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ABSTRACT

Retinitis Pigmentosa (RP) is the leading cause of hereditary blindness. The clinical
manifestations of RP are night blindness, loss of peripheral vision leading to tunnel vision
and a decreased electroretinogram (ERG) amplitude. There are numerous genes that
when mutated cause RP. Regardless of the causative mutation, the end point is the same,
photoreceptor cell death by apoptosis or programmed cell death (PCD). Interestingly,
though all photoreceptors in an affected individual would have a mutation, disease
progresses at a relatively slow rate indicating the affected cells can function. It is unclear
as to why completely unrelated mutations would cause photoreceptors to die via the same
mechanism. Somatic gene replacement studies using viral vectors in animal models have
been successful in slo§ving down disease. However, attempting to cure all retinal
degeneration mutations by this approach would be costly and difficult for two reasons.
First, there are some mutations that comprise a small percentage of all RP cases and the
cost/benefit ratio to develop a therapeutic agent for a few people would be enormous.
Secondly, a number of genes that cause retinal degenerations have not been cloned. A
more practical approach involves preventing apoptosis of the photoreceptor cell. The
advantage of this approach is that the causative mutation does not need to be known.
Developing a single therapeutic agent to target RP would also be economically more

favourable than developing multiple therapeutic agents.
The X-linked Inhibitor of Apoptosis (XIAP) can inhibit cell death from numerous
triggers both in vitro and in vivo. XIAP prevents apoptosis by binding to and inhibiting
caspase-3, -7 and —9. Work presented here shows that adeno-associated virus (AAV)

encoding XIAP is neuroprotective when injected sub-retinally in an acute retinal

i1



degeneration model in Sprague Dawley rats. In addition, transgenic mice overexpressing
XIAP throughout the neural retina have normal retinal morphology and their ERGs
appear normal. These findings suggest that XIAP holds promise as a therapeutic agent in

the treatment of hereditary retinal diseases such as retinitis pigmentosa.
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1 INTRODUCTION

1.1 The Retina

The retina is a complex neuronal tissue that is 500 pum thick and lines the back of
the eye (Fig. 1). Over most of its area, the vertebrate retina is comprised of six layers.
Starting at the back of the retina and moving toward the front of the eye are the outer
nuclear layer (ONL), the outer plexiform layer (OPL), the inner nuclear layer (INL), the
inner plexiform layer (IPL) the ganglion cell layer (GCL) and the optic fiber layer (OFL)
(Ross et al., 1995). The nuclear layers contain the cell bodies of the neurons and the
plexiform layers include axon to dendrite connections from the different cell types. The
ONL consists of two types of photoreceptors called rods and cones. In humans there are
approximately 120 million rods and 6 million cones. Rods are predominantly found in the
periphery of the retina whereas the cones are concentrated in central portion of the retina
called the macula. The retina is in contact with a layer of cells called the retinal pigment
epithelium (RPE). The RPE rests on the choroid which provides nutritive support for the
retina. The photoreceptors outer segments are in contact with the RPE. Rods make up
approximately 97% of the cells in the ONL of the mouse and mediate vision in dim light
(van Soest et al., 1999). Cones are responsible for detailed visual acuity and colour vision
and are found primarily in the center of the retina called the macula. In the rods and
cones, light is absorbed by visual pigments causing a biochemical change within the cells
leading to an electrical signal which stimulates the bipolar and horizontal cells in the

INL. The amacrine and bipolar cells of the INL synapse with the ganglion cells which



FIGURE 1. A schematic diagram of the retina illustrating the different layers and the
five different neuronal cell types. The Miiller cells are of glial origin (Ross et al., 1995).
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then transmit the signal through the optic nerve fiber, to the optic nerve and then to the

visual cortex where the resulting image is processed.

1.2 The Electroretinogram- an Objective Measure of Electroretinal Function

The full-field flash electroretinogram (ERG) is a widely used electrophysiological
measure (Marmor et al., 2003). It is a non-invasive measure that represents the electrical
activity of different cell types within the retina and is an invaluable tool in assessing
retinal function in humans (Robson and Frishman, 1998), primates (Khan et al., 2001),
and other animals (Peachey and Ball, 2003; Rangaswamy et al., 2003). The International
Society for Clinical Electrophysiology of Vision (ISCEV) was established in 1958 to
standardize certain electrophysiological responses in humans so that they could be
recorded comparably throughout the world (Marmor and Fishman, 1989). The first ERG
standards were established in 1989. After being updated in 1999 (Marmor and Zrenner,
1998), another update of the ISCEV standards took place in 2003 (Marmor et al., 2003).
Presently, no such standards are in place for non-primate mammals. This makes it
difficult to compare results in animals between experimental studies. Every lab may have
a different way of preparing and running the test. In addition, different ERG systems may
evoke different responses that can lead to different results using the same protocol.

In 1908, Einthoven and Jolly reported three components of the ERG waveform,
designating them as “a-”, “b-" and “c-waves” (Einthoven and Jolly, 1908). In 1933,
Granit suggested that the ERG consisted of three processes called PI, PII and PIII. PI, PII
and PIII correspond to the c-, b- and a-waves, respectively. Increasing ether narcosis in
the cat serially removed each process, PI followed by PII and then PIII (Granit, 1933). It

is now known that the c-wave of the ERG originates from the pigmented epithelium



(Noell, 1954; Steinberg et al., 1970). Most studies in humans and animals have focused
on the a- and b-wave components of the ERG (Fig. 2) (Bartz-Schmidt et al., 1996; Hood
and Birch, 1990; Nozaki et al., 1983). Each waveform has two parameters, the implicit
time or latency and the amplitude. The implicit time is the time from the stimulus to the
peak of activity and the amplitude is the voltage magnitude at the peak of activity. The
identification of the cellular origin of the ERG components has resulted from studying
either cone or rod predominant retinae of various species, using chemotoxic insult to
destroy specific retinal cell types (Vaegan and Millar, 1994; Xu et al., 1991),
microelectrode studies of various retinal layers (Green and Kapousta-Bruneau, 1999;
Grumet et al., 2000) and by observing the difference in ERG components by altering the
stimulus intensity, duration and wavelength (Gottvall and Textorius, 1997; Sieving and
Nino, 1988; Ueno et al., 2004).

For all the studies presented here, a scotopic-photopic intensity series was used to
generate ERG amplitudes over a range of stimulus intensities, ranging from 0.001 cd's/m?

to 25 cd's/m>.

1.2.1 The Phototransduction Cascade Contributes to a- and b-wave Components of
the ERG

How one sees an image is a complicated, stepwise process that involves photons
of light and cross talk between various cell types in the retina, prior to sending the final
image to the visual cortex in the brain. Opsin is a single polypeptide with seven
transmembrane o-helical domains that are embedded in the lipid bilayer of a specialized

photoreceptor organelle called a disc which is located in the outer segment of the

photoreceptor (Steinberg et al., 1980). Within a hydrophobic pocket of each opsin



FIGURE 2. The ERG waveform. The a-wave occurs as a result of the hyperpolarization
of photoreceptors and is indicated as a negative value. The implicit time (it) of the a-wave
is measured from the onset of the stimulus to the trough of the a-wave. The b-wave
commences at the trough of the a-wave and the amplitude is measured from the trough of
the a-wave. The implicit time of the b-wave is measured from the onset of the stimulus to
the maximal amplitude achieved in the b-wave. The b-wave occurs as a result of the
polarization of the bipolar cells in the inner retina.
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molecule, there is a chromophore derived from vitamin A called 11-cis retinal (Pepe et
al., 1987). This chromophore is covalently attached to a lysine residue in the seventh -
helix (Schertler et al., 1993). Opsin and 11-cis retinal together make up rhodopsin
(Palczewski et al., 2000). It is estimated that each rod photoreceptor contains 1000 discs
and each disc contains approximately 1 million rhodopsin elements. This translates to 1
billion rhodopsin elements per photoreceptor (Pepe, 1999).

In the dark, there is a current that is carried by Na" and Ca®" ions entering the
outer segment of a photoreceptor through guanosine 3°, 5’-cyclic monophosphate
(cGMP)-gated channels (Schwarzer et al., 2000). This constant flow of ions, known as
dark current, keeps the cytoplasmic membrane of the photoreceptors polarized (Ohyama
et al., 2000). When a photon of light is absorbed by rhodopsin, it becomes activated to
metarhodopsin, 11-cis retinal is isomerized to all-fzrans retinal and all-frans retinal
detaches from opsin. Metarhodopsin catalyzes the exchange of guanosine diphosphate
(GDP) for guanosine triphosphate (GTP) on many transducin G-proteins and the GTP
bound a-subunit of transducin (TGa) dissociates from the § and y subunits. One TGa,
binds and activates one phosphodiesterase (PDE) complex that subsequently hydrolyzes
about 1000 cGMP complexes to 5’~-GMP leading to the closure of the ionic channels.
This closing of the ion channels in the photoreceptor causes a hyperpolarization of the
cell and this negative electrical change can be measured as the a-wave of the ERG
(Olshevskaya et al., 2002).

As opposed to the a-wave, the b-wave of the ERG is initiated by membrane
depolarization (Tomita, 1963). Studies by Miller and Dowling (1970) showed that Miiller

cell responses were the only slow potentials observed that appeared similar to the ERG b-



wave form recordings in the mudpuppy retina. However, work in other species showed
that the bipolar cells are the major contributors to the b-wave (Hood and Birch, 1996;
Wurziger et al., 2001). It is possible that there are slight differences in origins of the b-

wave among species.

1.2.2 The Naka-Rushton Equation

The Naka-Rushton (NR) equation was first reported in 1966 (Naka and Rushton,
1966). Since then, it has been used extensively in humans to identify the responsiveness,
Ruuax, 0f the retina in a number of conditions (Balacco Gabrieli et al., 2003; Holopigian et
al., 2004; Roecker et al., 1992). The non-linear relationship between the intensity of light
and the amplitude of the ERG constitutes the luminance-response function that increases
with increasing stimulus intensity. This relationship can be described empirically by
fitting the b-wave amplitudes into the NR equation to generate a regression curve (Fig.
3). The equation, f = (Rua*(L")/((L")+(K")), generates 3 values, where Ry is saturated
amplitude of the response, K is the stimulus intensity at % Ryx and n proportional to the
slope of the curve fit at K. L is the luminance of the stimulus (Wali and Leguire, 1992).

Up until now, investigators have primarily used ONL thickness and maximal
amplitude as tools for mapping the disease course of genetic models of retinal
degeneration over time (Machida et al., 2000). Though informative, ONL thickness
measurements requires sacrificing the animal so that no further functional analysis can be
obtained. Reporting only the maximal amplitude may allow investigator bias to influence
outcomes. Fitting the ERG data with the NR equation from a large number of animals
with the retinal degeneration will allow investigators the ability to assess whether there is

functional protection of the retina over the course of disease without sacrificing the



FIGURE 3. The NR curve fit with the three parameters, Ry, K and n indicated. Ry is
the maximal response of the retina, K is the saturation intensity at %2 Ry and n is the
slope of the line at K. This curve fit was generated from an experimental animal used in
the lab.
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animal. Since all the degeneration models presented here have photoreceptor apoptosis as
their underlying pathology and R,y is related to the number of active photoreceptors, it

was decided to concentrate on analyzing changes in R yax.

1.3 Retinitis Pigmentosa

Retinitis Pigmentosa (RP) is the leading cause of hereditary blindness, estimated
to affect between 1 in 3000 and 1 in 5000 people (Pagon, 1988). It is a disease that
encompasses a group of genetic disorders, which result in the degeneration of the
photoreceptor cells within the retina. RP is a heterogeneous disorder that can be inherited
in an autosomal dominant, recessive or X-linked manner, and mitochondrial transmission
has also been linked to RP (Allard, 1983; Boughman et al., 1980; De Vivo, 1993;
Inglehearn, 1998; Wibrand et al., 2001). There are over 30 genes that when mutated, give
rise to the classic symptoms of RP (Daiger et al., 2002). The mutated proteins can be
structural proteins, transcription factors or proteins involved in the visual cascade. The
symptoms that are associated with RP include decreased ERG amplitudes, night
blindness and loss of the peripheral visual field. A fundus exam of an RP eye would
reveal small specks of melanin released by the RPE, giving the retina the classic “bone
spicule” appearance (Berson, 1973; Carr, 1969; Krill, 1972; Marmor, 1979; Merin and
Auerbach, 1976).

The cell type predominantly associated with the classic presentation of RP is the
rod photoreceptor cell. It is interesting to note that this cell has more mutations that cause
disease coupled with it than any other mammalian cell type (Travis, 1998). However,
mutations in other cell types are known to cause RP and other forms of retinal dystrophy.

For example, one form of Leber’s congenital amaurosis (LCA) is caused by a mutation in
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the RPE cells, specifically the RPE65 gene (Gu et al., 1997). Another point of interest is
that some genes have multiple mutations associated with them and depending on the
mutation, can give rise to different forms of retinal dystrophy. Cone-rod-otx-like (CRX)
1s a photoreceptor homeobox transcription factor that is associated with dominant cone-
rod dystrophy, recessive, dominant and de novo LCA and dominant RP (Freund et al.,
1997; Sohocki et al., 1998; Swaroop et al., 1999). These examples illustrate the complex
genetic heterogeneity of RP.

Though the term “retinitis pigmentosa” was first introduced over 140 years ago,
an effective treatment for this complex disease has yet to be found. Gene replacement
studies in a number of animal models have shown great promise in overcoming diseases
in which the causative mutation is known (Acland et al., 2001; Ali et al., 2000; Sarra et
al., 2001). However, this strategy is unlikely to become widely used for the treatment of
RP since there is a diverse array of mutations to contend with, many of which are still
unknown (Daiger et al.,, 2002). It has been well documented that irrespective of the
causative mutation that gives rise to RP, the end result is the same: photoreceptor cell
death by apoptosis (Adler, 1996; Luthert and Chong, 1998; Portera-Cailliau et al., 1994;
Wong, 1995).

Apoptosis, or programmed cell death, is the body’s normal method of disposing
of damaged, unwanted or unneeded cells. A family of intracellular cysteine
endopeptidases called caspases mediates this cellular programme. These caspases are
divided into initiator and effector caspases. Initiator caspases cleave other caspases and
effector caspases cleave numerous cellular substrates. This cascade of events leads to

DNA fragmentation, cell membrane blebbing and eventually cell death.
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In neurodegenerative diseases such as RP, mutations in photoreceptors lead to cell
loss via the apoptotic cascade. Recently, investigators have tried to exploit this finding in
an attempt to slow or prevent disease progression altogether. Several studies have
examined nutritional supplementation as a means to slow the progression of the disease
(Aonuma et al., 1997; el-Hifnawi el et al., 1995; Kiuchi et al., 2002; Li et al., 1998;
Pasantes-Morales et al., 2002; Thomson et al., 2002a). Other investigators have attempted
using caspase inhibitors (Bode and Wolfrum, 2003; Yoshizawa et al., 2002; Yoshizawa et
al., 2000) or other pharmacological agents (Carmody and Cotter, 2000; Fox et al., 2003;
Ranchon et al.,, 1999; Rotstein et al., 2003; Smith et al., 1988) to prevent the
photoreceptor cell loss due to RP. Two current areas of research that hold the greatest
promise for treating the numerous retinal dystrophies involve the use of survival
promoting factors, such as growth factors and cytokines (Cayouette et al., 1998; Frasson
et al., 1999; Green et al., 2001; LaVail et al., 1992; Okoye et al., 2003) which promote
photoreceptor survival, or anti-apoptotic proteins (Petrin et al., 2003; Tsang et al., 1997)
which inhibit key caspase enzymes to prevent photoreceptor cell death. These treatments

can be administered directly to the retina through viral gene therapy vectors.

1.4 Viral Vectors in the Treatment of Retinal Degenerations

The words “gene therapy” have evolved from being a term born in the minds of
science fiction writers to a clinically applicable tool in treating not only hereditary
diseases (Nguyen et al., 2002; Onodera et al., 1998; Zern et al., 1999), but also infectious
diseases (Haijema et al., 2004; Kamili et al., 2004; Li et al., 2003a), cancer (Hahn et al.,
2004; Stanziale et al., 2004; Wang et al., 2004) heart disease, (Bartlett et al., 2004) and

Fabry disease (Ziegler et al., 2004). The field of gene therapy has grown from the first
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clinical trial in 1989 (ADA protocol, 1990) to over 330 clinical trials using different viral
vectors and 113 nonviral approaches by 2001 (Marshall, 2001).

Since the advent of successful gene therapy clinical trials, researchers started to
apply gene therapy to retinal diseases (Ali et al., 1996; Jones et al., 1994; Sargan et al.,
1994). The retina is an ideal tissue for this technique for a number of reasons. First,
transfer of exogenous genes to the retina is simple using common surgical techniques as
opposed to deeply located organs such as the heart or liver. Secondly, the retina is
separated from systemic circulation such that if complications do occur, they would
likely remain within the eye. In addition, the blood-retinal barrier makes the eye an
immune privileged organ allowing the use of viral vectors to transfer genes to retinal cells

with little, if any, immune response (Sakamoto et al., 2001).

1.4.1 Retroviral Vectors

The first gene therapy trial used a retroviral vector to treat an adenosine
deanimase deficiency (ADA) patient in 1989 (1990). Exogenous genes that are encoded
in retroviruses achieve long-lasting gene expression since the gene integrates into the host
chromosome (Hauswirth and McInnes, 1998). Another attractive property of this virus is
the large cloning capacity allowing large promoters and regulating elements to be
included with the targeted gene (Murata et al., 1997). The relative safety in using this
vector made it attractive to treat retinal diseases, however, there has been little success
with this virus. The reason for this is that retroviruses only infect actively dividing cells
whereas the adult retina is post-mitotic (Sakamoto et al., 2001).

However, targeting the gene to the retina is possible using retinal-specific

promoters in early post-natal individuals. Investigators showed that by using an internal
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opsin promoter in a Moloney murine leukemia virus, gene expression of lacZ or jB-
phosphodiesterase (B-PDE) in photoreceptors can be achieved in explants from neonatal
mice (Kido et al., 1996). In the future, this avenue of treatment may be applied to early-
onset retinal degenerations in neonates where the mutation is known, prior to the onset of
terminal differentiation in the retina.

One problem that retroviruses can have is random insertion into the host genome
leading to insertional mutagenesis (Afanasieva et al., 2001; Hacein-Bey-Abina et al.,
2003). This event, in theory, can disrupt a critical gene necessary for a particular retinal
cell type to function properly, or by altering the expression of cell cycle regulators, can

cause undesired proliferation in the retina.

