not
co-localize with either RBPMS or ChAT. Mean (SD) are reported.
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Figure 3.13. Immunohistochemistry of the INL from a mouse injected with AAV2-
CAG-GCaMP3. A) Labelling of displaced RGCs with RNA-binding-protein-multiple-

splicing (RBPMS). B) Labelling of amacrine cells with choline acetyltransferase (ChAT).
C) Labelling of the virally transduced GCaMP amplified with GFP. D) Merged image

with all three channels. Scale bars= 50 pm.
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CHAPTER 4. Discussion

4.1. Summary of Key Findings

The results of the research presented in this thesis describe the delivery of an
exogenous functional fluorescent marker, GCaMP3, to RGCs using a minimally invasive
technique. Intravitreal injection of agents, including functional fluorescent markers, is
becoming a frequently used technique in eye research as it has relevance to clinical
translation for diagnostics and therapeutics. The ability to visualize and quantify RGC
function and dysfunction longitudinally is an invaluable tool that will allow greater
understanding of the pathophysiology of blinding eye diseases.

The first objective of this thesis characterized the transduction of AAV2-CAG-
GCaMP3 into retinal cells using longitudinal in vivo imaging. Results showed a
significant progressive increase in the number of cells transduced in the GCL across each
of the five weeks the mice were imaged following injection. Five weeks was selected for
the time-course for monitoring the transduction of the virus from previously published
work. Smith and Chauhan injected AAV2-GFP into mice and demonstrated that five
weeks of transduction was sufficient to reach a peak in cellular labelling when using the
CAG promoter (Smith and Chauhan, 2018). Additional publications have suggested that
optimal transduction time can be between two- and eight-weeks post-injection when
performing both ex vivo and in vivo experiments, although the rate of transduction of the
virus was not quantified over time in these studies (Borghuis et al., 2011; Weitz et al.,
2013; Bar-Noam et al., 2016; Cheong et al., 2018b).

Smith and Chauhan found significant increases in the number of virally

transduced cells with AAV2-CAG-GFP until four-weeks post-injection, at which point
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the number of labelled cells began to plateau. In contrast to their findings, the number of
cells transduced by the AAV2-CAG-GCaMP3 virus in this study increased significantly
every week over five weeks following intravitreal injection and no plateau was observed.
The mean in vivo cell density in their study at four weeks post-injection when the plateau
began, was reported as 534 (201) cells/mm?. In this study, the cellular density of labelled
cells at the last timepoint of five weeks following injection was 586 (67) cells/mm?,
therefore, it is possible that if imaged an additional week the mice would have showed a
plateau in the number and density of cells transduced.

We observed that GCaMP labelling persisted beyond six months, a finding that to
the best of our knowledge, has not been previously reported. This is a significant finding
that has an important bearing for longitudinal studies in which long-term behaviour of
RGCs is an objective. It is also significant for potential clinical translation in which a
method that permits long-term expression of a fluorescent marker that reduces the risk
associated with frequent intravitreal injections is desired.

The second objective demonstrated that the GCaMP3 transduced into retinal cells
was functional and moreover, demonstrated similar functional properties compared to the
Thy1-GCaMP3 transgenic mouse strain previously characterized (Blandford et al., 2019).
Although results demonstrated that the KA-induced Ca®" transients in the virus injected
group were not significantly different from those in the Thy1-GCaMP3 transgenic mouse
group, the transients recorded from the virus injected group had a much greater degree of
variability. The most likely reason for this variability is the difference in the quantity of
GCaMP transduced and produced within the individual cells. A larger amount of GCaMP
could lead to increased baseline fluorescence. In addition, excess GCaMP could act like a

Ca?" buffer. As Ca®" is already bound to GCaMP in the cytosol, upon stimulation with
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KA there would be less available GCaMP for Ca?* to bind to, thereby potentially leading
to a blunted transient response.

Previous work by Borghuis and colleagues found that virally transduced GCaMP3
was able to reliably report consistent Ca®* transients when stimulated optically in an ex
vivo preparation. They found that although the transduced GCaMP3 had similar kinetic
properties when compared to electroporated traditional chemical Ca?" indicators such as
Oregon Green BAPTA (OGB), the virally transduced GCaMP3 provided better cellular
resolution and specificity to RGCs (Borghuis et al., 2011). Our results demonstrated
similar quality cellular resolution and the transduced GCaMP reported consistent
transients with chemical stimulation. To our knowledge, it is the first time chemically
evoked Ca?" transients are being reported in cells transduced with GCaMP exogenously.