1.4.2 Lentiviral Vectors

Lentiviruses belong to a subfamily of retroviruses, examples of which are the
human immunodeficiency virus (HIV), simian immunodeficiency virus (SIV) and feline
immunodeficiency virus (FIV) (Browning et al., 2001). These viral vectors encode a coat
protein of another virus which alters the CD4+ T-cell tropism (Hauswirth and McInnes,
1998). This is known as pseudotype packaging. Pseudotyped lentiviruses have been
generated to encode viral coats from Vesicular Stomatitis virus, Mokola virus, Murine
leukemia virus and others (Duisit et al., 2002; Schnell et al., 2000). This has broadened
the tropism of the lentivirus allowing cells in rodent retinae to be targeted successfully
(Auricchio et al., 2001). Unlike their retroviral cousins, these viruses can infect both
dividing and post-mitotic cells. Their integration into the host genome also allows for

stable, long-term expression of target genes (Takahashi et al., 1999).
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Problems associated with retroviruses also apply to the lentiviral vectors.
Furthermore, the immune response of lentivirus has not been fully characterized and
there is a small potential for the recombinant vector to revert back to wild-type HIV

(Dejneka and Bennett, 2001).

1.4.3 Adenoviral Vectors

Adenovirus infection is common in humans and is responsible for the majority of
common cold cases. By removing non-essential DNA, adenoviral vectors can package
approximately 7.5kb of exogenous DNA and the deletion of early viral genes creates a
replication-defective virus (Bennett et al., 1996). These viruses can be grown to very high
titres with relative ease in the lab. The early onset of gene expression (within 24 hours)
(Thome et al., 1999) makes studying the effect of transgene expression in animals
desirable. Unlike the retro- and lentiviral vectors, however, the duration of gene
expression from adenoviral transduction is short-lived (Kreppel et al., 2002; Liang et al.,
2002). Though able to infect some retinal cells with ease, adenoviral vectors, which are
primarily serotype 5, (AdS) do not transduce healthy photoreceptors efficiently
(Sakamoto et al., 2001). Interestingly, these vectors can infect developing as well as
degenerating photoreceptors making them potential candidates for retinal gene therapy
(Dejneka and Bennett, 2001). Recently, however, strategies have been developed to
retarget adenoviral vectors to healthy photoreceptors. By pseudotyping an Ad5 vector
with the fibre protein of Ad37, photoreceptors were transduced in vivo by intravitreal
injection in approximately one-third of eyes along with the RPE (Von Seggern et al.,

2003). This surgical approach has advantages in that there is minimal disruption of the
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retina, however it may not transduce as many photoreceptors as a sub retinal injection
procedure.

One critical problem of adenoviral vectors is the immune response that it elicits
due to the virion and the production of numerous viral proteins needed for infection
(Martin-Martinez et al., 2004; Raper et al., 2003). However, the subretinal space is an
immune privileged site and adenoviral delivery of transgenes elicits minimal
inflammation indicating that adenoviruses could be used as gene therapy vectors (Anand

et al., 2002).

1.4.4 Encapsidated Adenovirus Minichromosomes (EAMs).

The inherent immunogenic problem associated with adenoviral vectors has lead to
the development of adenovirus minichromosomes (EAMs) (Kumar-Singh and Farber,
1998) or helper-dependent adenoviral vectors (hdAd) (Bramson et al., 2004). EAMs are
adenoviral vectors packaged into adenoviral virions, which lack all protein encoding viral
genes. The EAMs retain the beneficial properties of the parent adenovirus but reduce the
immunogenicity (Brown et al., 2004; Ehrhardt et al., 2003; Li et al., 2003b). In some
cases however, toxicity does occur after systemic administration of EAMs (Brunetti-
Pierri et al., 2004) The EAMs have an increased cloning capacity of 36kb which can
accommodate all known retinal genes including elaborate regulatory elements (Sargent et
al., 2004). One of the first reports used an EAM in a gene replacement strategy in the rd1
mouse (Kumar-Singh and Farber, 1998). The EAM vector containing B-PDE was
subretinally injected at postnatal day (PN) 5 or 6. Expression of the B-PDE mRNA

persisted for 18 weeks and expression of the exogenous protein was detected up to PN
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90. Since that study, reports have demonstrated stable long-term transgene expression
from improved EAMs in other animal models (Gilbert et al., 2003; Toietta et al., 2003).
However, in order to prepare EAMs, replication competent helper virus is
required and earlier attempts at removing all the helper viruses from the EAM
preparation proved difficult (Mitani et al., 1995). Recently, this problem has been
addressed by flanking the packaging signal of the helper virus with loxP sites. Upon
infecting 293 cells expressing Cre recombinase, this packaging signal is excised
preventing the helper virus genome from being packed into virions (Parks et al., 1996).
The helper virus retains the ability to provide all the necessary functions to grow and
package EAMs (Fisher et al., 1996). This methodology has greatly reduced the
contaminating helper virus to 0.1% of the EAM titre. This threshold still poses an
immunogenic problem in treating humans. Nevertheless, the EAMs are promising

candidates for treating retinal disease.

1.4.5 Adeno-associated Virus

Adeno-associated viruses (AAVs) are non-pathogenic human parvoviruses that
require a helper virus (adenovirus) to propagate (Laughlin et al., 1982). In the absence of
helper virus, AAV becomes replication defective and integrates at a preferred site called
AAVSlon chromosome 19q-13qter (Kotin et al., 1992; Kotin et al., 1991). It is able to
infect both dividing and non-dividing cells. It is unknown if recombinant AAV (rAAV)
integrates into the genome in a site specific fashion or remains episomal (Kearns et al.,
1996; Ponnazhagan et al., 1997). The optimal cloning capacity of this vector is the
smallest of all the viral vectors presented, up to 4.9kb (Dong et al., 1996). Despite the

limited cloning capacity, this vector infects photoreceptors efficiently and results in high
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levels of transgene expression (Al et al., 1996; Flannery et al., 1997). Depending on the
serotype that is used to package a gene of interest, optimal expression of the protein
product can begin as early as one day or as late as six weeks in neuronal cells (Green et
al., 2001; Wu et al., 2002). Transgene expression is long-lived lasting at least a year
following subretinal injection (Bennett et al., 1999; Guy et al., 1999; Nathwani et al.,
2002). All these features make AAV an ideal vector in the treatment of retinal

degenerations.

1.5 Models of Retinal Degeneration

1.5.1 Retinal Degeneration Induced by N-methyl-N-nitrosourea

N-methyl-N-nitrosourea (MNU) is an alkylating agent which has been used to
study mammary carcinogenesis in rats (Sukumar et al., 1983). In addition, MNU has been
used extensively to study acute photoreceptor cell death in various animal models
including mouse, rat, rabbit and hamster (Nambu et al, 1997; Ogino et al., 1993;
Taomoto et al., 1998; Yoshizawa et al., 1999). In rats, a dose of 75 mg/kg of MNU
initiates a cascade of events that begin with the formation of 7-methyldeoxyguanosine
DNA adduct formation which can be detected 12 hours post injection. Cell death in
photoreceptors peaks at 24 hours post injection and continues until seven days after MNU
treatment. Caspase activity peaks at 72 hours indicating that photoreceptor cell death

occurs via the apoptotic cascade (Yoshizawa et al., 1999).

1.5.2 P23H-3 Transgenic Rats

There are three lines of transgenic rats that carry the P23H mutation in rhodopsin

(LaVail, 2002) Line 3 (P23H-3) has an intermediate rate of loss of photoreceptors. Using
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a computer morphometric system, it has been documented that the ONL thickness drops
from approximately 45 um to 8 um over the course of one year (LaVail, 2002; Machida
et al.,, 2000). This correlates with a drop in a- and b-wave amplitude (Machida et al.,

2000).

1.5.3 P23H-1 and S334ter-4 Transgenic Rats

These two transgenic lines have similar rates of photoreceptor degeneration as
observed by the thinning of the ONL thickness. Over the course of six months, the ONL
thickness thins to approximately 4 um in both lines (LaVail, unpublished). This more
rapid onset of retinal degeneration is advantageous since it is slow enough for rAAV to
express XIAP, but fast enough to see reéults in a shorter time period than in the P23H-3

model, which takes approximately one year.
1.6 Mechanisms Linking Retinitis Pigmentosa to Apoptosis

Work in Drosophila has focused on determining the molecular mechanisms that
lead to photoreceptor cell loss via apoptosis. Investigators have demonstrated in a variety
of retinal degeneration mutants in Drosophila the formation of stable and persistent
complexes between rhodopsin and its regulatory protein arrestin (Alloway et al., 2000).
Arrestin is involved in the conversion of activated rhodopsin to its inactive state.
Furthermore, the accumulation of these complexes and their subsequent endocytosis via a

clathrin-mediated process, triggers photoreceptor apoptotic cell death (Kiselev et al.,

2000).

Work by Acharya et al. (2003) has shed further light into other molecules that

may be involved in photoreceptor degeneration in Drosophila. This group looked
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specifically at modulating the sphingolipid biosynthetic pathway in vivo and examined
the effects on flies with defects in clathrin-mediated endocytosis. Ceramidase was cloned
into an upstream activating sequence vector and expressed in the Drosophila eye.
Expression of ceramidase in an arrestin mutant rescued the degeneration phenotype and
ERG recordings showed functional preservation of the photoreceptors. Ceramide
accumulation in the control mutants correlated with photoreceptor cell death whereas in
the mutants expressing ceramidase, ceramide levels were reduced by 50%. The
investigators also looked at flies that had defects in clathrin-mediated endocytosis. One
specific mutation lies in the shibere gene which encodes dynamin guanosine
triphosphatase which is essential for clathrin-mediated endocytosis (van der Bliek and
Meyerowitz, 1991). This mutant undergoes retinal degeneration and photoreceptor cell
loss was suppressed when photoreceptors expressed ceramidase. These findings
demonstrated that clathrin-mediated endocytosis of rhodopsin is essential for
photoreceptor cell survival and that ceramide production is required for the
internalization process.

Another group has looked at the molecular mechanisms involved during light
induced photoreceptor apoptosis using mice that had mutations in rhodopsin or proteins
involved in the visual transduction cascade. It seems that depending on the intensity of
light, apoptosis can occur by different mechanisms. As stated earlier, there are a number
of proteins that are involved in the visual transduction cascade. Rhodopsin has been
shown to be involved in retinal phototoxicity (Noell and Albrecht, 1971). Photoreceptors
in rhodopsin-less mice, are completed protected from light-induced apoptosis (Grimm et

al., 2000). Another protein that is involved in the regeneration of 11-cis retinal is Rpe65
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(Grimm et al., 2000), a protein found in the RPE cells. Mice lacking Rpe65 are also
protected from light-induced photoreceptor apoptosis. However, unlike the previous two
proteins, c-fos, a proto-oncoprotein has been implicated in retinal degeneration. The loss
of c-fos and therefore the AP-1 transcription factor that it is a component of, eliminated
photoreceptor cell death under bright light conditions. Exactly how AP-1 induction leads
to photoreceptor cell death need to be determined (Hafezi et al., 1997).

Hao et al. (2002) looked at whether rhodopsin activation alone was sufficient to
cause light-induced photoreceptor cell loss or if there were other components further
downstream the visual cascade that could contribute to photoreceptor cell death. Mutant
mice were generated with mutations in rhodopsin kinase (Rhok-/-) and arrestin (Sag-/-).
These two proteins function to terminate the light-activated state of rhodopsin even in
low light conditions. Thus it can be deduced that these animals are in a state of
constitutive phototransduction signalling. In mice that do not have a transducin as well as
lacking rhodopsin kinase or arrestin, low levels of light failed in to induce photoreceptor
apoptosis which would occur in Rhok-/- and Sag-/- mutants. Therefore the second
pathway is induced by abnormal levels of activated rhodopsin in the Rhok-/- and Sag-/-
mutants leading to a transducin dependent degeneration that is independent of AP-1

activity.

1.7 Treatment of Retinitis Pigmentosa

1.7.1 Nutritional Supplementation
From the 1960s through to today, many clinical trials have been undertaken in the
hope that nutritional supplementation would be able to successfully retard disease

progression in RP patients. Several of the early studies used vitamins A and E, (Bergsma
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and Wolf, 1977; Berson et al., 1993a; Berson et al., 1993b; Chatzinoff et al., 1968;
Hanna, 1965; Li et al., 1998; Massof and Finkelstein, 1993) based on the fact that vitamin
A is a component of the abundant chromophores found in the disks of the photoreceptors,
and vitamin E is an antioxidant. The results of all these trials have remained
controversial, and it seems that these vitamins do not slow down the progression of RP.
However, recent studies have been published using animal models of retinal degeneration
that propose other nutritional supplements can protect photoreceptors from cell death.
These supplements include nicotinamide in an acute chemical model of retinal
degeneration (Kiuchi et al., 2003; Kiuchi et al., 2002), and xanthophylls and alpha-
tocopherols in light damage models in the Japanese quail and albino rat, respectively
(Aonuma et al, 1997; Thomson et al., 2002a; Thomson et al., 2002b). Lutein
supplementation has been implicated as a possible factor in improving vision but this was
based on patients that were self-tested over the internet (Dagnelie et al., 2000). Lutein
supplementation can increase macular pigment in some patients, however, this may not

translate to slowing disease progression (Aleman et al., 2001a).

1.7.2 Pharmacological Agents

To date, there has been no single therapeutic agent found to efficiently treat RP.
This is in part due to the inherent complexity of the disease. Much of the data concerning
pharmacological agents has come from light-damage models. In a rat light-damage
model, the use of naftidofuryl, when delivered intraperitoneally, partially protected
photoreceptors when compared with control animals (Safars et al., 1997). In other light-
damage models, activation of the glucocorticoid receptor suppresses activating protein

(AP-1) activity in albino BALB/c mice, which in turn prevented photoreceptor cell loss
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and preserved retinal function (Wenzel et al., 2001). Interestingly, c-fos deficient mice [c-
fos(-/-)] are protected against light damage since AP-1 activity remains low in
comparison to c-fos(+/+) mice. These results indicate that AP-1 plays a key role in
photoreceptor cell loss during prolonged exposure to light. In another study, rats that
received an intravitreal injection of luzindole, a melatonin antagonist, had stronger ERGs
and greater number of photoreceptors (Sugawara et al., 1998). Another group have shown
that dimethylthiourea (DMTU) and Ginkgo bilboa extract, a synthetic and naturally
occurring antioxidant respectively, both conferred structural and functional protection of
photoreceptors against light-induced retinal damage (Ranchon et al., 1999). In a retinal
explant model, the dopamine antagonists, 6-hydroxydopamine (6-OHDA) and pargyline
prevented. photoreceptor cell loss in #d/ mouse explants (Ogilvie and Speck, 2002). The
use of desmethyldeprenyl has also been proposed as a possible agent for slowing down
the progression of RP. Desmethyldeprenyl is a metabolite of the anti-Parkinson’s drug
deprenyl and exerts an anti-apoptotic response in neuronal cells by increasing the
expression of Bcl-2 and lowering the expression of Bax (Baumgartner, 2000). Though
first hypothesized several years ago, no data has since been published to support this

therapeutic approach.

1.7.3 Survival factors

Based on the fact that apoptosis of photoreceptors is a common theme among
most if not all forms of retinal degeneration, several investigators have attempted to use
cell survival factors to slow down disease progression in inherited dystrophies such as
RP. In addition to the phototoxic models described previously, much of the work on

growth factors used mice that have retinal dystrophies within certain strains or transgenic
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rats that are engineered to express a mutant photoreceptor protein that causes progressive
disease. These chronic genetic models are more relevant to the disease conditions that are

seen in the human population.

1.7.3a Ciliary Neurotrophic Factor

One of the first attempts to use survival factors to slow down retinal degeneration
was reported in 1997. This group used adenovirus encoding ciliary neurotrophic factor
(CNTF) injected intravitreally into the »d/ mouse (Cayouette and Gravel, 1997). In this
report, the ONL in the treated eye contained more rows of photoreceptor nuclei than in
the untreated eye up to 18 days after treatment. If CNTF protein was administered alone a
smaller but significant protective effect was observed up to 9 days post injection. Since
then, more reports on CNTF and analogues of CNTF in other animal models have shown
protective effects in the retina not only at the structural level, but at a functional level as
well (Cayouette et al.,, 1998; Chong et al., 1999; LaVail et al.,, 1998). LaVail and
colleagues determined the efficacy of a single intravitreal injection of CNTF on a light
damage model involving the Royal College of Surgeons (RCS) rat (LaVail et al., 1992).
CNTF was found to be neuroprotective of photoreceptors using this model. Another
study examined the use of rAAV-CNTF-GFP in the 7d2 mouse and the P23H and S334ter
rhodopsin transgenic rat lines. Viral delivery of CNTF resulted in structural protection of
the photoreceptors. However, the ERGs in the rd2 mice were not altered and in the rat
models, the eyes that received rAAV-GFP had higher ERG amplitudes than the ones that
received CNTF (Liang et al., 2001). These results are puzzling and there is an obvious
need to look at CNTF more closely in other animal models to see if the protective effects

can be extended to humans.



24

1.7.3b Brain Derived Neurotrophic Factor .

Another growth factor that has been used to treat photoreceptor apoptosis is brain
derived neurotrophic factor (BDNF). LaVail and colleagues undertook a comprehensive
study examining a series of neurotrophic factors including CNTF, Axokine (a mutein of
CNTF), neurotrophin-3, neurotrophin-4, leukemia inhibitory factor, basic fibroblast
growth factor, nerve growth factor, insulin-like growth factor II, as well as BDNF on
several rodent models of retinal degeneration (LaVail et al., 1998). LaVail and colleagues
also examined the effects of BDNF in the RCS rat (LaVail et al., 1992). Animals received
a single injection of each factor intravitreally two days prior to being exposed to constant
light for one week. BDNF was found to be protective in this phototoxic model and they
reported that 1 pL of BDNF (1 mg/mL) also slowed down degeneration in 10% of
nervous (nr) mice by four weeks post-injection but not in the other retinal degeneration
rodent models. In a retinal explant model, Caffe and colleagues (Caffe et al., 2001) found
that BDNF was able to maintain 3-4 rows of nuclei in the ONL by PN 28 as compared
with 2-3 rows in the rd/rd untreated control explant. However, when BDNF was used in
combination with CNTF, the number of rows of nuclei increased to 7-8. Interestingly,
when the retinal explant was cultured with its RPE the combination of CNTF + BDNF
prevented photoreceptor degeneration but opsin and arrestin expression were suppressed
as well (Caffe et al., 2001). This resulted in suppressed rod differentiation. It is unknown
whether this adverse effect would have any bearing on a mature retina that has completed
the differentiation process.

Another group used transplanted syngeneic Schwann cells in an attempt to rescue

photoreceptors. Schwann cells were isolated from PN 5-7 mouse pups and the cells were
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grafted into the subretinal space of PN 35 rho(-/-) mice. At PN 70 the eyes were taken for
analysis of various growth factors. They found that message for CNTF, BDNF and glial
cell-derived neurotrophic factor (GDNF) was expressed and that there was a localized
area of rescue where the cells were transplanted (Keegan et al., 2003). It is not known if
this transplant procedure yielded functional rescue since no ERGs were performed on
these animals. The same lab recently attempted using Schwann cells that secrete BDNF
in the RCS rat (Lawrence et al., 2004). A Schwann cell line (SCTM41) was transfected
with BDNF and these cells were injected into the subretinal space of three-week-old RCS
rats. To test for visual function, the investigators used a head tracking methodology and
found that the rats that received the BDNF transfected Schwann cells performed better
than sham-operated controls. As with the previous study, no ERG data was presented to
illustrate quantitatively the degree of functional protection in these animals. Histological
sections indicated that the rats that received the BDNF Schwann cells had a greater
number of photoreceptors and preservation of retinal structure than controls.

Another group has generated double transgenic mice with inducible expression of
BDNF in photoreceptors. The transgenic mouse was generated by crossing a mouse that
carried the reverse tetracycline transactivator under the control of the interphotoreceptor
retinoid-binding protein [IRBP (photoreceptor specific)] promoter with a mouse that had
the tetracycline response element (TRE) coupled to full-length rat BDNF cDNA. This
homozygous mouse was then crossed with a mouse with a rhodopsin mutation (Q344ter)
to yield triple hemizygous litters (IRBP/rtTA-TRE/BDNF-Q344ter), which were then
randomly put into doxycycline-treated or untreated (DOX+, DOX-) litters respectively. In

the DOX+ mice, there was expression of the BDNF gene at the mRNA level and ERGs
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showed preservation of retinal function and several rows of nuclei were preserved. On the
other hand, in the DOX- mice, there was an almost complete loss of photoreceptors with
only one row of nuclei remaining by day 21 (Okoye et al., 2003). These results contradict
the results presented by LaVail et al. (LaVail et al., 1998), which showed that BDNF did
not protect photoreceptors in the Q344ter rhodopsin mouse. The reason for this is that in
the LaVail study, animals were given a single bolus injection of the growth factors that
were used, possibly limiting the protective effect to a short period of time. The advantage
of the inducible transgenic model is that the expression of the gene of interest can be
controlled over a longer period, and if undesired effects are seen, gene expression can be

shut off.

1.7.3¢ Nerve Growth Factor

There have not been a lot of results published examining nerve growth factor
(NGF) as an agent to prevent photoreceptor cell loss. One study applied NGF via either a
single intraocular injection or multiple retro-ocular injections to determine if NGF
prevented photoreceptor loss in the C3H mouse (Lambiase and Aloe, 1996). A significant
increase in the ONL thickness was observed in treated animals in comparison to
untreated controls. Other groups have not found that NGF works as well as the other
growth factors (Caffe et al., 2001; LaVail et al., 1998). It may be too soon to rule out the

use of NGF without testing it further in other models using alternative delivery systems.

1.7.3d Glial Cell-Derived Neurotrophic Factor

GDNF has also been studied as a photoreceptor survival agent in various

degeneration models. One of the first reports to illustrate the protective effects of GDNF
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came from a study using the rd/ mouse (Frasson et al., 1999). GDNF was subretinally
injected into the rd/ mouse at 13 and 17 days of age. The mice were then subjected to
ERG analysis, and the retinae were processed for whole mount immunohistochemistry
using an anti-rod opsin antibody to count rod photoreceptors. No ERG traces were
observed in the sham treated or untreated controls. However, in the GDNF treated mice,
4 out of 10 animals had detectable traces. Cell counts also showed a greater number of
rods in the treated animals in comparison to the untreated or sham injected controls.
Work in another lab used recombinant adeno-associated virus encoding GDNF under the
control of the chicken beta actin promoter/immediate early cytomegalovirus enhancer
(rAAV-CBA-GDNF) in the S334ter transgenic rat model of RP. Immunohistochemistry
revealed that expression of the GDNF protein localized to the cell bodies, inner and outer
segments of the photoreceptor cells as well as the RPE. The retinal structure was
preserved as demonstrated by histology and there was functional improvement of the
ERG in the treated eye as compared to the untreated contralateral eye (McGee Sanftner et

al., 2001).

1.7.3e Fibroblast Growth Factor 2

Studies have also focused on using human basic fibroblast growth factor (hFGF2)
in preventing photoreceptor cell loss in animal models (Cao et al., 2001; Faktorovich et
al., 1990; LaVail et al., 1991). One group implanted encapsulated NIH 3T3 fibroblasts
that secrete human FGF2 in the vitreous of the RCS rat (Uteza et al., 1999). The
microcapsules were made from the biocompatible polymer AN69 and the fibroblasts
were able to survive in the capsules in vitro and in vivo for up to 90 days as a result of

being transfected with hFGF2. The microencapsulated cells were implanted at PN 21 and



28

were found to delay photoreceptor degeneration at 45 and 90 days post implantation. The
protective effect was limited to approximately 2 mm” and 0.95 mm” of the retinal surface
at 45 and 90 days, respectively. The area of protection was significantly smaller in
animals that received hFGF2-deficient fibroblasts. Encapsulated cells secreting growth
factors may be one way to promote cell survival in the short term, but delivery systems
that allow for constitutive expression of transgenes are clearly more favourable,
especially in dealing with the slow disease progression characteristic of RP. Lau et al.,
(2000) investigated using bovine FGF2 encoded in an AAV vector under the control of
the constitutive cytomegalovirus (CMV) promoter (Lau et al., 2000). This vector (rAAV-
CMV-bFGF2) was injected into the subretinal space of transgenic rats (S334ter-4
rhodopsin) at PN 15. Eyes that received the vector encoding FGF2 displayed a reduced
rate of degeneration in comparison to the contralateral control or rAAV-LacZ injected
eye as demonstrated by morphometric analysis. In addition to this finding, ERG
recordings showed functional protection in the eyes that received FGF2 in comparison to
the uninjected eyes. However, the ERG amplitudes from the FGF2 injected eyes were not
significantly larger than the eyes that received rAAV-LacZ. One possible explanation for
this observation is that endogenous growth factors are secreted due to the surgical
procedure performed on the retina. This study has emphasized the importance of
demonstrating functional protection in experiments where photoreceptor survival is being
sought and that counting of photoreceptor nuclei may not directly translate to
photoreceptor function.

However, there are also side effects that occurred after FGF2 administration

reported from different laboratories. Investigators observed in one study that all animals
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developed cataracts and an increase in neovascularization of the retina (Perry et al.,
1995). In another study a single intravitreal injection of 1 pg of FGF2 caused an increase
in Miiller cells, microglia, RPE cells, and astrocytes (Lewis et al., 1992). Moreover, two
different labs reported an infiltration of macrophages in the retina after intravitreal
injection of FGF2 (Faktorovich et al., 1990; Lewis et al., 1992). Despite the protective
effects reported using FGF2 in different animal models, the side effects are of concern

and FGF2 may not be a suitable candidate for gene therapy use.

1.7.3f Fibroblast Growth Factor 5 and 18

Two other fibroblast growth factors have also been tested for preventing
photoreceptor cell loss in raf models of RP (P23H and S334ter rhodopsin) (Green et al.,
2001). Here, rAAV-CMV-FGF-5 or —FGF-18 was subretinally injected into the animals.
Histologically, vthere was significant photoreceptor cell rescue when either growth factor
was used. However, this did not translate to preserved ERG responses (functional rescue)
in the treated eye as compared with the contralateral control. This effect may be
attributable to the injection procedure that causes retinal trauma, or it may be because the

growth factors were able to preserve cell bodies but not function.

1.7.3g Lens Epithelium Derived Growth Factor

Another growth factor that has been used as a photoreceptor protective agent is
lens epithelium-derived growth factor (LEDGF). This growth factor protects
photoreceptors from light damage in both the Lewis and RCS rats (Machida et al., 2001).
LEDGF was also used in a serum free rd/ mouse retina organ culture system (Ahuja et

al., 2001). At the end of 26 days the LEDGF treated rd/ mouse retina had increased
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photoreceptor survival and did not alter the expression and localization of opsin and
arrestin in the rod cells when the RPE was present. This differs from the finding of Caffe
et al., (2001) when CNTF was used in a similar experiment described above, emphasizing
that different growth factors can exert dissimilar effects on photoreceptors depending on
when they are expressed and also on how much of the growth factor is present in the

retinal microenvironment.

1.7.3h Pigment Epithelium-Derived Factor

Pigment epithelium-derived factor (PEDF) is a neurotrophic factor and a potent
inhibitor of angiogenesis (Simonovic et al., 2001). It is synthesized by RGC and RPE
cells (Ogata et al., 2002). In one study, 1ug of PEDF protein was intravitreally injected at
14 days in rd! and rds mice. The eyes were collected three days later and there was a
transient delay in the »d/ mice. In the rds mice there was no difference between the
PEDF treated eyes and the untreated eyes. This was attributed to the slower degeneration
rate in this line of mice (Cayouette et al., 1999).

Miyazaki et al. (2003) performed a subretinal injection with a simian lentiviral
vector encoding PEDF to treat the RCS rat and found histological protection
corresponding to the site of injection. TUNEL analysis showed fewer apoptotic cells in
the PEDF treated eyes than in the sham or untreated eyes. They also claimed that there
was functional protection, however, the data presented indicated that the ERG b-wave
amplitudes were essentially extinguished, calling into question whether PEDF is a

potential therapeutic agent in the treatment of retinal degenerations.
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1.7.3i Cytokines

Cytokines have also been studied as potential therapeutic agents for the treatment
of RP. In a light damage model in the RCS rat, researchers found that injecting certain
cytokines protected photoreceptors (LaVail et al., 1992). Interleukin-1 beta (IL-1B)
protected photoreceptors from light-induced damage. Protection was found to a lesser
extent with insulin-like growth factor II (IGF-II) and tumour necrosis factor alpha (TNF-
o). Another study confirmed these results obtained by LaVail’s group using IL-1§
(Whiteley et al., 2001). In this study, IL-1 was able to rescue photoreceptors in a dose
dependant manner using a much lower dose (the highest dose being 5 pug/mL) than was
reported by LaVail et al., (1992). Retinal structure was preserved and retinal function was

determined by an opto-kinetic response. Results were comparable to animals that were

treated with FGF2 at a dose of 1000 ng/mL (Faktorovich et al., 1992).
1.8 Apoptotic Suppressive Strategies in Treating Retinal Degenerations

1.8.1 Synthetic Caspase Inhibitors

A number of investigators have examined using caspase inhibitors to slow down
retinal degeneration. Apoptosis has been demonstrated to be prevalent in both natural and
transgenic animal models of retinal degeneration (Bode and Wolfrum, 2003; Liu et al.,
1999). In the S334ter rat, there is a C-terminal truncation in the rhodopsin transgene that
results in a progressive disease that is very similar to human RP. Caspase-3 activity
coincides with the rapid degeneration of photoreceptors. Using the tubby mouse, an
Usher syndrome 1 model, a time course experiment was set up to map out the progression

of the disease. Investigators found that during retinal differentiation no difference was
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evident between the tubby mice and wild type controls. However, TUNEL staining,
which is indicative of cells undergoing apoptosis, became prominent in the ONL of the
tubby mice retinae peaking at post-natal day 19, whereas in the wild type mice, no
TUNEL positive staining was detected. Administration of a caspase-1 inhibitor did not
reduce the number of apoptotic cells, while the use of a caspase-3 inhibitor did
significantly reduce the number of apoptotic photoreceptors (Bode and Wolfrum, 2003).
Ac-Asp-Glu-Val-aspartic acid aldehyde (Ac-DEVD-CHO) is a caspase-3 inhibitor that
has been used in both mouse and rat models of retinal degeneration (Chen et al., 2001;
Yoshizawa et al., 2002). In an acute model of retinal degeneration, using MNU in
Sprague Dawley rats, investigators found that treating the rats with Ac-DEVD-CHO
(4000ng) intravitreally at the time of MNU injection and 10 days post-MNU treatment
significantly reduced the number of apoptotic photoreceptors (Yoshizawa et al., 2000). In
a more recent study Tsubura’s lab used intraperitoneal injections of Ac-DEVD-CHO to
treat C3H mice. These mice have a naturally occurring mutation in rod-specific
phosphodiesterase. In the treated animals, the caspase inhibitor transiently delayed
photoreceptor degeneration based on TUNEL analysis of the photoreceptors (Yoshizawa
et al.,, 2002). Studies have also been done on a photoreceptor-derived cell line known as
661W using the synthetic caspase inhibitor benzyloxycarbonyl-Val-Ala-DL-Asp-[Ome]
fluoromethyl-ketone (Z-VAD.FMK). This pan-caspase synthetic peptide inhibitor was
shown to be protective after 661W cells were subjected to a cytotoxic insult (Tuohy et al.,
2002). The evidence described above lends support to the notion that inhibiting caspase

activity may be an effective way to prevent photoreceptor cell death i vivo.
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1.8.2 Bel-2

The B-cell lymphoma/leukemia 2 (Bcl-2) gene was the first member of the bcl-2
family of proteins discovered (Tsujimoto and Croce, 1986; Tsujimoto et al., 1984). At
that time greater than 80% of human follicular lymphomas carried a t(14;18)(q32;g21)
chromosome translocation that involved the bcl-2 gene and the immunoglobulin heavy
chain (IgH) locus. This translocation placed the bcl-2 open reading frame close to the IgH
enhancer, leading to increased expression of bel-2 (Tsujimoto et al., 1987). Bel-2 was the
first identified regulator of programmed cell death. To date, several members of the bcl-2
family have been discovered, and these include both anti-apoptotic and pro-apoptotic
members (Fig. 4) (Cory et al., 2003; Coultas and Strasser, 2003). Members of the family
control cytochrome-c release from the mitochondria, which is the first step in the intrinsic
apoptotic pathway (Susin et al., 1996).

The Bcl-2 family of apoptotic inhibitors have been studied extensively as
cytoprotective agents in a wide array of animal models (Chierzi et al., 1998; Fink et al.,
2003; Iwata et al., 2003; Jolicoeur et al., 2003; Levy et al., 2003). In the retina, anti-
apoptotic bcl-2 family member effects on retinal degeneration have been studied
extensively in transgenic mice (Chen et al., 1996; Eversole-Cire et al., 2000; Joseph and
Li, 1996; Shinoda et al., 2001; Strettoi and Volpini, 2002; Tsang et al., 1997). Transgenic
mouse lines over-expressing bcl-2 in the retina leads have retinal degeneration and the
speed and severity of the degeneration is dependent on the level of bel-2 over-expression
(Joseph and Li, 1996; Quiambao et al., 2001). Nevertheless, these mice have been
crossed with several different retinal degeneration mice and the effects on disease

progression have been examined. Bcl-2 and related anti-apoptotic family member over-
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FIGURE 4. Primary structure of known mammalian Bcl-2 family of proteins. Bcl-2
homology domains 1 through 4 (BH1-4) are indicated. TM is indicative of a
transmembrane domain.
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expression has also been tested in light damage models of retinal degeneration (Chen et
al., 1996; Joseph and Li, 1996; Shinoda et al., 2001). In general, the transgenic studies
either show no protection (Joseph and Li, 1996) or limited transient protection that lasts
little more than two weeks to under two months (Chen et al., 1996; Tsang et al., 1997).

In order to bypass potential developmental defects induced by transgenic bcl-2, an
adenoviral gene therapy approach has been used to increase bel-2 expression in the rd!
mouse (Bennett et al., 1998). Photoreceptor rescue was documented in these studies but
the experiment was terminated at the three-week time point, calling into question the

long-term efficacy of bel-2 in retinal degeneration.

1.8.3 Inhibitors of Apoptosis Proteins

In the mid nineties a novel anti-apoptotic protein that differed from the bcl-2
protein family was discovered in baculoviruses (Crook et al., 1993). The gene encoding
this protein was isolated from Cydia pomonella granulosis virus (CpGV) and was
designated an inhibitor of apoptosis (IAP) gene. The protein product of this gene was
found to block cellular apoptosis during baculovirus infection. Since then, multiple IAP
proteins have been found in fission and budding yeast, fruit fly, nematode and several
mammalian species (Deveraux and Reed, 1999; LaCasse et al., 1998). These proteins can
block cellular apoptosis from a wide array of triggers (Liston et al., 1996; Roy et al.,
1997). Members of the IAP family share a novel domain of ~70 amino acids with
conserved spacing of cysteine and histidine residues (Cx,Cx¢Wx3DxsHxsC) termed the
baculoviral IAP repeat (BIR) (Verhagen et al., 2001). This BIR motif was first described
by Miller and colleagues in two baculoviral genes, called Cp-IAP and Op-IAP,

respectively (Birnbaum et al., 1994). All members of the IAP family have at least one
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BIR domain although up to three BIRs within a protein have been reported. In addition to
the BIR domains, three of the IAP family members (X-linked IAP (XIAP), Human IAP 1
and 2 (HIAP 1 and 2)) also have a RING (really interesting new gene) zinc-finger domain
at their carboxy termini. This motif contains seven cysteines and one histidine residue
(CsHCy4) (Yang and Li, 2000) and confers E3 ubiquitin ligase activity (Lewis et al., 2004;
Yang et al., 2000). This allows these [APs to auto ubiquinate or to ubiquinate other
proteins. Proteins ubiquinated by XIAP include the caspases and Smac/DIABLO (second
mitochondria derived activator of caspases/direct AP binding with low P1), which bind
directly to the IAPs. These proteins are thereby targeted for proteosomal degradation
(MacFarlane et al., 2002; Suzuki et al., 2001). In addition, HIAP1 and 2 also have a
caspase recruitment domain (CARD) in between the last BIR and the RING domain (Fig.

5).

1.8.3a The X-linked Inhibitor if Apoptosis

XIAP has been studied extensively and has been referred to as the prototype IAP
family member (Holcik et al., 2001). It inhibits cell death by binding and directly
inhibiting specific initiator (caspase—9) and effector caspases (caspase-3 and -7). Distinct
BIR domains or the linker region between two BIR domains interact with different
caspases. Caspase-9 inhibition is modulated by XIAP’s BIR3 domain (Srinivasula et al.,
2001; Sun et al.,, 1999; Takahashi et al.,, 1998; Wu et al., 2000) whereas caspase-3
inhibition is mediated by the linker region between BIR1 and BIR2 and caspase-7
inhibition requires BIR2 and the linker region between BIR1 and BIR2 (Chai et al., 2001;
Ried] et al., 2001; Roy et al., 1997; Takahashi et al., 1998), This mechanism is distinct

from the bcl-2 family that acts within the mitochondria, which is further up the apoptotic
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FIGURE 5. The IAP family of the known mammalian anti-apoptotic proteins. The BIR
domains, which mediate caspase binding and inhibition, are present in all members. Four
of the seven members contain a RING finger motif.
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cascade. With bcl-2, other cell death triggers can be activated which bypass the
cytochrome-c release from the mitochondria and continue the apoptotic programme
leading to cell death.