The final objective determined the specificity of the virus to RGCs in the GCL.
While labelling was primarily within RGCs, the virus also labelled both cholinergic
amacrine cells and another subset of cells that were not RBPMS-positive or ChAT-
positive. Labelling of these GFP-positive cells that are not RBPMS- or ChAT-positive in
the GCL could be indicative of other subtypes of amacrine cells, such as GABA-ergic
amacrine cells (Atan, 2018). The fact that cells, besides RBPMS-positive cells, were
labelled was expected because a ubiquitous CAG promotor was used. Although non-
specific for RGCs, ubiquitous promotors allow high levels of expression and transduction
into retinal cells and are small in size (Dong et al., 1996; Grieger and Samulski, 2005;
Hanlon et al., 2017), compared to the cell specific promotors that tend to be larger in size.
For example, Thyl is a promotor specific to RGCs, and is too large in size to be used in
AAV vectors due to the packaging capacity of the virial vector (Hanlon et al., 2017).

Human-synpasin-1 (hSYN) reportedly has significantly more preferential RGC labelling
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compared to other cells in the GCL in rodents, however this finding has not been
replicated in non-human primates (NHPs; Borghuis et al., 2011; Yin et al., 2011; Gaub et
al., 2014).

Small gene promotors from human DNA, termed “MiniPromotors”, such as DCX,
have been developed with the goal of driving more specific expression in inner retinal
cells as there is evidence that DCX is expressed in RGCs, as well as in amacrine and
bipolar cells (Sanchez-Farias and Candal, 2015). When DCX was used as the promotor in
AAV2 vectors to deliver GFP, it showed more cell specific GFP labelling to RGCs in
comparison to other ubiquitous promotors such as CAG (de Leeuw et al., 2014; Smith
and Chauhan, 2018). NEFL is another MiniPromotor that when delivered in an AAV
vector caused robust labelling in RGCs in NHP retina; primarily in the foveal region as
well as portions of the peripheral retina (Hanlon et al., 2017; Simpson et al., 2019).

Lentiviral (LV) vectors are also being developed in attempts to resolve the
packaging capacity limitation of transducing larger genes to the retina. LV vectors have
an insert capacity of approximately 8 kb in comparison to AAV vectors which are
typically limited to less than 4kb (Lundstrom, 2018), making them a potentially more
suitable choice depending on the size of the gene being delivered. LV vectors
successfully label photoreceptors with intravitreal or subretinal injection (Miyoshi et al.,
1997; Takahashi et al., 1999; Kostic et al., 2003), however, their integration into the
genome is unstable and inconsistent leading to transient, low and patchy expression in
mouse photoreceptors (Kostic et al., 2003). Additionally, labelling is typically only
visible close to the injection site (Miyoshi et al., 1997; Greenberg et al., 2006). There are
safety concerns surrounding the use of LV vectors as they are based on HIV-1, replicating

in both dividing and non-dividing cells. For these reasons, and because the efficacy of
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transduction in both photoreceptors and RGCs is better with AAV, AAV still remains the

primary choice for gene delivery in the eye and retina (Greenberg et al., 2006).

4.2. Clinical Translation and AAV safety
4.2.1. Gene Therapy in the Retina

The use of AAV as a therapeutic tool in retinal diseases is receiving much recent
attention and traction. Currently, there are clinical trials being performed for inherited
retinal disorders such as Leber’s Congenital Amarurosis (Bainbridge et al., 2008;
Bainbridge et al., 2015) and X-Linked Retinoschisis (Cukras et al., 2018).

Leber’s Congenital Amaurosis is a hereditary disease resulting in retinal
degeneration and subsequent loss of vision. The most common cause of Leber’s
Congenital Amaurosis occurs from transformations or mutations in the RPE65 gene,
which plays a crucial role in the regeneration of visual pigment and the production of 11-
cis-retinal (Moiseyev et al., 2005). Without 11-cis-retinal, the photoreceptors cannot
respond to light and initiate visual signal transduction through the retina. Bainbridge and
colleagues were one of the first research groups to investigate the impact of RPE65 gene
therapy in patients with Leber’s Congenital Amarurosis. They used an AAV2 vector to
deliver the coding sequence of RPEG6S5 to the retina via subretinal injection and patients
who received treatment began showing some visual improvement after a few weeks to
months following injection (Bainbridge et al., 2008; Bennett et al., 2012; Bainbridge et
al., 2015; Pierce and Bennett, 2015; Bennett et al., 2016).

In X-linked Retinoschisis, there are mutations in the RS1 gene, which leads to
abnormal splitting between retinal layers (schisis), most frequently in the macula, and

abnormalities in the b-wave amplitude in electroretinograms (ERG; b-wave amplitude is
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indicative of bipolar cell function; Pepperberg et al., 1978; Cukras et al., 2018). Research
has proposed that the abnormal b-wave response is due to loss of signalling function from
the photoreceptors to bipolar cells (Ou et al., 2015) because RS1 is important in the
maintenance of structural connections of postsynaptic elements between the
photoreceptors and bipolar cells (Reid et al., 1999; Molday et al., 2001; Takada et al.,
2008; Ou et al., 2015). Preliminary work in RS1-knockout mice has shown that delivery
of RS1 with an AAV vector via intravitreal injection can lead to closure of macular
schisis and an improvement in the synaptic connections between photoreceptors and
bipolar cells, leading to improved signalling (Bush et al., 2016). In preclinical trials, an
intravitreal injection of AAV8-RSI led to visual improvements in RS1 knock-out mice
for at least nine months following injection (Bush et al., 2016). In phase I/II clinical trials,
schisis closure was reported, demonstrating that this approach could be a future avenue

for treating inherited retinal disorders (Cukras et al., 2018).

4.2.2. Current Challenges Facing Clinical Translation

As the intravitreal injection technique continues to be developed as a delivery
method for not only gene therapies but also for delivering fluorescent structural and
functional markers, there are a number of hurdles that need to be addressed such as
neutralizing antibodies to AAV serotypes, the inner limiting membrane thickness in
humans, and an increased number of safety studies. Although intravitreal injections are
being used clinically to deliver treatments for mutated genes in blind human patients,
further research still needs to be performed before exogenous fluorescent proteins can be

delivered in humans.
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Translation to humans is made difficult by host barriers such as neutralizing
antibodies found in the patient population to certain AAV serotypes. For example, over
50% of the population has pre-existing neutralizing antibodies (NAbs) to AAV2, in
comparison to other serotypes such as AAV1, -5, -6, -7, and -8 that have a lower
prevalence of NAbs (Li et al., 2012; Hemphill et al., 2014). Moreover, different serotypes
often have a high degree of similar capsid proteins, leading to NAbs for one serotype
cross-reacting with other serotypes (Guo et al., 2018). The fact that NAbs against AAV
vectors can block and greatly impair transduction efficacy is a large limitation and as a
result, efforts are being made in capsid design, such as using and developing polymers to
cover the AAV capsid, thereby blocking NAb recognition and increasing transduction
(Carlisle et al., 2008).

Another host barrier is the inner limiting membrane (ILM), which is significantly
thicker in humans and NHPs in comparison to rodents (Dalkara et al., 2009). As such, it is
hypothesized that if injected intravitreally into humans, the virus would not be able to, or
at best only partially be able to, penetrate the ILM and be transduced into retinal cells. In
NHPs, intravitreal injections of fluorescent markers such as GFP resulted in labelling that
was visibly patchy and typically restricted to the central macula (Yin et al., 2011; Yin et
al. 2014). The ILM and RNFL are thinnest in the central fovea and it is possible that this
allows the virus to successfully penetrate these physical barriers to permit transduction in
RGC:s in this region.

There are surgical interventions that could remove the ILM to improve penetrance
of the virus into the retina, however, they typically pose a large risk to the integrity of the
inner retina as they are quite invasive and damaging. Some of these techniques include

peeling of the ILM from the RNFL, and enzymatic degradation of the ILM (Dalkara et

58



al., 2009; Cehajic-Kapetanovic et al., 2011; Takahashi et al., 2018). Because these
methods are quite invasive, other methods that will allow the viral vectors to pass the
ILM more efficiently have to be engineered for there to be a higher degree of successful

cellular labelling of the inner retinal cells in both NHPs and eventually humans.

4.2.3. Safety of AAV Gene Therapy

Safety studies and characterization of immune responses in the eye are crucial for
clinical translation. The eye is immune privileged; however, it is highly immune
competent. Immune privilege in the eye refers to the fact that antigens can be introduced
in the eye without eliciting as significant an immune response as would be seen following
systemic presentation. However, the eye is also immune competent, meaning that it can
and is capable of eliciting and producing an immune response upon exposure to a foreign
antigen.