However, XIAP’s anti-apoptotic activity does not stop there. XIAP has been
shown to indirectly inhibit the caspase cascade by acting as a cofactor in other signal
transduction pathways in the cell, which in turn inhibit programmed cell death.
Interestingly, these anti-apoptotic mechanisms do not involve the BIR domains (Lewis et
al., 2004). In tumour necrosis factor-a (TNFa) and caspase-1-induced apoptosis,
transforming growth factor-B-activated kinase (TAK1) and TAKI binding protein
(TAB1), link XIAP to mitogen activated protein kinase (MAPK) which activates c-jun N-
terminal protein kinase (JNK1), ﬁltimately preventing apoptosis (Sanna et al., 2002a). In
addition, human ILP-interacting protein (hILPIP) enhances XIAP-mediated activation of
JNK1 which in turn leads to cell survival (Sanna et al., 2002b).

XIAP’s interaction with TAK1 is not limited to the JNK pathway. XIAP is also
known to indirectly turn on NFxB gene transcription to promote cell survival via TAK1
(Hofer-Warbinek et al., 2000; Kucharczak et al., 2003). The BIR domains of XIAP bind
to TABI and this complex recruits TAK1. Using a dominant negative form of TAK] it
has been shown that XIAP down regulates NF«B transcription. TAK1 activates IxkB
kinase-B (IKKP) and phosphorylation of IkBa by IKK-B, dissociates the NFxB-IxBa
complex, allowing the NFkB p65 subunit to translocate to the nucleus and transcribe a
variety of target genes (Hofer-Warbinek et al., 2000) including XIAP. Thus, a positive

feed back loop promotes cell survival until the crisis has passed.
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1.8.3b Neuroprotection Using the Inhibitors of Apoptosis

The IAP family can prevent cell death at various stages of the apoptotic cascade,
including the “point of no return” by blocking caspase-3 activation from a wide array of
insults. Knowing this, the therapeutic potential of the IAP family and in particular XIAP,
is enormous for the treatment of neurodegenerative diseases such as RP. Using XIAP for
the treatment of retinal dystrophies in animal models is still in its infancy, but the
following neurodegenerative models have demonstrated the great promise of XIAP in
protecting post-mitotic neurons from apoptosis.

The first report of the neuroprotective effects that the IAPs demonstrated was
delayed apoptosis in cerebellar granule neurons in culture when the potassium content in
the medium was dropped from 25mM to 5 mM (Simons et al., 1999). This protection was
short-lived lasting only 24h, suggesting that in vitro, apoptosis of cerebellar granule

neurons is delayed but not blocked completely by over-expression of XIAP.

1.8.3¢ XIAP Neuroprotection in a Four Vessel Occlusion Model of Ischemia

An in vivo model for studying stroke involves permanent occlusion of the
vertebral arteries by electrocauterization, one day prior to ischemia. On the day of
ischemia the carotid arteries are tied off for 12 min. This method is known as four-vessel
occlusion (4-VO) (Pulsinelli and Buchan, 1988). In the rat, this procedure results in
transient forebrain ischemia causing delayed death of CA1 neurons in the hippocampus.
Active caspase-3 is elevated in CAl neurons after 4-VO, indicating that these cells die
via apoptosis. Adenovirally encoded XIAP under the control of the chicken beta-actin
(CBA) promoter delivered to the hippocampus was shown to prevent caspase-3 activation

and protect CA1 neurons in this model. More importantly, these protected CA1 neurons
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were proven to function normally, as demonstrated by spatial learning performance in the

Morris water maze two weeks after the ischemia (Xu et al., 1999).

1.8.3d XIAP Neuroprotection in MPTP Parkinson’s Models

Eberhardt et al., (2000) used ectopically expressed XIAP and GDNF in a 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of Parkinson’s
disease. Parkinson’s disease occurs as a result of the loss of dopaminergic neurons in the
substantia nigra pars compacta (SNpc) and apoptosis has been implicated as the
mechanism of cell loss in this disease (Waldmeier and Tatton, 2004). In the MPTP mouse
model, adenovirally encoded XIAP and GDNF, under the control of the CMV promoter,
were injected into the striatum either alone or in combination in 10-12 week old mice.
Mice were subsequently injected with MPTP hydrochloride five times at 24-hour
intervals one-week after adenoviral gene transfer and sacrificed seven days after the last
MPTP injection. The investigators found that XIAP rescued dopaminergic cell bodies in
the SNpc, but did not prevent the loss of dopaminergic terminal markers in the striatum.
GDNF had the opposite effect in that the terminal markers were preserved, but GDNF did
not prevent dopaminergic cell death. When used in combination, XIAP and GDNF acted
synergistically in preventing the loss of dopaminergic neurons and preserving the
dopaminergic terminals.

A transgenic mouse was generated with XIAP under the control of the neuronal
specific enolase (NSE) promoter. This model has distinct advantages over the virally
mediated expression of XIAP in that this tissue specific promoter would only express
XIAP in neuronal cells or cells of neuronal lineage (Crocker et al., 2003). These

transgenic mice developed normally and were found to express higher levels of XIAP in
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brain and more specifically in the SNpc, compared to wild type littermates. The non-
transgenic mice exposed to MPTP had a 40% reduction in dopaminergic neurons, while
the NSE-XIAP mice did not show a measurable loss of neurons after treatment with
MPTP. In the study by Eberhardt et al., (2000) the dopaminergic nerve terminals were
not protected by XIAP administration alone and required GDNF in combination to rescue
both the cells and the nerve terminals. In the transgenic study following MPTP treatment,
the wild-type mice had a significant loss of nerve terminals (>60%), whereas the NSE-
XIAP mice did not lose as many terminals following MPTP treatment (35% reduction)
(Crocker et al., 2003).

Since XIAP was able to confer histological protection of neurons, (Crocker et al.,
2003) the investigators wanted to determine if XIAP could also elicit functional
protection after MPTP treatment. When wild-type rodents are placed in the centre of a
field, they initially explore along the walls of the enclosure, which is known as
thigmotactic behaviour, prior to venturing to the centre. MPTP causes an increase in
thigmotaxis resulting in mice that rarely venture to the centre and stay in the corners of
the arena. Unlesioned mice and transgenic NSE-XIAP mice subjected to MPTP treatment
did not exhibit thigmotaxis suggesting that XIAP does provide functional protection at

the behavioural level.

1.8.3¢ XIAP Neuroprotection in a 6-hydroxydopamine Model of Parkinson’s

In another Parkinson’s disease model, investigators used 6-OHDA to study cell
death in cultured SH-SYSY neuroblastoma cells (von Coelln et al., 2001). An adenovirus
encoding XIAP (Ad-XIAP) was used to infect the cells to test whether they became

resistant to 6-OHDA induced apoptosis. Cells given Ad-XIAP showed greatly suppressed
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6-OHDA toxicity in comparison to Ad-LacZ infected control cells. These studies lend
credence to using XIAP to prevent apoptotic cell loss in post-mitotic neurons. In addition,
the use of neurotrophic co-factors in combination with XIAP may enhance the survival

and allow for increased retention of function in some neurodegenerative disorders.

1.8.3f XIAP Neuroprotection in Alzheimer’s Disease
Alzheimer’s disease (AD) is the most common neurodegenerative disorder and
affects >10% of the population over 65 and 50% of people over 85 years of age

(Waldmeier and Tatton, 2004). Signs of AD include progressive memory loss and

marked impairment in cognitive ability. The pathology of AD includes deposition of
amyloid-p peptide (AB) plaques, accumulation of intracellular neurofibrillary tangles and
pronounced hippocampal, septal and cortical neuronal cell loss due to apoptosis. AP
peptide formation is the result of the AP precursor protein (APP) being cleaved
predominantly by caspase-3 during apoptosis of hippocampal neurons (Gervais et al.,
1999). This multifactorial disease has proven difficult to treat due to the complex
neuropathophysiology. Though XIAP has not been used in AD animal models at this
time, there is evidence that XIAP can play a role in preventing neuronal cell loss in this
disease. AP plaque accumulation has been implicated as the hallmark of AD
pathogenesis, though it remains unclear as to why this leads to senile dementia in AD
patients. In an in vitro culture system, AP is toxic to cerebral endothelial cells (CECs)
and these cells exhibit apoptotic characteristics when exposed to AB. Caspases-8 and —3
are activated in CECs upon exposure to AP, and treating the cells with broad-spectrum

caspase inhibitors could inhibit cell death. Yin et al., (2002) found that Smac/DIABLO is
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released by the mitochondria, thereby sequestering XIAP and allowing the apoptotic
cascade to continue, leading to cell death. It is likely that over-expressing XIAP in AB
treated CECs would prevent these cells from an apoptotic fate. /n vivo transgenic mice
(APP23) have been developed that over-express the amyloid precursor protein causing
these mice to develop Alzheimer’s-like disease later on in life. Recently, a transgenic
mouse has been developed expressing XIAP under the control of the ubiquitin promoter
(Ub-XIAP). These Ub-XIAP mice express XIAP in all tissues and appear to develop
normally. Crossing these mice with the APP23 mice may lead to neuronal protection and

lessening of disease severity.

1.8.3g XIAP Neuroprotection in a Glaucoma Model

Though XIAP treatment in the retina is still in its infancy, other neuroprotective
models using XIAP in the eye have been reported. In a hypertensive rat model of
glaucoma, an AAV vector encoding CBA-XIAP was injected into the intravitreal space
of wild type rats. One month later, ocular hypertension was induced in the same eye by
injecting hypertonic saline into the limbus. This causes sclerosis of aqueous humor
outflow channels and a subsequent rise in intraocular pressure (IOP). This sustained
elevation in IOP was maintained for 12 weeks. AAV-XIAP significantly promoted optic
nerve axon survival compared to eyes treated with AAV-GFP or balanced salt solution.
This evidence demonstrates that XIAP does protect neuronal cells over a period of time
in a chronic disease model (McKinnon et al., 2001).

Axonal lesions in the CNS leads to apoptotic death of affected neurons. Optic
nerve (ON) axotomy in the adult rat results in 85% of ganglion cells dying within 14 days

(Garcia-Valenzuela et al., 1994). Adult rats were injected with an adenoviral vector
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encoding XIAP under the control of the CMV promoter into the optic nerve within 5
minutes of axotomy. After 14 days the operated eyes were removed and processed for
further analysis. Investigators showed that Ad.XIAP was as efficient as Ad.p35 in
rescuing retinal ganglion cells (RGCs) in this model (Kugler et al., 2000). More recently,
Straten et al., (2002) showed a synergistic effect when Ad.GDNF an Ad.XIAP were used
in concert in the same ON axotomy model. In this case, Ad.GDNF was delivered to the
vitreous and Ad. XIAP was delivered to the ON prior to the lesion.

Over the years, there have been many attempts at curing RP with no success.
Targeted gene replacement strategies have shown that in animals, rescue of a disease
phenotype is possible. However, this strategy is unlikely to become a mainstream
treatment protocol, since there are many mutations that cause RP and the cost of
developing each one for safety and efficacy would be enormous. The best candidates thus
far have been certain growth factors and anti-apoptotic proteins such as Bel-2 family
members and the IAP gene family. Growth factors may be problematic over the long
term because cells that express the secretable protein may continue to produce excess
protein that may lead to unforeseen retinal changes. However, it may be possible to create
an inducible system to switch on and off gene expression as required. The Bel-2 family is
of concern as well, since the transgenic mice that have been generated do undergo retinal
degeneration. The IAPs, in particular XIAP, have an added advantage in that they inhibit
the apoptotic cascade at multiple points in the apoptotic cascade. Ub-XIAP mice that
have been generated appear to have normal functioning retinae as demonstrated by ERG.
ERGs in mice are being recorded on an on going basis and at three months of age, appear

to retain ERG amplitudes comparable to wild-type controls (unpublished data).
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Another avenue of research in the treatment of RP that has not been explored lies
in the combination of XIAP and certain growth factors like GDNF. A synergism was
observed using this approach in an MPTP model of Parkinson’s disease (Eberhardt et al.,
2000) and a rat axotomy model (Straten et al., 2002). Coupled with an inducible system
and long-term expression vectors such as AAV, this combinational approach may lead to

prolonged vision in animal models of disease.

1.9 Overview of Thesis Research

Apoptotic suppressive strategies hold great promise for finding a cure or effective
treatment to prevent blindness caused by RP. One of the first reports to suggest that
visual function can be retained by blocking apoptosis was reported by Davidson and
Steller (1998). They found that mutant flies expressing p35, a baculoviral survival
protein, retained significant visual function over flies not expressing p35. This implies
that preventing photoreceptor cell death alone may be sufficient to delay, if not prevent
photoreceptor cell death in higher organisms. The X-linked inhibitor of apoptosis is a
potent inhibitor of caspases. In various animal models of neurodegeneration, XIAP has
demonstrated the ability to preserve neuronal cell structure and function alone or in
concert with GDNF (Perrelet et al., 2002; Xu et al., 1999). XIAP has not been used in any
animal models of retinal degeneration to date. The results presented here illustrate that
XIAP can protect photoreceptor cells at a histological and functional level in an acute
chemotoxic model of retinal degeneration. Moreover, given that MNU is such a potent
apoptotic trigger in photoreceptors (Yoshizawa et al.,, 1999), an MNU dose titration
experiment was carried out to determine a dose that would not completely extinguish the

ERG response. This MNU dose could be used to screen potential therapeutic agents that
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may slow down retinal degenerations. A similar MNU titration experiment was also
carried out in mice. In an age-related experiment, rats injected with XIAP sub-retinally
showed much larger b-wave amplitudes in the treated eye eight months post-injection. In
addition, transgenic mice have been generated that over-express XIAP in their
photoreceptors. The retinae in these mice develop normally and have normal ERG
responses (unpublished data). Since many stains of mice have retinal degenerations (rd),
the XIAP transgenic mice can be bred to the rd strains to observe whether the rd

phenotype can be rescued in the offspring.
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2 MATERIALS AND METHODS
2.1 METHODS FOR MNU PROTOCOL
2.1.1 Animals

Fifty-two 6-week-old, male Sprague-Dawley rats were purchased from Charles
River Laboratories (Wilmington, MA). The rats were cared for in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the
guidelines of the University of Ottawa Animal Care Committee. Rats were reared under
standard laboratory conditions (22 + 2°C, 60% + 10% relative humidity, and a 12-hour

light—dark cycle) and had free access to food and water throughout the experiment.

2.1.2 Construction of the rAAYV Vectors Expressing XIAP or GFP

A cDNA expression construct encoding the full-length human XIAP open reading
frame (ORF) including XIAP’s upstream IRES (Internal Ribosome Entry Site) element
was cloned into pCI vector (Promega). A hemaglutinin (HA) tag was engineered at the
N-terminus of the protein resulting in the formation of pCI-IRES-HA-XIAP. The Nhel
site in the pCI vector was knocked out and replaced with a Notl site at the 5° end of the
gene. Digesting the vector with Xhol and religating it made another construct without the
IRES element (pCI-HA-XIAP). The Notl fragments (IRES-HA-XIAP and HA-XIAP)
were then cloned into the pTRUF2 vector at the University of Florida (Gainesville,
Florida). This vector contains the terminal repeats (TR) of AAV and the UF designation
stands for user friendly. The pTRUF2 vector also contains the proximal murine rod opsin
promoter (+86 to —385) (MOP500), which restricts expression to the photoreceptors. The
resultant constructs, mOp-IRES-HA-XIAP-rAAV (rAAV-IRES-XIAP), mOp-HA-XIAP-

rAAV (rAAV-XIAP) and mOp- green fluorescent protein -rAAV (rAAV-GFP) (Fig. 6),



48

FIGURE 6. Vectors and constructs used in the generation of rAAV and transgenic mice.
Vectors A, B and C were used in the generation of recombinant adeno-associated virus.
Vectors D and E were the constructs used to generate transgenic mice expressing XIAP
under the control of the mouse opsin minimal promoter and ubiquitin promoter,
respectively.



aseJajsueinoydsoyd uvAwosu 403U Gu| ‘ausab souejsisal UIDAWOBU ;08U

uonesiidal jo uibLIo WNnWIUIW OPAS “CorAs Jojowold aseury suipiwAy) sniuasadiay g
Jejowold AJes pue JaoueyuD OPAS UGG Jaoueyus sniA ewojkod Wny
uoibai | abeyd 1O |} soyis uonejiuspei|od ¢Pelhyd
[eubis uonejAuspeijod sje] OPAS vd O¥AS [eubis iojdeooe pue Jouop aoids QrAS vs/as
sio0Wwold ¢) pue /| e/l Jajowoud jewuiw uisdo asnow dow
Jajowo.id uginbign an sjeadal [euillLB) AYY Nl
/ 1
. vd uouul
oidyus .
oot OVAS o 1} ObAS dex-oAwg o_____mwh an  opar >
: 3
/ 4/& L N._.\ﬂ
<“opan il Syd Jo8u d{"od| ‘wd deix-oAwg vs/ds dow ALy
a
<“—opor 8L v 08U *d|*0d| ‘wd deix-yH vs/as dow  Mlt—ormar
80)
Z ) Ay juue ! A SL]-
“open 8L vd 08U d[*od ‘'vd deix-yH-S3¥I vs/as dow 4l o5en >
g
<+opar {8l vd 08U d [*od)  ‘vd b vs/as dow  Pdltomsr




49

were used to package, purify, concentrate, and titre recombinant AAVs, as previously
described (Hauswirth et al., 2000; Zolotukhin et al., 1996). The titres of rAAV serotype 2
vectors using the opsin promoter (rAAV-IRES-XIAP, rAAV-XIAP and rAAV-GFP)
were adjusted to 4 X 10'? physical particles/mL. Ratios of physical-to-infectious particles
were all less than 100. For production of these vectors, a mini-Ad helper plasmid pDG
(Grimm et al., 1998) was co-transfected with the above vectors to produce rAAV vectors
with no detectable adenovirus or wild-type AAV contamination. After a 60 hour
incubation, rAAV was harvested by undergoing 3 freeze/thaw cycles and heat
inactivating pDG Ad at 56°C for 30 min. Cellular debris was pelleted out by
centrifugation and rAAV vectors were purified using iodixanol gradient/heparin-affinity
chromatography. Virus stocks were more than 99% pure, as judged by polyacrylamide
silver-stained gel electrophoresis at Dr. Hauswirth’s lab. Contaminating helper
adenovirus and wild-type AAV, assayed by serial dilution cytopathic effect or infectious

centre assay respectively, were below detection levels.

2.1.3 Subretinal Injections

Rats were anaesthetized by halothane gas inhalation for the entire injection
procedure. The subretinal injections were performed as previously described (Timmers et
al., 2001). Briefly, the right eye of each rat was dilated fully with 1% tropicamide and
2.5% phenylephrine hydrochloride (Alcon Canada, Mississauga, Ontario, Canada). A
drop of 0.5% proparacaine (Alcon Canada) was used as a topical anaesthetic. The
vibrissae of the rats were matted down with a lubricant (KY Jelly™; Johnson & Johnson,
New Brunswick, NJ) to obtain an unobstructed view of the eye. Hydroxypropyl

methylcellulose (Gonak; Akorn, Buffalo, NY) was applied to the cornea to keep the eye
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hydrated and to obtain a clear view of the retina. The cornea was punctured with a 28%-
gauge needle approximately 1 mm from the dilated pupillary margin. A 33-gauge blunt
needle (Hamilton, Reno, NV) was inserted through the corneal puncture, manoeuvred
around the lens displacing it medially, and advanced through the retina. A 2 uL volume
of virus with fluorescein tracer was injected into the subretinal matrix of the eye. The 33-
gauge blunt needle was slowly withdrawn and an anti-infective agent (Maxitrol™,
Alcon) was applied to the cornea to prevent infection. The subretinal injection induced a
localized retinal detachment that was readily visualized, due to the presence of the
fluorescein tracer. Sixteen rats were injected subretinally in the right eye with rAAV-
IRES-XIAP, thirty-six rats were injected with rAAV-XIAP, and 10 rats received rAAV-

GFP. Left eyes served as controls.