The concept of immune privilege was first described following an experiment
where a researcher placed a foreign tissue graft in the anterior chamber of the eye and
noticed that it was not rejected (Medawar, 1948; Zhou and Caspi, 2010). It is thought that
the immune privilege of the eye is due to physical barriers and the ocular
microenvironment. The physical barriers include the blood-retina barrier and the lack of
lymphatic flow in the eye, acting to prevent larger cells and molecules in and out of the
eye. For example, the eye has evolved to not allow for complement-fixing antibodies,
neutrophils and macrophages that are relatively large in size to be excluded from the eye
to prevent lesions and opacities from forming (Willett and Bennett, 2013). The
microenvironment of the eye has also been studied, and researchers Kaplan and Steilein

were able to demonstrate that if a foreign antigen was placed into the anterior chamber,

59



there is activation of suppressor immunity (suppression of T cells) that occurs from the
microenvironment containing both cell bound and soluble immunosuppressive factors
such as TGF- B, VIP, and a-MSH (Kaplan and Streilein, 1977; Taylor, 2009; Zhao and
Caspi, 2010).

Although the eye is regarded as immune privileged it still has an active immune
regulatory network that when activated in response to intravitreal injections can pose
problems. Problems can include potential damage to ocular structures from the influx of
immune cells, and the potential inactivation of the viral vector leading to lower levels of
transduction into retinal cells. Following the introduction of a foreign antigen into the
eye, there is an immediate response from T helper and T regulatory cells which secrete
various cytokines such as Interferon y (IFNy), IL-4, IL-10, and IL-13 (Willett and
Bennett, 2013). The extent of immune response and immune activation varies according
to the antigen presented and its quantity.

Research from pre-clinical and phase I/II clinical trials, report varying ocular
immune responses observed in participants following intravitreal or subretinal injections
of AAV vectors. In clinical trials for Leber’s Congenital Amaurosis, patients were treated
with a systemic immunosuppressant and varying quantities of the viral vector. In some
patients who received lower doses of the vector, there was no clinically significant
immune response detected, while five of eight patients who received higher doses had
detectable levels of intraocular inflammation and inflammatory responses (Bainbridge et
al., 2015). Although there were no clinically significant responses in the patients who
received the lower dose, there was still circulating IFNy in the peripheral blood

(Bainbridge et al., 2008; Bainbridge et al., 2015). These trials concluded that the
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increased dose yielded the best results in visual improvement, however, at the cost of
higher levels of inflammation that had to be treated over a number of weeks or months.

In clinical trials for X-Linked Retinoschisis, immune responses were detectable as
early as two weeks following injection, with the majority of patients experiencing varying
levels of ocular inflammation and vitritis by four weeks following injection (Cukras et al.,
2018). The inflammation had to be treated with oral and ocular tropical corticosteroids to
help resolve the inflammation, which presented as vitreous haze and in severe cases
retinal venous leakage and vitreal detachment. The immune responses and T cell
activation resolved over approximately two months, with no significant detriments to
visual acuity as a result of the inflammation (Cukras et al., 2018). Cukras and colleagues
also tested for T cell cytokine production and found that in one patient (one of nine
participants), who had the highest level of vitritis also had the highest level of IFNy when
immune assays were performed with peripheral blood testing.

There have also been animal studies in both rodents and NHPs demonstrating the
immune response following intravitreal injection of structural markers such as AAV-
GFP. Following intravitreal injection of AAV2-CBA-GFP, NAbs to AAV were detected
in the blood. A second injection in the same eye or even an injection in the contralateral
eye which had not previously experienced an AAYV injection, prevented the transduction
into retinal cells due to circulating pre-existing NAbs (Li et al., 2008, Kotterman et al.,
2015). Furthermore, there appears to be inter-strain differences in mice that exhibit
varying immune response severities following AAV injection. Specifically, the C57Bl/6
mouse appears less immunogenic than other strains such as the BALB/c mouse in
response to AAV injection (Skelton et al., 2001), which are known to produce robust

immune responses (Stripecke et al., 1999; Toguri, 2015). Immune responses following
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intravitreal injection of AAV are not only being detected with immune assays, but also by
imaging injected mice with OCT and quantifying the amount of inflammation indicated
by hyper-reflective or bright spots, in contrast to the dark vitreous background over time
(Liu et al., 2020).

The immune response can be decreased if more than one injection at lower doses
is performed, however, this can lead to an increase in NAbs, resulting in a lower
transduction rate (Li et al., 2008; Kotterman et al., 2015). Currently, the most efficacious
method of dampening the immune response is with systemic immunosuppressants prior to
the injection, followed by topical immunosuppressants over the first two to four weeks
following injection, however, future research in this important area may yield better
insight into the safety and potential toxicity of AAVs and provide targeted

immunotherapies for these responses.

4.3. Limitations of the Thesis Research

The first limitation of this work was that the viral vector used for this project had a
ubiquitous promoter instead of an RGC specific promotor. With IHC, we showed that
displaced amacrine cells were labelled, indicating that during ex vivo Ca?" imaging
experiments, the responses recorded were most likely from both RGCs and displaced
amacrine cells. Since we did not perform experiments that blocked responses from
amacrine cells, it was not possible for the separation of the responses from these two
populations.

Another limitation was that the KA-induced transient amplitudes were more
variable in the virus injected group than the transgenic mouse group. Although a possible

explanation for the variability was varying levels of GCaMP produced in the cells,
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quantification of GCaMP protein levels with Western blot was not performed in either
group to demonstrate that the virally injected retinas had higher levels of the protein.

A final limitation relates to potential bias when ROIs were selected for Ca?*
imaging experiments in retinas from the virus-injected group. We observed portions of
the retina that exhibited very high baseline fluorescence, indicated by the increased
amount of red in the pseudocoloured images in comparison to other virally injected
retinas imaged. It is likely that these brighter, hyper-responsive regions were in the
superior temporal region of the retina, closer to the injection site. These regions of
extremely high baseline fluorescence were excluded from the data set and data analysis
for two reasons: first, the 50 uM KA treatments commonly caused these very bright cells
to become saturated after one or two treatments, and second, when the retinas were
treated with KA, the borders of the individual cells overlapped with each other and could

no longer be differentiated.

4.4. Future Directions
4.4.1. Ex Vivo Experiments

There are a number of ex vivo experiments that could be performed following the
findings presented in this thesis. The first could be to determine the other types of retinal
cells being labelled by the virus in the GCL and INL by staining for various
neurotransmitters that label different families of amacrine cells in the GCL as well as
amacrine cells and bipolar cells in the INL. Some examples include GAD65 (glutamic
acid decarboxylase 65), GAD67, or GABA that could be used to label GABAergic

amacrine cells in the GCL and INL, in addition to GLYT1 (glycine neurotransmitter
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transporter) to label glycinergic amacrine cells or TH (tyrosine hydroxylase) to label
dopaminergic amacrine cells in the INL (Atan, 2018).

Future work could expand further on amacrine cell function and the response of
the displaced amacrine cell population from the GCL in response to KA and attempt to
parse out the signal and their transients from that of RGCs during Ca®* imaging. It may be
possible to block the responses from amacrine cell populations by treating the retina with
4,9-anhydro-tetrodotoxin (TTX), which is a blocker of voltage gated Na" channels
(Nay1.6; Rosker et al., 2007; Smith, 2017). By determining possible substances that could
block the responses of displaced amacrine cells, it would allow for primarily RGC
transients to be visualized and quantified, however this would need to be analyzed in in
situ preparations as the effect of 4,9-anhydro-TTX has on both amacrine cells and RGC
responses has not been well characterized in the literature.

Finally, Ca®* imaging was only performed on control retinas from mice injected
with the viral vector, however, it would be interesting to analyze and characterize the
changes in exogenously transduced GCaMP in response to both acute and chronic forms
of optic nerve injury such as ONT or optic nerve crush, and elevated intraocular pressure
(IOP) models. This characterization would provide foundational data of both the time-
frame and degree of cellular dysfunction expected as we move from ex vivo to in vivo

experiments.

4.4.2. Immune Response Characterization following AAV Injection
While performing the longitudinal in vivo imaging to characterize the transduction
of the virus, OCT images were acquired weekly to ensure that retinal integrity was

maintained. During this time, transient turbulence in the vitreous (known clinically as
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vitreous haze) was visible in the OCT images, which could be indicative of the
occurrence of an immune response. IR and OCT imaging showed clear vitreous, void of
any immune response at baseline, however, at one-week post-injection, there was
detectable vitreous haze. This haze resolved between three to four-weeks post-injection
with no steroidal or immunosuppressant topical drops applied with the exception of the
topical antibacterial drops that the mice received immediately following intravitreal
injection. Future work to study and characterize this acute inflammatory immune
response to AAV2-GCaMP could prove beneficial. To our knowledge there is only
published literature on the immune response following AAV2-GFP injection, and none
following AAV2-GCaMP injection. It is possible that it would show similar results to
what has been published with GFP, however this data is still lacking, and would be
valuable safety data for this field.