2.1.4 Experimental Procedure

MNU (Sigma, St. Louis, MO) was dissolved in physiological saline to a final
concentration of 10 mg/mL immediately before use and kept on ice. Six weeks after
unilateral subretinal injection of rAAV vectors, rats received a 60 mg/kg dose of MNU
by intraperitoneal (IP) injection. ERGs were recorded, and animals were sampled at 0,
24, 48, and 72 hours and at 1 week after MNU injection. Each time point had two animals
injected with rAAV-GFP, three animals with tAAV-IRES-XIAP, and six animals

injected with rAAV-XIAP.

2.1.5 Electroretinography

All rats were weighed and dark-adapted overnight before ERG analysis. Under

safelight conditions, rats were given an anesthetic cocktail consisting of 80 mg/kg
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ketamine and 6.4 mg/kg xylazine. Pupils were dilated with 1% tropicamide and a topical
anesthetic (0.5% proparacaine) was applied. DTL microconductive fibre electrodes were
placed on each eye. A gold minidisc reference electrode was moistened in saline and
placed on the tongue. A ground needle electrode was placed subcutaneously in the tail.
Hydroxypropyl methylcellulose was applied to both eyes to maintain corneal hydration
and to assist in the appropriate positioning of the DTL electrode. The rat was then
positioned inside a Ganzfeld (model GS2000; Nicolet Instruments, Madison, WI) facing
the rear of the globe. ERGs were amplified 50,000 times and recorded (Pathfinder 1I™;
Nicolet Instruments) with a band-pass filter of 0.3 to 300 Hz. Twenty ERG traces were
averaged over a luminance range of -3.0 to 1.4 log cd-s/m2. ERGs were recorded at pre-

treatment baseline (time 0) and at 24, 48, and 72 hours and 1 week after MNU injection.

2.1.6 Tissue Fixation and Processing

At each of the five time points, eleven animals (two GFP-treated, three IRES-
XIAP-treated and six XIAP-treated) were transcardially perfused with 4%
paraformaldehyde (PFA) for tissue fixation. The eyes were scored with a white-hot 18-
gauge needle before their removal for orientation purposes during embedding. After
enucleation, a portion of the cornea was removed, and the eyes were placed in 4% PFA
overnight. Eyes were washed three times in PBS, the lenses were removed, and the
eyecups were placed in 30% sucrose and left at 4°C until saturated. The eyes were then
placed in a 1:1 mixture of 30% sucrose-optimal cutting temperature (OCT) compound
and allowed to equilibrate in the mixture for 1 to 2 hours at 4°C. The left and right eye
cups from each rat were placed in plastic base molds, filled with 1:1 OCT-sucrose, cornea

side up, and aligned by their score mark. The mold was lowered carefully onto a Petri
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dish floating on liquid nitrogen. Once completely frozen, the moulds were transferred to a
-80°C freezer where they were stored until sectioned. Cryosections (16 um) were
prepared using a Shandon cryostat, air dried for 3 hours, and stored at -20°C with
desiccant. 4', -6-diamidino-2-phenylindole (DAPI) and haematoxylin and eosin staining

was performed according to standard protocols.

2.1.7 TUNEL Staining

Cell death assays were performed on retinal sections, by using a peroxidase in situ
detection kit according to the manufacturer’s instructions (Apotag Plus™, Intergen,

Purchase, NY). TUNEL sections were counterstained with eosin.

2.1.8 mRNA Expression Levels

Three rats were killed 12 weeks after undergoing a subretinal injection of rAAV-
XIAP. The eyes were enucleated and the retinae dissected. The retinae were either frozen
at —80°C or processed immediately. Retinae were suspended in an extraction reagent
(Trizol™; Gibco, Grand Island, NY) and homogenized. RNA was isolated as per the
manufacturers protocol and further purified (RNeasy™ column; Qiagen, Valencia, CA)
according to the manufacturer’s instructions. The purified RNA was quantitated using a
Beckman DU-640 spectrophotometer and real-time RT-PCR analysis (Tagman™,
Applied Biosystems, Foster City, CA) was performed on XIAP-injected eyes and
uninjected contralateral control eyes with XIAP-specific primers. The primers and probe
(5> GGTGATAAAGTAAAGTGCTTTCACTGT 3°, 6FAM-CAACATGCTAAATGG-
TATCCAGGGTGCAAATATC-TAMRA AND 5° TCAGTAGTTCTTACCAGACAC-

TCCTCAA 3’) span exon 3 and 4 of XIAP and overlap an intron-exon boundary to
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ensure that no genomic DNA was amplified. The RNA was reverse-transcribed using the
Tagman™ EZ TR-PCR kit in the ABI Prism 7700 Sequence Detection System™
(Applied Biosystems). Primers and probes were used at 600 nM and 200 nM
concentrations, respectively. The conditions for amplification were 50°C for 2 min, 60°C
for 30 min, and 95°C for 5 min followed by 45 cycles of PCR (94°C for 20 s, and 60°C
for 1 min). Primers for rodent glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
served as an RNA integrity control. The total amount of RNA used in the reactions was
25 and 100 ng. A DNAse treatment of the experimental samples was also performed to
ensure that the amplified product was not a result of contaminating DNA. To further
ensure that the resulting amplification was from cDNA and not genomic DNA, an RNase

treatment was performed on the samples.

2.1.9 Protein Expression Levels

Three rats were killed 6 weeks after receiving a subretinal injection of rAAV-
XIAP. The eyes were enucleated, and the retinae dissected. Each retina was sonicated in
200 uL RIPA buffer (50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% NP-
40, 0.25% Na-deoxycholate, 1 mM NaF, 1 mM Na;VO,, 1 mM phenylmethylsulfonyl
fluoride (PMSF), and 10 pg/mL each of leupeptin and aprotinin). Thirty micrograms of
protein from XIAP-injected retinae and uninjected contralateral controls were
electrophoresed on a denaturing 10% SDS polyacrylamide gel and transferred onto
polyvinylidene difluoride (PVDF) membrane (Immobilon P™; Millipore, Bedford, MA).
Blots were probed with antibodies to RIAP3 (rat XIAP) or to the HA epitope tag (Roche
Molecular Biochemicals, Indianapolis, IN). The secondary antibodies used for anti-

RIAP3 and anti-HA were anti-rabbit and anti-rat horseradish peroxidase, respectively.
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2.2 METHODS FOR MNU DOSE RESPONSE
2.2.1 Animals

Twenty male Sprague-Dawley rats, age three weeks, were purchased from
Charles River Laboratories (Wilmington, MA). They were housed at the University of
Ottawa Health Sciences Centre and cared for under the guidelines outlined in the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research and the University
of Ottawa Animal Care Committee. Rats were reared on a diurnal cycle at 22°C + 2°C
with 60% = 10% relative humidity and had free access to food and water throughout the

duration of the experiment.

2.2.2 Experimental Procedure

Rats were placed into five groups (n=4) and weighed prior to being injected
intraperitoneally. MNU (Pfaltz and Bauer) was dissolved in cold physiological saline to a
concentration of 5 mg/mL and kept on ice immediately prior to use. Each group of four
animals received a subsequently higher dose of MNU: 20, 30, 40, 50 and 60 mg/kg,
respectively. After the one-week time point ERG, animals were euthanized by CO,

overdose.

2.2.3 Electroretinography

All rats were weighed and dark-adapted overnight prior to ERG recordings. Under
safelight conditions, rats were anaesthetized using an 80 mg/kg ketamine and 6.4 mg/kg
xylazine cocktail. Both pupils were dilated with 1% tropicamide and anaesthetized using
0.5% proparacaine. Goniosoft™ (2.5% hydroxypropyl methylcellulose OcuSoft;

Richmond TX) was placed on the eyes to keep them hydrated during ERG recordings.
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Platinum wire loop electrodes were placed on the central cornea of each eye using an
electrician’s third hand. A gold reference mini-disc electrode was moistened with PBS
and placed in the mouth. A subcutaneous needle electrode was placed in the tail as a
ground. Inter-electrode impedances were balanced and maintained below 5 Kohms. The
rat was placed on a table on a heated pad to prevent heat loss and the Ganzfeld
(Espion™, Diagnosys LLC, Littleton, MA) was positioned over the animal’s head using
an articulated arm assembly. Binocular ERGs were recorded at 11 luminance levels, the
electroretinal signals were amplified 10,000 x and bandpass filtered between 0.3-300 Hz.
Six artifact-free ERG traces of 250 ms were averaged for every intensity over a
luminance range of —3.0 to 1.4 log cd.s/m”. For each averaged ERG tracing the a-wave
and b-wave peak latency and amplitudes were determined through visual inspection. The
a- and b-wave peak latency and amplitudes were determined at pre-treatment baseline
(T0), 24 (T24), 72 (T72) hours and one-week (1 WK) at which point the animals were
euthanized.

The electroretinography protocol presented above was also used for all transgenic

rat lines as well as the wild type and transgenic mice.

2.3.4 Naka-Rushton Analysis

For each rat, the averaged ERG peak latencies and amplitude values of the a-
waves and b-waves were exported to MS-Excel worksheets. The b-wave amplitude
values for each eye were then imported into SigmaPlot 8.0 and a plot of luminance vs. b-
wave amplitude was constructed for each intensity series. The data were fitted using the

NR equation: = (Rua*(L"))/((L")+(K")) where Rmax is the maximum b-wave amplitude
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attained, L is the luminance, n is the slope of the response function and logK is the
luminance where the b-wave amplitude was %2 Ryax.

The Ry data obtained from the 40 eyes were analyzed by repeated measures
analysis of variance (ANOVA), and post-hoc analysis for specific dose effect on the

responsiveness and sensitivity was determined.

2.3 METHODS FOR ELECTRORETINOGRAPHY ON MICE

Mice had their ERGs recorded on the Espion™ system using the same scotopic-
photopic intensity series outlined above. The only difference from the rat protocol was

that DTL fibre eye electrodes were used in place of the platinum wire electrodes.

2.4 METHODS FOR MNU DOSE RESPONSE IN MICE

Wild type C57Black/6 mice were injected with different doses of MNU. Five
groups of four mice were injected with 20, 25, 30, 35 and 40 mg/kg of MNU IP,
respectively. Baseline ERGs were taken prior to MNU treatment. Mice had their ERGs
recorded one-week post-MNU treatment. The b-wave amplitudes of each group of mice
were averaged and NR plots were generated. An ANOVA was performed to see if there

was any significant difference between the five groups.

2.5 METHODS FOR AGE RELATED STUDY OF ANIMALS INJECTED WITH
rAAV-XIAP

Four animals were injected at six weeks of age with rAAV-XIAP in the right eye.
These animals had their ERGs recorded as outlined above on the Espion™ system on a

periodic basis to compare treated versus untreated eyes. The amplitudes for treated and
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untreated eyes at each intensity was averaged (n-=4) and a Student’s t-test was performed

to determine if there was a significant difference between eyes.

2.6 METHODS FOR GENE THERAPY USING rAAV-XIAP in GENETIC
MODELS OF RP

2.6.1 P23H-3 Naka-Rushton Plots

P23H line 3 (P23H-3) transgenic rats were obtained from Matt LaVail (University
of California, San Francisco). This line has a gradual retinal degeneration that progresses
over the course of more than one year. Homozygous rats were bred with wild type
Spraéue-Dawley rats to produce heterozygous offspring. At approximately two weeks of
age (when the eyes open) the rats were subretinally injected in the right eye with rAAV-
XIAP (or rAAV-GFP as a control). Left eyes served as uninjected controls. The
progression of disease was monitored by ERG over a period of more than a year (from

177 to 455 days). The ERG protocol used is outlined in section 2.2.3

2.6.2 P23H-1 and S334ter-4 Naka-Rushton Plots

P23H line 1 (P23H-1) and S334ter line 4 (S334ter-4) have a retinal degeneration
that is much more rapid in its progression than P23H-3. This disease completes its course
over a period of five to six months instead of over a year. Similarly, to P23H-3, P23H-1
and S334ter-4 were subretinally injected in the right eye with rAAV-XIAP (or rAAV-
GFP) at two weeks of age. Disease progression was monitored over the next four months

by ERG (see section 2.2.3 for protocol).
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2.7 METHODS FOR DEVELOPING TRANSGENIC MICE

Animals were housed at the University of Ottawa’s Health Science Animal Care
Facility. Mice were reared on a diurnal cycle at 22°C + 2°C with 60% = 10% relative
humidity and had free access to food and water throughout the duration of the
experiment. The generation of the transgenic mice took place in the barrier facility at the
University of Ottawa.

Transgenic mice were developed using the pTRUF2 vector containing the mop-
GFP, mOp-IRES-HA-XIAP construct, the mOp-6myc-XIAP construct and the Ub
(ubiquitin)-6myc-XIAP construct (Fig. 6). The DNA was microinjected into
C3H/C57/Black 6 mouse zygotes. This service was provided by Dr. Kothary’s lab at the
University of Ottawa. Protein and mRNA levels were assessed as described previously.
In addition, Western blot detection of the 6-myc epitope tag was carried out using anti-
myc antibody from Sigma. ERG analysis was carried out on wild type and transgenic
mice as previously stated (section 2.6). Genotyping for mice was carried out by Southern
blot and/or PCR. Southern analysis was carried out by digesting the mouse-tail DNA with
EcoR1 and BamH]1 overnight. The DNA was electrophoresed on a 0.75% agarose gel at
4°C at low voltage. The gel was post-stained with ethidium bromide and photographed.
The DNA was transferred to a nylon membrane using the capillary transfer technique.
The open reading frame of the cDNA of human XIAP was radiolabled with aP*.-dCTP
and used to probe the mouse Southern for the transgene. For PCR the following
conditions were used. For the mice containing the HA tag the forward primer was 5°
GAGACACCCTTTCCTTTCTTTA 3’ and the reverse was 5> ATTTATCCTCCAAAC-

CTGGACA 3. The cycling conditions for this primer set was 95°C for 2 min, then 30
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cycles of PCR (94°C for 1 min, 60°C for 1 min and 68°C for 1 min 30 s) followed by a
hold at 4°C until the samples were retrieved. This resulted in the generation of a 600 bp
product in the positive samples. For the mice containing the mouse opsin promoter and
the 6-myc tag, the primer set was 5> CTAGATTAAAGTCCTTTCAGAACTG 3’ and 5
TTTCTTGGAAGATTTGTTGAATTTG 3°, resulting in an amplicon of 283 bp. The
cycling parameters were: denaturation of DNA at 95°C for 2 min then PCR (94°C for 45
s, 66°C for 1 min, 68°C for 2 min) for 35 cycles followed by a hold at 16°C. In some
samples a second primer set was used (5° GCCCAGAACATCATCCCTG 3’ and 5°
CAGTGAGCTTCCCGTTCAG 3°) to amplify rodent GAPDH (an 82 bp amplicon) to
ensure the integrity of the DNA. The cycling conditions used to amplify the XIAP and
GAPDH amplicons in the same reaction were 95°C for 2 min followed by PCR (94°C for
45 s, 55°C for 1 min and 68°C for 1 min) for 35 cycles. For the ubiquitin promoter
construct the primer set was 5> CAGGATCCATGTCTGATGCTGTGAGTTCTG 3’ and
5> GACTCGAGCTAAGTAGTTCTTACCAGACAC 3. The cycling parameters were
one cycle at 94°C for 10 min followed by 35 cycles at 50°C for 2 min, 72°C for 1 min and
94°C for 2 min. The resulting 364 bp product is a portion of XIAP’s BIR 3 domain. In all
the PCRs, the primer concentrations were 200 nM. The probe for the Southern blot was

the XIAP cDNA OREF.

2.7.1 Electroretinography of Transgenic Mice and Wild type Littermates

The scotopic-photopic ERG series used for mice in section 2.7 was also used in

this experimental series.
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2.7.2 Tissue Fixation and Processing of Mouse Retinal Sections

Procedures for collecting sections were the same for rats and mice with the
following exceptions. Transgenic and wild type mice were transcardially perfused with
10 mL of PBS followed by 10 mL of 4% PFA. Eyes were not scored prior to removal. 10
um thick retinal sections were collected. DAPI, H&E were carried out using standard
procedures. Immunohistochemistry was performed using the following primary

antibodies; anti-myc, -rhodopsin and -glial fibrillary acidic protein (GFAP)

2.8 STATISTICAL ANALYSIS

For the MNU dose response experiments and mapping the degeneration over time
in the transgenic rat lines an ANOVA was used. Simple linear regression was also used in

charting disease progression. For the age related study a Student’s t-test was used.
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3 RESULTS
3.1 The Electroretinogram

3.1.1 The Intensity Series

Figure 7 shows a typical scotopic-photopic ERG response from a wild type
Sprague-Dawley rat (SD 19). Intensities of light presented are -3.0 to 1.4 log cd's/m®. As
the intensity of light increases, the b-wave amplitude increases and the latency decreases.
The a-wave amplitude becomes more prominent, showing an increase in
hyperpolarization of photoreceptors at higher intensities while the a-wave latency
decreases. Oscillatory potentials (OPs) become apparent around the third intensity (0.006
cd's/m”) and more pronounced as the flash intensity increases. The maximal b-wave
amplitude typically occurs between the eighth and tenth intensity inclusive (Table 1).
This extensive raw data can be analyzed using the NR equation [ =

(Ruax*(L"))/((L")+(K")) to yield comparisons between intraocular and interocular ERGs.

3.1.2 ERG Traces in Mice

Figure 8 is typical intensity series of a wild type mouse. Of note are the
oscillatory potentials which are noticeable from the first intensity (0.001 cd's/m?) and the

maximum b-wave amplitude in mice is typically on the second or third OP.