Following characterization of the immune response with immunoanalysis,
treatment options could be explored to prevent this immune response from occurring.
This work should be performed in both C57B1/6 and BALB/c strains to quantify the inter-

stain variability that is known to exist (Skelton et al., 2001).

4.4.3. In Vivo 2-Photon Ophthalmoscopy
2P fluorescence imaging is an emerging tool in biological and biomedical research
allowing high penetration depth into tissues, while minimizing phototoxicity and
photobleaching compared to other imaging techniques such as confocal microscopy
(Benninger and Piston, 2014). In single photon excitation, one photon of light is absorbed
by a fluorophore, exciting it from its ground state to a higher energy excited state. Shortly

after, the fluorophore relaxes back down to its ground state and in the process, emits a
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photon of light (Wolf, 2013). In contrast to single photon excitation, 2P excitation uses
two photons of light to stimulate fluorescent molecules. These two photons of light act
simultaneously, each photon with half the energy, to excite the fluorescent reporter
molecule with the same energy as single photon excitation, but twice the wavelength
(Denk, 1995; Benninger and Piston, 2014).

Mice have two types of cone photoreceptors, responding to short and medium
wavelengths of light; UV and green light, respectively. In contrast, humans have three
types of cone photoreceptors, short, medium and long, that respond to blue, green and red
light. In single photon imaging, the common excitation wavelengths of fluorescent
indicators are within the same excitation wavelengths of the photoreceptors (M cones in
mice and M and L cones in humans). 2P excitation ensures that the excitation wavelength
of fluorescent indicators such as GCaMP is outside of the spectral excitation wavelengths
of the photoreceptors. For example, GCaMP and the photoreceptors are both excited at
~488 nm with single photon excitation, whereas with 2P excitation, the optimal excitation
wavelength of GCaMP is increased to approximately 930 nm (Ouzonov et al., 2019).

The spectra for UV cones and S cones, in mice and humans respectively are
overlapping, therefore, when imaging with 2P excitation, blue light can be used to excite
these cones, initiating the signal transduction through the retina, allowing for an increase
the GCaMP signal. Because this imaging modality is being developed with blue light
stimulation, it could be adapted in humans to allow for diagnostic imaging of RGC
function and dysfunction over time.

Preliminary work in our laboratory with 2P imaging has demonstrated that the
GCaMP3 baseline fluorescence is bright and can be visualized using 2P ophthalmoscopy

in both Thy1-GCaMP3 transgenic mice (Kamali et al., 2018) as well as AAV2-CAG-
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GCaMP3 injected mice. The next goal of this work would be to characterize baseline
responses of these virally labelled RGCs to optical stimulation and then attempt to induce
injury models such as ONT or elevated IOP models to characterize the loss of function

longitudinally.

4.5. Conclusions

Many blinding retinal diseases are caused by death of RGCs, and therefore, there
is a need for a unique manner to study and monitor their function over time. There are
numerous ex vivo structural imaging techniques that can be used to visualize RGCs such
as immunohistochemistry, placing exogenous markers to the superior colliculus, and
transgenic mice that express markers through RGC specific promoters and genes. Over
time, tools to visualize cellular function became widely utilized such as chemical Ca?*
indicators, GECIs, and transgenic mice that express GECIs under the control of RGC
specific promotors.

As research in transgenic mice is not directly translatable, researchers have turned
to exogenous delivery methods such as AAV vectors to deliver GECIs like GCaMP to the
inner retina, importantly RGCs. The results of the work presented in this thesis
characterized the use of such delivery techniques, demonstrating that AAV can be
delivered to the retina, be visualized with in vivo imaging and produce functional proteins
capable of responding to external stimulation in RGCs. It provides an invaluable tool for
studying the underlying pathological mechanisms of blinding ocular diseases in vivo and
longitudinally in both control states as well as acute and chronic injury models. It paves
the way for developing a translational tool for both diagnostic imaging and monitoring

the efficacy of future neuroprotective strategies in clinical medicine.
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