3.1.3 The Naka-Rushton Equation

The NR equation was developed by W.A.H. Rushton, an electrophysiologist and
K.I. Naka, a mathematician in the mid-1960s (Naka and Rushton, 1966) and measures the

responsiveness of the retina. This function condenses the b-wave
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FIGURE 7. Scotopic-photopic intensity series of a wild type rat. This rat has been
labelled Sprague-Dawley 19 (SD 19). Panel A is the series for the left eye (OS) and panel
B is the right eye (OD). The plus signs identify the peaks of the a- and b-waves. Each
trace is an average of at least 4 traces at the same intensity. For simplicity, in cases where
the left and right eyes are being presented, the left eye will always be on the left side of
the page in subsequent figures. The log values of the intensities are presented beside each
trace on the right side of panel B. OPs are a subcomponent of the ERG seen on the
ascending limb of the b-wave. The bipolar and amacrine cells are the probable generators
of the OPs and are thought to reflect neuronal synaptic activity in inhibitory feedback
circuits generated by the amacrine cells in the inner retina (Wachtmeister, 1998).
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TABLE 1. Raw data table of the scotopic-photopic intensity series for rat SD 19. Every
intensity series presents the raw data in this format. For every flash, four data values are
generated per eye. These are the a-wave and b-wave latency and amplitude values. The a-
wave values are presented as a negative number due to the hyperpolarization of the
photoreceptors. The b-wave amplitude is a positive value that begins at the trough of the

a-wave.



wave form |eye| step |latency lamplitude| wave form |eye| step |latency |amplitude
a-wave |OD|1.1.5| 40 2.963 b-wave |OD|1.1.5| 82 48.25
a-wave |0S|1.25| 36 -7.814 b-wave [0S|1.25| 91 93.51
a-wave |OD|2.1.5| 30 9.707 b-wave |OD|2.1.5| 79 65.25
a-wave |0S(225| 31 7.443 b-wave |0S|225| 88 117
a-wave |OD|3.1.5| 25 17.87 b-wave |OD|3.1.5| 78 86.98
a-wave |0S8|3.25| 27 12.19 b-wave |0S|3.25| 84 175.6
a-wave |OD|4.1.5| 24 -13.38 b-wave |OD 4.1.5| 68 148.5
a-wave |0S|4.25| 23 -18.73 b-wave |0S|4.25| 76 230.5
a-wave |(OD|5.1.5| 21 1.85 b-wave |OD|5.1.5| 66 145
a-wave |0S|525| 23 -4.243 b-wave |0S|5.2.5| 63 204.7
a-wave |OD|6.1.5| 21 -18.08 b-wave [|OD|6.1.5| 60 177.5
a-wave |0S|6.25| 21 -32.98 b-wave |0S|6.25| 58 271.1
a-wave |OD|7.15| 20 -63.86 b-wave |OD|7.1.5| 61 234.7
a-wave |0S|7.25| 19 -93.81 b-wave |0S|7.25| 59 330.5
a-wave |0OD|8.1.5| 18 -91.88 b-wave |OD|8.1.5| 59 313.6
a-wave |0S|8.25| 16 -113.7 b-wave [0S|8.25| 57 421.4
a-wave (OD|9.1.5| 16 -134 b-wave |OD|9.1.5| 56 367.6
a-wave |0S[9.25| 14 -178.5 b-wave [0S|9.25| 54 498.3
a-wave |OD|10.1.5 14 -143.9 b-wave |OD|10.1.5| 55 362
a-wave [0S|10.2.5] 10 -183.1 b-wave |0S[10.2.5| 54 504
a-wave |OD|11.1.5] 7 -139.4 b-wave [OD|11.1.5] 54 371.4
a-wave |0OS|[11.25 7 -182.6 b-wave |0S|11.2.5 53 531.8
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FIGURE 8. Scotopic-photopic intensity series for a wild type C57Black/6 mouse.
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amplitude data from each flash intensity step into a single curve fit. Figure 9 is an NR
plot for the right and left eyes of 2 rats. The Rmax values for the first rat (Fig. 9, panel A
and B) are 946.34 and 870.16 for the left and right eyes, respectively. The calculated
difference in Ry« between the eyes is 9%. For the second rat (Fig. 9, panel C and D) the
Rmax values for the left and right eyes are 631.52 and 442.34, which corresponds to a 30%
difference in retinal responsiveness between the eyes. Therefore, differences in baseline
values between the left and right eye are considered before an animal is included in a

study whenever possible.

3.2 Dilation Effects

Published ERG methods with albino rats have always used 1% tropicamide to
dilate the pupils (Aleman et al., 2001b; Timmers et al., 2001). In order to see if this had
an effect on Rmax, rats were tested under different dilation conditions. NR plots were
generated from animals that were tested on four consecutive days (Fig. 10). Table 2A
summarizes the Ry, values obtained from both animals. Overall, the NR analysis showed
variability in ERG profiles from day—té—day. This appears to be independent of dilation
status. However, interocular comparisons of Rp. in both animals did not show
significant differences (< 17%) day-to-day whether the animals had their pupils dilated or
not the only exception being in rat D1 on 26/09/01 where the Ryax values differed by
24%.

In addition to looking at dilation effects, the NR plots shown in figure 10 also
serve to show the test/re-test applicability of the Espion™ system. In dark-adapted

humans, ERG amplitudes can vary up to 20% from one test series to the
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FIGURE 9. NR plots of two wild type rats. The Rpmax Values between the left (A) and
right (B) eyes of this rat differ by 9% whereas in the second rat the left (C) and right (D)
eyes are differ by 30%. When possible, rats that show significant differences between
eyes at baseline are removed from the study.
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FIGURE 10. NR plots from four consecutive days of ERGs on two wild type rats after
various dilation procedures were performed on each eye on different days. The left (A)
and right (B) eyes are of rat D1. The left and right eyes of rat D2 are represented in panel
C and D, respectively.
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TABLE 2. (A) Ry values of rats D1 and D2 over four consecutive test days. (B)
Calculated differences in Ryax between individual eyes and the average Rpay obtained
over the course of four days.



Rat D1 Rat D2
Rmax Rmax
Test Date 0S oD 0S oD
24/09/01 OD dilated 738.93 | 715.14 | 652.12 | 654.36
25/09/01 OS dilated 882.14 | 971.61 | 918.87 | 1084.21
26/09/01 neither dilated | 1138.84 | 871.11 | 1107.03 | 1124.16
27/09/01 both dilated 973.14 | 1138.08 | 999.32 | 1009.27
Animl Date | 0D e rage Difrence
D1 24-Sep 738.93 194.33 >20%
25-Sep 882.14 51.12 <20%
26-Sep 1138.84 | -205.58 >20%
27-Sep 973.14 -39.88 <20%
Average | 93326
D2 24-Sep 654.36 313.64 >20%
25-Sep 1084.21 -116.21 <20%
26-Sep | 112416 | -156.16 <20%
27-Sep 1009.27 -41.27 <20%
Average | 968,00
Animal Date 0S
D1 24-Sep 715.14 208.85 >20%
25-Sep 971.61 -47.62 <20%
26-Sep 871.11 52.87 <20%
27-Sep 1138.08 | -214.10 >20%
Average | 923,99
D2 24-Sep 652.12 267.21 >20%
25-Sep 918.87 0.46 <20%
26-Sep | 1107.03 | -187.69 >20%
27-Sep 999.32 -79.98 <20%
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next (Grover et al., 2003). No published data on rodents is available as to whether or not
the same effect holds true. The average Rn..x values over the course of four days for the
left and right eyes of rat D1 were 923.99 and 933.26, respectively. For rat D2 the values
were 919.34 and 968.00 for the left and right eyes. On two out of the four days of testing,
both the left and right eye of rat D1 had R, values that differed less than 20% of the
average. The left eye of rat D2 showed a similar trend as the eyes of rat D1. The right eye
of rat D2 had Ry values that differed less than 20% of the average on three out of the
four days of testing (Table 2B). It should be noted that the +/- differences from each eye
are have a random distribution (see Table 2B).

The scotopic-photopic intensity series was also tested on a pigmented rat strain
known as Long Evans. The intensity showed no gross differences in the ERG waveform

compared to the Sprague-Dawley strain (data not shown).

3.3 MNU Dose Titration in Sprague Dawley Rats

3.3.1 Naka-Rushton analysis

Baseline NR plots were generated for OS and OD for all dosages (Fig. 11). An
ANOVA test revealed that the Rma values between the left and right eye were not
significantly different (F(1,8)=0.529; p<0.49 F crit=5.32). In addition, there was no
significant difference in Rpmax between the different dose groups (F(4,5)=3.83; p<0.09 F
crit=5.19).

Since there was no significant difference in the NR plots between OS and OD,
only the NR plots from the right eye are presented here. However, all ANOVA analyses
include data from both eyes. For animals at the 20 and 30mg/kg dose there were no

significant decreases in Rmsx from Tp to 1w, post MNU (Fig.12 and
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FIGURE 11. OS and OD baseline NR plots. Panel A (OS) and panel B (OD) are the
baseline NR plots of each eye for all the dose groups. Each curve was obtained by
averaging the b-wave amplitudes of each group (n=4), and fitting the average to the NR
equation.
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FIGURE 12. NR plots for the right eye at various doses post-MNU. This figure
illustrates the effect of MNU dosage over the course of one week. Panel A is the OD
baseline plot. Panel B is 24 hours post MNU injection. Panel C is 72 hours post MNU
injection and panel D is one-week post MNU. Each curve is the average b-wave
amplitude for four animals.
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TABLE 3. Average Rmax values of each dose group over time (A). There were four
animals in each dose group. B is a summary table of the ANOVA of all the dose groups
illustrating the change of Rpyax from TO to TIWk. The ns designates non significance
(p<0.05). The F critical value in all the dose groups was 2.94668.
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Table 3). In striking contrast, there were highly significant decreases in Ry at 1y for
those animals receiving MNU in dosages ranging from 40-60 mg/kg. These dosage-
dependent reductions in Ry.x were readily apparent within 24 hours following MNU
administration (T24, F=35.1, p<0.00000019) and remained significantly decreased at
one-week post MNU (Table 3 and Fig. 12). In figure 12 panels A through D illustrate the
NR curve fitting for animals at all five doses.

At the 40 mg/kg dose there was a significant decrease in Ryay at the 24h-time
point (Fig. 12B) and this value did not change significantly at 72h and at one week (Fig.
12C, D). At 50 and 60 mg/kg, there was an initial significant decrease in the Rmax value at
24 hours post-MNU treatment which decreased further by 72 hours. There were no
significant differences in Ru,y at the one-week time point in comparison to the 72h time

point (Fig. 12A-D).

3.4 MNU Dose Response in Mice

Figure 13 shows the baseline NR plots from the left (panel A) and the right eyes
(panel B) of mice prior to MNU treatment. Each dose group had four mice. An ANOVA
test indicated that there was no significant difference in Rmax between the left and right
eye (F(1,8)=0.76; p<0.41, F crit =5.32) and between the different dose groups
(F(4,5)=1.83; p<0.26, F crit=5.19). Figure 14 shows the NR plots after one-week post
MNU injection. ANOVA revealed that there was no significant difference between the
two eyes at each dose after MNU treatment (F(1,8)=0.05; p<0.833, F crit=5.32). At this
one-week time point, there was no significant difference in Rmay at the 20, 25 and 30
mg/kg doses (F(2,3)=3.00; p<0.19, F crit=9.55). However, the 35 mg/kg dose is

significantly ~ different in Rpa in comparisons to doses 20-30 mgkg
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FIGURE 13. Baseline NR plots in wild type mice prior to MNU dosing for the left (A)
and right (B) eyes. Each plot is an average of four animals.
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FIGURE 14. NR plots post MNU in C57/Black6 mice. Panel A and B are the plots of the
left and right eyes, respectively at one-week post MNU. Each plot represents an average
of four animals.
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(F(3,4)=29.91; p<0.0034, F crit=6.59) and this difference is much more pronounced
when the 40 mg/kg dose is included in the analysis (F(4,5)=56.51; p<0.0002, F
crit=5.19). The 40 mg/kg dose caused extinction of the b-wave in the mouse ERG (Fig.

14A, B).

3.5 XIAP Protects Photoreceptors from Chemotoxic Insult

The purpose of this experiment was to test the therapeutic effects of rAAV-XIAP

in a MNU induced model of retinal degeneration.

3.5.1 XIAP Over-expression in the Retina

Real-time PCR analysis (7agman™; Applied Biosystems) with primers specific
to human XIAP (but which also cross-hybridize to endogenous rat IAP) verified XIAP
over-expression in the rAAV-XIAP-injected eye in relation to endogenous IAP levels in
the uninjected eye (Fig. 15). GAPDH was used as an internal control to confirm the
integrity of the mRNA. Western blot analysis confirmed that over-expression of XIAP
also occurred at the protein level (Fig. 16). The XIAP injected retina showed high levels
of HA-tagged protein, which was absent in the contralateral control (Fig. 16A). Studies
with the RIAP3 antibody (which binds with both the human XIAP transgene and the
endogenous rat IAP) showed a clear over-expression in the XIAP-injected eye in
comparison with the contralateral uninjected eye (Fig. 16B). Given that the protein
extract was made from the whole retina, and only a fraction of the retina was covered by
the subretinal injection, the level of XIAP over-expression at the site of the injection

would be even greater than the Western blot indicates.
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FIGURE 15. XIAP transgene mRNA is over-expressed in animals subretinally injected
with rAAV-XIAP Tagman™ analysis of retinal samples at 12 weeks following injection
shows that expression of XIAP mRNA is 13 fold greater in the eyes that received rAAV-
XIAP than in the uninjected controls (GAPDH was used as a normalizing internal
control). RNase treatment of samples abolished the amplification signal.
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FIGURE 16. HA-XIAP protein is expressed in eyes treated with rAAV-XIAP. The
Western blot confirms XIAP over-expression in the right eye of a rat given a subretinal
injection of rAAV-XIAP. Retinae were harvested at 12 weeks post injection of AAV-
XIAP. Evidence for the presence of the transgene is found in (A), which was probed with
an antibody to the HA tagged protein. The level of over-expression is shown in (B),
which was probed with an antibody to riap3. This antibody reacts with endogenous rat
IAP as well as the XIAP transgene. Arrows: bands of interest.
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3.5.2 TUNEL Staining

To assess whether XIAP protects the photoreceptor cells from acute chemotoxic
insult with MNU, TUNEL staining was performed. At 24 hours after MNU treatment, the
rAAV-XIAP—-injected eye showed significantly fewer TUNEL-positive (apoptotic) cells
than the uninjected eye of the same animal (Fig. 17). Eyes that received a rAAV-GFP

subretinal injection had apoptotic profiles similar to those of uninjected controls.

3.5.3 Morphological Protection of Photoreceptors

Haematoxylin and eosin (H&E) and DAPI staining techniques were used to assess
the degree of morphological protection by XIAP against MNU-induced photoreceptor
apoptosis. Loss of photoreceptors was not evident at 24 hours after MNU, although the
rAAV-XIAP injected eyes showed fewer TUNEL positive cells. With both H&E and
DAPI staining, the retinal morphologies of the rAAV-GFP injected, rAAV-XIAP injected
and uninjected eyes were indistinguishable (Figs. 18A-C, 19C, 19D). At 48 hours there
was widespread destruction of the photoreceptors in the uninjected and GFP-injected eye,
whereas the rAAV-XIAP-injected eye showed preservation of the ONL (Figs. 18D-F;
Figs. 19E, 19F). The differences between AAV-XIAP-injected and control eyes were
further accentuated at 72 hours post-MNU, when there was virtually complete destruction
of the ONL in the uninjected and rAAV-GFP—injected eyes, but continued protection
from apoptosis in the rAAV-XIAP—injected eye (Figs. 18G-I; Figs. 19G, 19H). At 1
week, the photoreceptors of the control eyes were essentially destroyed, whereas rAAV-
XIAP—treated retinae still showed structural integrity of the photoreceptors at the
injection site (Figs. 18J-L, Figs. 191, 19J). Overall, XIAP-injected eyes showed

histological ~protection of the ONL in 66% of the animals (four
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FIGURE 17. XIAP protects photoreceptor cells from apoptosis. TUNEL staining at 24
hours post MNU treatment. Note the fewer TUNEL-positive cells in the ONL of the
XIAP-injected right eye (B) in comparison with the uninjected left eye (A). 400x
magnification
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FIGURE 18. XIAP preserves photoreceptor structure post MNU injection. Retinal H &
E sections at selected time points after MNU injection. No histological differences were
apparent at 24 hours after MNU (A, B, C). By 48 hours after MNU, the XIAP injected
ONL (F) had many more photoreceptor nuclei than in the GFP injected eye (D) or
uninjected control (E). Differences were much more pronounced at 72 hours (compare I
with G, H). At 1 week, XIAP injected eye showed preserved morphology of the ONL (L)
however, this layer had completely degenerated in the GFP injected (J) and uninjected
control (K). 400x magnification
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FIGURE 19. XIAP prevents photoreceptor cell loss post MNU injection. DAPI staining
of XIAP injected (B, D, F, H, J) and uninjected (A, C, E, G, I) retinae. Morphological
integrity was preserved in the XIAP treated ONL up to 1 week after MNU treatment. The
ONL had degenerated in uninjected retinae at 72 hours and 1 week (G and I,
respectively). 400x magnification
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of six) at each of the time points tested. The greatest degree of protection was seen in the
vicinity of the subretinal injection. Protection diminished and eventually disappeared,

moving away from the injection site.

3.5.4 Functional Protection of Photoreceptors against MNU

ERG recordings were taken to ascertain whether functional protection correlated
with histological rescue at designated times after MNU treatment. At 24 hours after
MNU, both the XIAP-treated and the contrbl eye showed reductions in both the a- and b-
wave amplitudes indicating that functional changes preceded structural alterations. This
trend continued at the 48- and 72-hour time points. However, at 1 week after MNU, the
uninjected eye showed an extinguished ERG, whereas the rAAV-XIAP-treated eye
showed a diminished but recordable ERG response in two of the four animals that
showed morphological protection (Fig. 20). These animals had b-wave amplitudes of
10.2 and 26.0 pV at an intensity of 0.25 cd's/m2. The average normal b-wave amplitude
at this intensity is 206.4 + 81.2 uV. Thus, the 1-week ERG in the rAAV-XIAP—treated
eyes retained 5% to 15% of the b-wave amplitude in comparison with the pre-MNU

baseline.

3.6 Age Related Study of rAAV-XIAP Treated Rats

The four rats that were chosen for this study were extra animals that were left
over from the MNU protocol. These animals had their ERGs recorded seven months after
being injected sub-retinally with rAAV-XIAP. Figure 21 shows the average b-wave

amplitudes between the treated eye (OD) and the untreated eye (OS) of four animals.
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FIGURE 20. XIAP preserves retinal function post MNU injection. Representative full-
field flash ERGs from a control rat (two upper traces) before MNU injection. The lower
two traces are ERGs from a XIAP-treated right eye (OD) and untreated left eye (OS) of
an experimental subject at 7 days after MNU treatment. The intensity of the flash in all
four traces was 0.25 cd's/m’>. The XIAP-treated eye showed a recordable ERG with
greatly reduced a- and b-wave amplitudes. The unprotected eye showed an extinguished
and nonrecordable ERG trace.
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FIGURE 21. XIAP improves photoreceptor function in aging rats. Average of ERG
amplitudes across the 11 stimulus intensities of four animals treated with XIAP in the
right eye at seven months post injection. * indicates significant difference in amplitude
between OD and OS as determined by Student’s t-test (p < 0.05).
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There is a statistically significant difference in ERG amplitude through the first eight
intensities as demonstrated by a Student’s t-test (p < 0.05). All animals had a stronger b-
wave response in the treated eye through the first three intensity steps. Two out of four
had stronger b-wave amplitudes through the first eight steps and one animal had a

stronger response in the treated eye at all eleven intensities.

3.7 XIAP Gene Therapy in Three Transgenic Rat Models of Retinal Degeneration

The P23H and S334ter-4 transgenic rats carry autosomal dominant mutations in
rhodopsin that cause a progressive retinal degeneration that is similar to retinitis
pigmentosa in humans. These lines of rats were obtained for the purpose of conducting

gene therapy studies with rAAV-XIAP.

3.7.1 P23H Transgenic Rats

The NR plots show a steady decline in Ruay in both eyes over time (Fig. 22).
There were no observed differences between the injected eyes that received rAAV-XIAP
and the GFP injected or uninjected eyes. The reasons for this will be addressed in the

discussion.

3.7.2 P23H-1 and S334ter-4 Transgenic Rats

The rapid degeneration of lines P23H-1 and S334ter-4 is shown by the Rpax
values which at 48 days are already significantly lower than the P23H-3 line was at 177
days ((F(1,20)=30.18; p<0.00002, F crit=4.35) for P23H-1 and (F(1,20)=37.79;
p<0.000005, F crit=4.35) for S334ter-4, respectively). Moreover, the NR plots are
reduced in the injected eyes of both transgenic models (Fig. 23, 24) in comparison to the

non-injected left eye. This reduction in the injected eyes was not observed in the
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FIGURE 22. NR plots over time in untreated (A) and XIAP treated (B) eyes in the
P23H-3 transgenic rat line. Each plot is an average of a minimum of 8 rats. The left eye
served as an uninjected control. The trend shows a steady decline in retinal
responsiveness over time. However, there are not any significant differences between the
XIAP treated and uninjected eyes.
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FIGURE 23. NR plots over time of the left (A) and XIAP treated right (B) eyes in the
P23H-1 line of transgenic rats. Each plot is an average of a minimum of 8 rats.
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FIGURE 24. NR plots of the left (A) and XIAP treated right (B) eyes in the S334ter-4
line of transgenic rats over time. Each plot is an average of a minimum of 12 rats.
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P23H-3 model (Fig. 22). However it should be noted that the injection procedure often
causes damage which resolves with time. Since the P23H-1 and S334ter-4 rats were
examined at earlier time points than the P23H-3 rats, this difference between eyes may
not be significant anci might possibly resolve in time if these animals continued to be
monitored.

Figures 25 and 26 are the NR plots of the GFP animals in the P23H-1 and
S334ter-4 transgenic rats, respectively. There were fewer animals in these treatment
groups than in the XIAP treated groups and the rate of loss in ERG response is more
variable than in the XIAP treated animals.

In looking at Rmax reduction over time, in the P23H-1 line (Fig. 27A) there is a
30% greater loss in Ry in the left eye than in the treated eye over the course of the
disease. In the S334ter-4 line (Fig. 27B) a similar trend is observed, with a greater
reduction in Ry in the left eye (42%) over the course of time than in the injected eye.

The significance of this will be addressed in the discussion.

3.8 The Generation of Transgenics Over-expressing XIAP in the Retina

A study that was run concurrently with the gene therapy experiments was the
generation of mice that had a photoreceptor specific promoter driving the expression of
XIAP. The reason for generating these mice was to cross them with mice that have
existing retinal degeneration (rd) phenotypes. It was hoped that the resulting offspring
would have a reduced rate of photoreceptor cell loss and retain a functional ERG for an
extended duration over affected littermates without the transgene. There were two

attempts made to generate transgenic mice that over-expressed XIAP in the retina. The
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FIGURE 25. P23H-1 NR plots of GFP treated animals over time. Panel A, untreated
(OS) panel B, GFP treated (OD). ERG recordings were taken from a minimum of four
animals at each time point.
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FIGURE 26. S334ter-4 NR plots of GFP treated animals over time. Panel A, untreated
(OS) panel B, GFP treated (OD). ERG recordings were taken from a minimum of four
animals at each time point.
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FIGURE 27. Regression analysis of Ry, values for P23H-1 (A) and S334ter-4 (B) rats
over time. Note the more rapid decrease of Ry values in the uninjected eye over time in
both transgenic lines.
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first attempt used the MOP500-IRES-HA-XIAP construct. This construct contained the
HA-tagged XIAP driven by the mouse opsin minimal promoter. The endogenous IRES
element of XIAP was included in the construct since in cell culture experiments the IRES
element allowed XIAP translation under cellular stress, when cap dependent translation
was shut down (Holcik and Korneluk, 2000; Holcik et al., 2000). A number of lines of
transgenic mice were found to carry the transgene as demonstrated by PCR (Fig. 28A). In
addition, real time quantitative PCR revealed that the mRNA of XIAP was expressed at
varying levels in the different lines (Fig. 28B). Care was taken to ensure that the RNA
quantity was equal in each sample as measured by spectrophotometry and that they were
free of genomic contamination by pretreating the RNA with DNAse. Standard deviation
was calculated based on triplicate samples. However, Western analysis failed to detect
XIAP protein derived from the transgene (Fig. 28C).

Since, in the chemotoxic model there was protection from the XIAP construct that
did not contain the IRES element but no protection from the construct that contained
IRES, another transgene was engineered that had the IRES element excised. In addition,
the HA-tag was replaced by the 6myc-tag, which often works better in
immunohistochemistry applications. The resulting construct MOP500-6myc-XIAP was
used to generate transgenic mice. Three lines of mice were found to harbour the
transgene as demonstrated by PCR (Fig. 29A). Though there was XIAP mRNA
expression, (Fig. 29B) these mice still failed to express XIAP protein (Fig. 29C) in the
retina.

At the same time as the MOPS500-6myc-XIAP mouse lines were being

characterized, Peter Liston had generated a transgenic mouse that had the ubiquitin
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FIGURE 28. Expression of XIAP mRNA and protein in MOP500-IRES-HA-XIAP mice.
Panel A. PCR amplification of a 600bp fragment of the MOP500-IRES-HA-XIAP
transgene from mouse-tail DNA. This is an F, generation litter. Lanes 1 and 11, 1kb
ladder. Lane 10 is the water control. Panel B shows the mRNA expression levels from the
4 founder lines. Panel C is the Western blot analysis of transgenic and wild type litter
mates retinae using the RIAP3 antibody. Lanes 3-5 and 7-8 are transgenic mice.
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FIGURE 29. Expression of XIAP mRNA and protein in MOP500-6myc-XIAP mice.
Panel A. PCR amplification of a 283bp fragment of the BIR3 domain of human XIAP in
MOP500-6myc-XIAP transgenic mice. Rodent GAPDH was in all reactions as a DNA
control. Panel B illustrates the various levels of over-expression in three lines of
transgenic mice. Panel C is a Western blot of wild type and transgenic littermate retinae
using the RIAP3 antibody. Lane 1 is the positive control sample of Ub-6myc-XIAP brain
demonstrating a 10kDa shift due to the myc tag added to the transgene. Note that the
MOP500-6myc-XIAP transgenic mice do not express the protein.
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promoter driving XIAP (Ub-6myc-XIAP). These mice were analyzed to determine
whether they were appropriate for studying retinal degenerations. A random selection of
heterozygous and homozygous mice showed a normal ERG and NR plots comparable to
wild type littermates (Fig.30).

The Ub-6myc-XIAP mice expressed XIAP throughout the neural retina as shown
by antibody staining of the 6-myc tag (Fig. 31). Histological sections revealed that the
mice have normal retinal morphology (Fig. 32 A-C). A number of antibodies were used
on retinal sections in wild type, and in XIAP hetero- and homozygous mice to determine
if retinal morphology was altered due to XIAP over-expression. Anti rthodopsin localizes
to the outer segments of the photoreceptors and is not altered in either the heterozygote or
homozygote XIAP mice (Fig. 32 D-F). GFAP is a marker that stains astrocytes. In
damaged retinae, or aging retinae, GFAP is expressed in Miiller cells. The astrocytic
staining pattern in the transgenic retinae is indistinguishable from wild type (Fig. 32 G-I).

This shows that the Miiller cells are unaffected in the transgenic animals.
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FIGURE 30. Ub-6myc-XIAP mice have a normally functioning retina. NR plots from a
wild type mouse (A), an Ub-6myc-XIAP heterozygote (B) and a Ub-6myc-XIAP
homozygote (C) are similar. (D) A bar graph of the ERG amplitudes of wild type and
transgenic mice shows no statistical difference between animals (n=8). Student’s t-test
p<0.05
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FIGURE 31. XIAP is over-expressed in the retina in Ub-6myc-XIAP transgenic mice.
The top panel is a Western blot showing over-expression of XIAP in the retinae. The
bottom panel shows myc expression is found throughout the neural retina. In the
heterozygote (C) there is less intense staining than in the homozygote (D). The wild type
littermate (B) does not show over-expression of myc. Panel A is the control using
secondary antibody (ALEXA 488) alone. 400x magnification
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FIGURE 32. Retinal morphology of Ub-6myc-XIAP mice is normal. The top plate
shows histological retinal sections of heterozygous (B) and homozygous (C) Ub-6myc-
XIAP mice. Panel A is a wild type littermate. The second plate shows staining of
rhodopsin in wild type (E) and a homozygous Ub-6myc-XIAP mouse (F). Panel D is the
control using the secondary antibody alone. The third plate shows staining of astrocytic
cells using the GFAP antibody in a wild type (H) and homozygous (I) mouse. Panel G is
the control using secondary antibody alone. The second and third plates have been
counterstained with DAPI. 400x magnification
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4 DISCUSSION

The purpose of the research conducted in this thesis was to examine the
therapeutic potential of XIAP in various models of retinal degeneration. The retina is an
ideal tissue for studying the effects of therapeutic agents because retinal function can be
assessed repeatedly using non-invasive electroretinography. Recently, an Espion™
system was purchased for the purpose of studying the effects of XIAP in rats and mice.
Normative ERG recordings were obtained for both wild type and transgenic animals. It is
estimated that the Ganzfeld has flashed greater than 150 000 times since it was first used
thus accruing a large amount of baseline and experimental data. The standardization of
the Espion™ has given future researéhers important normative data to compare to their
experimental results.

Researchers have used MNU to study photoreceptor apoptosis in acute models of
retinal degeneration. Published reports have used MNU at 60 mg/kg and higher. This
dose extinguishes the ERG waveform and since these reports focused on cell death it is
not surprising that investigators would choose a dose sufficient enough to cause complete
loss of photoreceptors. Very few studies have investigated therapeutic agents using this
chemotoxic trigger. Consequently, a dose titration experiment was carried out to
determine a dose that would cause a significant drop in ERG response but not sufficient
enough to extinguish the ERG. This dose could then be used to quickly screen therapeutic
agents in the treatment of retinal degenerations.

XIAP is known to inhibit apoptosis in various animal models of
neurodegeneration and MNU is known to cause rapid photoreceptor cell death. Thus,

XIAP was used as a gene therapy payload using rAAV in an MNU model of retinal
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degeneration to assess whether it could prevent photoreceptor cell loss. XIAP was also
tested in genetic models of retinal disease using transgenic rats that have autosomal
dominant mutations in rhodopsin. Due to the nature of the subretinal injection, the rAAV-
XIAP vector infects a small percentage of photoreceptors. Thus, various transgenic mice
were engineered to express XIAP in photoreceptors (MOPS500-IRES-HA-XIAP and
MOP500-6myc-XIAP) and in all tissues (Ub-6myc-XIAP) in the hope that crossing these
mice with mice that have retinal degeneration phenotypes would slow down, if not stop

disease progression in their offspring.

4.1 Controls for Using the Espion™ System

The Espion™ ERG system is a light emitting diode (LED) based system that is
more compact than its predecessors, has less variability than a gas discharge system, and
is compatible with today’s technology. Thus, it was important to set-up ERG protocols

and test the Espion™ system on normal subjects prior to doing any experimental trials.

4.1.1 The Electroretinogram Intensity Series

The intensity protocol that is outlined in the methods was chosen because it
encompasses a scotopic-photopic stimulus range. Thus in a single intensity series, one
can see the rod and cone mediated responses. In clinical electroretinography, the stimulus
strength of a standard flash ranges from 1.5 to 3.0 cd's/m®. The intensity series that was
used in all the studies presented here was from 0.001 to 25 cd's/m% The reason for
choosing such a broad range of intensities is that the rodent retina is quite different than
the primate retina. The retinae of rats and mice are comprised mainly of rod

photoreceptors (~97%) with cones that are dispersed throughout the retina (Carter-
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Dawson and LaVail, 1979; Soucy et al., 1998). In primates, the retina is organized such
that the cones are concentrated in the central retina, an area known as the macula, and the
rods are located peripheral to this region (Hee et al., 1995). By using eleven stimulus
intensities, trends can be seen, and true intraocular differences can be observed which
may be missed if fewer intensities were used. The highest stimulus intensity is around
eight-fold greater than that which is typically used in the clinic (Marmor et al., 2003).
This was done to ensure the maximal response of the retina. After 40 animals were tested,
the maximal b-wave amplitude that was observed in this intensity series became apparent
on average between the eighth intensity (0.63 cd's/m?) and tenth intensity (10 cd's/m?) in
both rats and mice indicating that the intensity series was ideal in stimulating the retina to
its fullest potential.

The intensity series in both rats and mice reveal oscillatory potentials (OPs).
These OPs are wavelets that are observed typically on the ascending limb of the b-wave
and are likely to originate from amacrine cells within the inner retina interacting with
bipolar and retinal ganglion cells (Heynen et al., 1985; Wachtmeister, 1998). In the rats
that have had their ERGs recorded throughout these experiments, the 3 or 4™ OP gave
the highest b-wave amplitude. However, in mice, this is not the case. In fact the OP that
gives the highest b-wave amplitude at the lower intensities, is not the one that gives the
maximal amplitude at the higher intensities. Because of this effect observed in the ERG
response, scoring of the raw data is needed for comparison between eyes and between
groups of mice. Thus, the third OP was chosen in all the mouse trials since at the lower
intensities, the fourth is the maximal b-wave amplitude and at the higher intensities, the

second becomes the maximal b-wave amplitude. Choosing one OP at the outset of all the
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experiments eliminates investigator bias and maintains consistency throughout the
experiment.

Pigmented Long Evans rats were also tested using the same scotopic-photopic
protocol and the ERG traces obtained from this strain of rat do not differ from the albino
Sprague Dawley strain. These rats will be bred to the degeneration lines to produce
pigmented offspring with the autosomal dominant retinal degeneration phenotype. This is
of critical importance since in the Sprague Dawley albino strain, multifocal ERG
(mERG) is much more difficult to perform. This is due to the strain having a non-
pigmented retinal epithelium, which makes imaging the fundus with an infrared light
source impossible. In the Long Evans strain, the fundus can be imaged much more easily
and the optic disc can be located and also serves as a reference point in future recordings.
This technique will allow investigators to map out how the degeneration progresses and
in addition, find localized areas of functional protection from therapeutic agents such as
XIAP.

In the rodent models presented here, the NR plot was utilized to show the
difference between eyes in the same animal and between different groups of animals.
Utilizing scored data from the scotopic-photopic intensity series, the NR plot allows for a
quick objective observation of the “strength” of the retinal b-wave response. This
eliminates the need to identify at which intensity the maximal amplitude occurs in every
animal. This equation is useful in comparing interocular retinal function between groups
of anmimals at different time points. To measure if there are intraocular differences in

retinal function ANOVA can be applied to the b-wave amplitude of every stimulus
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intensity. This determines if there is a significant difference between the eyes within an
animal.

Over the course of these experiments, there were no significant differences at
baseline between left and right eyes in most of the animals tested. If differences were
noted, these animals were removed from the data set prior to the experimental procedure
as to not bias the results. A major cause for intraocular differences was the formation of a
cataract in one eye. This causes a decrease in ERG response due to poor light

transmission.

4.2 Dilation Effects and Test/Re-test Reproducibility

It has become standard practice with albino rats to use dilation drops prior to
performing an ERG test (Aleman et al., 2001b; Machida et al., 2001). An experiment was
set up to see if there was a significant intraocular difference in Ry in individual animals
over the course of four consecutive days due to dilation. This study illustrated that there
is no clear difference in ERG response due to dilation and in some cases the eye that did
not receive the dilation drops had a stronger R, than the eye that did.

Since no clear difference was observed between the two eyes in each animal on
any given day, this experiment was used to examine the re-testability of the Espion™
system. In the clinic, depending on the electrode that is used, day-to-day ERG responses
can vary as much as 20% (Grover et al., 2003). This re-testability study showed
differences in ERG amplitudes from one day to the next in some animals. There are a
number of factors that can account for the differences that are observed, the first of which
is temperature. It has been reported in mice that a one degree Celsius drop in core body

temperature can result in a 100 pV drop in b-wave amplitude (Kong and Gouras, 2003).



106

Other factors that can contribute to a decrease in ERG response are electrode placement,
distance from the stimulus source and plane of anesthesia of the animal during the
procedure (Nusinowitz et al., 2002). Since electrode placement and distance from the
stimulus were relatively constant throughout the experiment, the most likely cause of the
different responses one day to the next is temperature. Prior to the ERG procedure, the
rats were kept at ambient temperature and then placed on a microwave-heated beanbag to
prevent heat loss. Thus, the rats did not have their body heat tightly regulated on a day-to-
day basis. On occasion, some rats require a topping up dose of anesthetic to ensure that
they remain immobile during the test. This would also add another variable to the test
since the “waiting time” for an animal to be anesthetized would increase and the rat can
lose a substantial amount of heat in the process.

As a result of these experiments, all the factors that can influence ERG b-wave
amplitudes (primarily temperature) aré now much more tightly controlled to minimize

variability from day-to-day.

4.3 MNU Dose Titration in Rats

MNU has been used extensively to study photoreceptor apoptosis in numerous
rodent models using 60 mg/kg doses and greater (Ogino et al., 1993; Taomoto et al.,
1998; Yuge et al., 1996). However, the 60 mg/kg dose may be disproportionately high to
optimally evaluate neuroprotective effects of purported retinal therapies, since MNU
typically produces total destruction of the photoreceptor layer within 36-48 hours. A
lower MNU dose may provide less than total destruction of the photoreceptor layer or

there may be a longer time course over which photoreceptor degeneration takes place.
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Both of these conditions would allow a better determination of potential‘ therapeutic
effect.

In this study a range of MNU dosages (20 to 60 mg/kg) were used to determine
the optimal dosage that would cause enough photoreceptor apoptosis to render a
sufficient decrease in ERG amplitude, but not enough to completely extinguish the ERG.
The results of this investigation clearly demonstrated that within 72 hours of MNU
administration the ERGs were essentially extinguished with dosages of 50 or 60 mg/kg. It
was equally apparent that dosages of 20 and 30 mg/kg of MNU produced no significant
change in b-wave amplitude over a one-week period. At a MNU dosage of 40 mg/kg
there was a clear reduction in b-wave amplitude noted within 24 hours following drug
administration. This ERG reduction had certainly stabilized by 72 hours and remained
unchanged at one week. Thus the 40 mg/kg dosage of MNU appears to be severe enough
to cause apoptotic changes in the photoreceptor without completely extinguishing the

ERG.

4.4 MNU Dose Response in Mice

The dose response curves that were obtained in the MNU titration experiment in
rats revealed that a 40 mg/kg dose of MNU caused a significant drop in Ry, but not
severe enough to completely extinguish the ERG. However, the mice that were subjected
to the 40 mg/kg dose had their ERGs extinguished, whereas a 35 mg/kg dose was
sufficient to reduce the ERG response significantly, but not completely. A reason for the
difference in the doses required to reduce the ERG may be species difference in MNU

tolerance.
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4.5 XIAP Protects Photoreceptors from Chemotoxic Insult

The first study that was conducted to examine the therapeutic potential of XIAP
in the retina involved rAAV-XIAP therapy in the MNU model of retinal degeneration. In
this study, AAV was used to deliver XIAP to the photoreceptors of the retina. AAV was
chosen over adenovirus or lentivirus for several reasons. Adenoviral vectors have
immune response and persistence problems (see reviews in (Dejneka and Bennett, 2001;
Hauswirth and Beaufrere, 2000; Sakamoto et al., 2001)). The new-generation of “gutted”
adenoviruses have fewer of these problems, but tissue tropism is a concern. Miiller cells
are the primary cell transduced on intravitreal delivery, (Hauswirth and Beaufrere, 2000;
Sakamoto et al., 2001) and RPE cells are efficiently transduced by subretinal injection.
This is problematic if ganglion cells or photoreceptors are the desired target. Lentiviral
vectors show tremendous promise, because they can infect a variety of cell types and they
can integrate in post-mitotic cells (Dejneka and Bennett, 2001; Sakamoto et al., 2001).
However, the possibility of low-level infectious wild-type human immunodeficiency
virus (HIV) contaminants remains a safety concern. AAV vectors, at present, appear to be
the most promising for ocular gene therapy. Although rAAV has a limited packaging
capacity (~4 kb), it is minimally toxic to photoreceptors, even at high dosages and
initiates only a minimal immune response (Anand et al., 2000; Hauswirth and Beaufrere,
2000). Expression is long lived, persisting for at least 1 to 2 years after delivery (Bennett
et al., 1999).

Photoreceptors of the retina are of neuronal lineage and in RP these cells die via
apoptosis. It is possible that by inhibiting the apoptotic cascade via over-expression of

XIAP, these cells can be induced to survive and function, as shown in other models of
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neurodegeneration. Results presented here show that rAAV-XIAP conferred significant
protection to the photoreceptor layer of the retina even at the highest MNU dose. No such
protection was seen in rAAV-GFP injected eyes and the uninjected control. This
experiment used MNU to induce rapid retinal degeneration in wild-type Sprague-Dawley
rats. MNU is a DNA alkylating agent that causes DNA methylation at the O° position of
guanine leading to the formation of the O°-methylguanine adduct (06-meGua). This
methylated nucleotide pairs with thymine instead of cytosine leading to GC — AT
transition mutations. These mutations in the DNA of photoreceptor cells render them
susceptible to death via the apoptotic cascade. XIAP protection was first apparent at 24
hours after MNU, where a much larger number of cells were undergoing apoptosis in the
uninjected eye (and in the GFP injected eye) in relation to the rAAV-XIAP injected right
eye. Morphological protection was seen in four of six animals up to 1 week after MNU,
when the experiment was terminated. Most significantly, a good proportion (two of four)
of the eyes that showed morphological protection also showed functional protection, as
evidenced by ERG. It is important to note that there are three reports in the literature
(Moriguchi et al., 2004; Moriguchi et al., 2003; Yoshizawa et al., 2000) showing only
structural protection after MNU treatment. Two of the reports used docosahexaenoic
acid dietary supplementation; the third used a caspase-3 inhibitor injected intravitreally at
0 and 10 hours after MNU treatment. . There is only one other study that showed
functional protection from MNU treatment (Kiuchi et al., 2003). Immediately after the
investigators injected 60 mgkg MNU IP into Sprague-Dawley rats, 1 gkg of
nicotinamide was injected. This dose was sufficient to protect the rats by MNU-induced

retinal degeneration. The study presented in this thesis using XIAP represents the first
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and only evidence of functional protection of photoreceptors after treatment with MNU
using a gene therapy approach.

The degree of functional protection was somewhat limited, and there are three
possible explanations for this. First, the 2-uL injection of the virus covered, at best 20%
of the rat retina (Flannery et al, 1997); consequently, only a fraction of the
photoreceptors were efficiently transduced with the rAAV vector. This was confirmed by
histological data that show regions of morphological protection adjacent to unprotected
areas that lie outside the reach of the virus. The full-field ERG records the response of the
whole retina (Birch and Anderson, 1992). Thus, the responses of fully protected regions
were considerably diluted by most of the retina, which was not covered by the injection
and underwent cell death. Clearly, full-field ERG significantly underestimates the degree
of localized functional protection provided by rAAV-XIAP. Since this study showed that
XIAP-injected eyes retained 5% to 15% of pre-MNU b-wave amplitudes and we estimate
that at best only 20% of the retina was covered by the subretinal injection, this
emphasizes the strong protective effect of XIAP in transfected photoreceptors.

Second, because XIAP over-expression cannot easily be tested in a retina that is
severely stressed by MNU, we cannot be sure that all the subretinal injections were
equally effective in over-expressing XIAP. Subtle differences in the injection procedure
from one animal to the next could potentially result in differences in level of XIAP
expression and in significant differences in morphologic and functional protection.

Third, and perhaps most important, MNU is a powerful alkylating agent in that it

destroys the photoreceptor cells in such a short time (Yoshizawa et al., 1999; Yuge et al.,
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1996) and is expected to cause severe damage to the DNA, even before the cell initiates

apoptotic signals. It is thus remarkable that any functional protection was observed at all.

4.6 Age Related Study of rAAV-XIAP Treated Rats

Over the course of time photoreceptors degenerate in humans (Curcio et al., 1993)
as well as in other animals including rats (Lin et al., 1997, Townes-Anderson et al.,
1998). Although the sample size in this age related study is small (n=4), the trend showed
that the XIAP treated eyes had significantly stronger ERG amplitudes across the first
eight flash intensities. At lower flash intensities one sees a response being generated
exclusively from rod photoreceptors. Thus the trend that was observed is expected since
XIAP was expressed under the control of a rod specific promoter. This finding is
impressive since the subretinal injection procedure using a balanced salt solution causes a
decrease in ERG amplitude. This augmented ERG response in the treated eye indicates
that XIAP may have prevented age related rod photoreceptor cell loss in these animals.
Though this effect was transient and the difference in ERG response between the two
eyes diminished by the ninth month, this nevertheless illustrates the potential of XIAP in

treating age related photoreceptor cell loss.

4.7 XIAP Gene Therapy in Three Transgenic Rat Models of Retinal Degeneration
4.7.1 P23H-3 Transgenic Rats

XIAP was found to protect photoreceptors in an acute model of retinal
degeneration using MNU. However, could XIAP protect the photoreceptors at a
functional level in a genetic model of RP? The P23H and the S334ter lines of transgenic

rats have been used extensively in gene therapy approaches with many growth factors.



112

Several lines of these transgenic rats were used in the studies described in this thesis. The
first experiments involved the P23H-3 rats which have a slow progressive RP. These rats,
according to the literature, go blind within the first year of life. Two sets of experiments
were conducted with this line. In the first trial, rAAV-XIAP was subretinally injected and
the progression of disease was monitored for approximately nine and a half months.
Since the viral constructs had been tested and verified in the MNU experiment, they were
not re-tested prior to this experiment. Unfortunately, after nine months of monitoring
disease progression with no apparent differences between the treated and untreated eyes,
it was learned from our collaborator, William Hauswirth, that the wrong virus had been
sent to the lab. In the second experiment, XIAP ¢cDNA in the virus stock was confirmed
by PCR. ERGs commenced at 117 days and were carried out beyond one year of age. The
reason for starting ERGs at this time point was the hope that degeneration in the left eye
would be near completion, and that a small retention of an ERG response would be
evident in the treated right eye.

However, again there were no significant differences between the injected and
uninjected eyes. The ONL thickness in the P23H-3 rats has been documented to decrease
quite rapidly in the first few weeks and then continue at a slower rate from about 120
days until about 1 year (LaVail, 2002). By 117 days when the first ERG was conducted,
there is over 80% loss in photoreceptors. It was expected that a similar trend would be
observed in the ERG response. However, the ERG response did not deteriorate in a
similar fashion. In fact, the ERG results that were obtained in this line and fitted to the
NR equation at the 117-day time point were comparable to wild type animals. This

retention in ERG response is perplexing when compared to the documented data on ONL
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thinning. By 455 days, when the final ERGs were taken, the ONL thins to approximately
2 pm (LaVail, 2002). The ERG should consequently have been almost extinguished, and
this clearly did not occur. Nevertheless, when the initial NR plot at 117 days PN is
compared to the final time point, 455 days PN, the result clearly shows a marked
decrease in responsiveness in the retina of these animals. It is possible that even though a
vast number of photoreceptors have been lost, the remaining photoreceptors can still
elicit an ERG response, indicating redundancy within the retina. The retina is organized
such that every photoreceptor interacts with numerous second order neurons called
bipolar cells (Kolb et al., 2003). With retinal degeneration, there is considerable synaptic
remodeling, such that the remaining neurons establish new neuronal connections (Jones
et al., 2003; Marc et al., 2003). This may help to retain the ERG waveform (Kolb et al.,
2003). The waveform may only deteriorate when there is a sufficient loss of

photoreceptor-second order neuron interactions.

4.7.2 P23H-1 and S334ter-4 Transgenic Rats

In light of the slow disease progression in the P23H-3 rats, it was decided to
examine XIAP gene therapy in more rapid lines in which the results would be more
quickly available. The P23H-1 and the S334ter-4 lines of transgenic rats have similar
rates of retinal degeneration, both faster than the P23H-3. The disease course is
completed by six months of age whereas in the P23H-3 line, the discase takes
approximately one year. In theses lines, as in the P23H-3, rAAV-XIAP (serotype 2) was
injected subretinally in the right eye and the left eye served as the contralateral control.
Disease progression was followed by recording ERGs for a period of four months.

Unfortunately, again there were no significant functional differences between XIAP-
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treated and untreated eyes. The reasons for this may be explained by the following. First
AAV serotype 2 optimally expresses the gene of interest at around six weeks of age. In
looking at published reports of ONL thickness in these degenerating models, by this point
in time, there is anywhere from a 25%-50% reduction in ONL thickness (LaVail, 2002).
This lag in expression of XIAP may mean that photoreceptor cell death is extensive
before gene therapy is initiated. Another possibility is the promoter construct that was
used to specifically target photoreceptors. There has been speculation that the minimal
thodopsin promoter (MOP500) does not drive expression of each construct equally well
(Hauswirth, personal comm.). This may have been the case with XIAP. These two issues
have recently been addressed in an ongoing experiment. First, a serotype that expresses
viral products more rapidly has been engineered (serotype 5) to express XIAP and
secondly, a less tissue specific promoter, chicken beta actin (CBA) has replaced
MOPS500.

Even though the above experiments did not show functional protection by XIAP,
the ERG data on the uninjected eye helped to fully characterize disease progression in the
three genetic models of RP. Many of the previous studies have documented the thinning
of the ONL over the course of the disease (Liang et al., 2001; McGee Sanftner et al.,
2001). Few studies to date have studied ERG amplitudes over an extended course of the
disease in these rats (Machida et al., 2000) and none have investigated the NR plots in
these degeneration models.

In the P23H-3 and S334ter-4 rapid degeneration lines, the NR plots in the treated
eyes were much reduced compared to the untreated eye. This may be attributed to injury

to the retina from the subretinal injection. The surgical procedure used to deliver XIAP to



115

the subretinal space compromises the photoreceptor cells around the area of injection. In
addition to this, the retinal detachment caused by injecting the virus may not resolve, also
compromising electrophysiological function. This is observed in a lower ERG response
in the injected eye compared to the contralateral control. The cells that are infected with
the virus may survive quite well and function optimally. However, the function of these
photoreceptors maybe overshadowed by the initial surgical insult which the retina cannot
recover from. By looking at the NR curve fits alone, it is noted that the left eye does
perform better at all time points. However, the different rate of change in Ry in the
treated eye compared to the untreated eye suggests that the XIAP can slow disease
progression.

In both of these lines of transgenic rats, the rate of change in Ry is slower in the
right eye than in the untreated left eye. A t-test analysis of the slopes of the lines of best
fit in the P23H-1 line revealed that the loss of R,.x from the untreated eye to the treated
eye was not significantly different (t=-1.8, P=0.102). However, in the S334ter-4 line, the
difference in the loss of Rmax Was significantly different between the two eyes (t=1.504,
P=0.034). The lower rate of loss of ERG response in the treated eye may be indicative of
a protective effect of XIAP in this group of rats. Alternatively, since the injected eyes
have lower ERGs than non-injected eyes, they may have less ERG response to lose and

this would account for the reduced slope in XIAP treated eyes.

4.8 Normal and XIAP Transgenic Mice

Since the bcl-2 mice that have been generated in the past undergo retinal
degeneration over time (Chen et al., 1996; Quiambao et al., 2001), once the Ub-XIAP

transgenic mice were generated, it was important to ensure that the mice did in fact
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express XIAP in the photoreceptors and furthermore, that the expression of the transgene
did not have any adverse effect on retinal structure or function over time. Standard
histology, immunohistochemistry with retinal specific antibodies and ERGs were used to
assess retinal structure and function.

Using the anti-myc antibody on mouse retinal sections revealed that XIAP is
expressed in the Ub-XIAP mouse retina. The expression was ubiquitously seen in all
retinal layers, and copy number of the transgene plays an important role in expression
levels. Wild type littermates do not express the transgene. Thus this transgenic mouse can
be used to study the protective effects of XIAP in various models of retinal degeneration,
ischemia and glaucoma.

With respect to function, both the hetero- and homozygous animals at two months
of age retain retinal function comparable to the wild type animals. Both the NR plots and
b-wave amplitudes are comparable to wild type mice. This is a promising trend since the
bel-2 transgenic mice had signs of functional retinal impairment by this time (Quiambao
et al., 2001). Of course mice will have ERGs recorded on a continuing basis to assess
retinal function later in life.

Apoptosis of neuronal cells is a normal event in the development of the central
nervous system (CNS) (Marin-Teva et al., 2004; Urase et al., 2003; Wielgus et al., 2004).
Since the photoreceptors cells are of neuronal lineage (Milam et al., 2000), there was a
concern that the retina, in addition to other parts of the CNS, would be adversely affected
by the ectopic expression of XIAP in all tissues. This is particularly true in the ganglion
cell layer of the retina where developmental apoptosis has been shown (Mayordomo et

al., 2003). The ERG results imply that the retina functions normally in this transgenic
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mouse. However, to ensure that retinal structure was not adversely affected by over-
expression of XJAP in the Ub-XIAP transgenic, H&E staining was performed. These
results show that at two months of age, the transgenics have the same ONL thickness
when compared to wild type controls. This is in contrast to the bcl-2 transgenic mouse
which has thinning of the ONL layer, indicating retinal degeneration due to ectopic
expression of bel-2 (Quiambao et al., 2001).

Immunohistochemistry with retina-specific antibodies shows further proof that the
XIAP transgene does not affect morphology. Anti-rhodopsin localizes to the outer
segments of the photoreceptors (McNally et al., 1999) and is not altered in the hetero- or
homozygous mice when compared to the wild type littermate. Glial fibrillary acidic
protein (GFAP) is a glial cell marker and stains Miiller cells in the retina (Grosche et al.,
1995). Miiller cells are important for structural integrity and span the entire height of the
retina (Kolb et al., 2003). The staining pattern again is unaltered in the hetero- and
homozygotic Ub-XIAP transgenic mice compared to the wild type littermate.

Thus, the Ub-XIAP mouse has been shown to express XIAP in the photoreceptors
and this ectopic expression does not alter function or morphology. This bodes well for the
use of XIAP as a gene therapy payload in retinal degenerations. The advantage of the
transgenic approach is that the Ub-XIAP mice over-express XIAP in every photoreceptor,
whereas in the viral approach, only a small percentage of the photoreceptors can be
infected with the desired gene of interest without causing extensive damage to the retina.
In crossing the Ub-XIAP mouse with rd mice, the effect of the transgene will be pan

retinal rather than localized to a small portion of the retina. If XIAP can slow down
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retinal degeneration, this effect can be measured by ERG and by routine histology during

the normal disease course in the various rd offspring.

5 Summary

Work presented in this thesis has shown that XIAP can protect photoreceptors in
an acute model of retinal degeneration. Though the gene therapy attempts with earlier
viral vectors have not succeeded, a number of issues have been resolved which include
addressing the problems of the onset of viral expression and the use of different
promoters to drive expression of XIAP in the photoreceptors. A large amount of ERG
normative data has been collected which will aid future researchers in charting the
disease course in the P23H-1, 3 and S334ter-4 transgenic rats. The Ub-XIAP transgenic
mouse has been generated that has a structurally sound retina that functions as well as its
wild type counterparts. This mouse will become an invaluable tool when crossed with
mice that have retinal degeneration phenotypes in the hope of slowing down disease
progression caused by genetic mutations.

Given that XIAP is able to confer functional protection of the photoreceptors in
an acute chemotoxic model of retinal degeneration, it holds promise as a therapeutic
agent in slower genetic models of retinal degeneration. More than 150 genes, a large
number of which are expressed in the photoreceptors, are implicated in causing retinal
dystrophies when mutated (Daiger S, Rossiter B, Greengerg J, Christoffels A, Hide W,
ARVO Abstract 1352, 1998). Mutations impede the cell’s ability to function optimally
and cause an inability to repair damage induced by extrinsic (Sakamoto et al., 2001)
(intense light) (Reme et al., 1998; Wenzel et al., 2000) or intrinsic (genetic) factors (Jones

et al., 2000a; Jones et al., 2000b; Portera-Cailliau et al., 1994) For RP alone, at least 32
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different genetic loci have been identified, and 25 genes have been cloned (summarized

in the Retinal Information Network [RetNet]; http://www.sph.uth.tmc.edu/

retnet/home.htm, provided by the University of Texas Houston Health Science Centre).
Every chromosome has a least one locus that can give rise to retinal degeneration. The
end point, regardless of the mutation involved, is the death of the photoreceptors by
apoptosis.

Given all the different genes that can cause RP, targeting individual mutations for
gene therapy strategies may not be a practical approach. The results from the MNU
model suggest that XIAP may allow the broad protection of photoreceptors in many
forms of RP, regardless of the initial disease-causing mutation. Moreover, the long time
course and the progressive nature of many retinal degenerations implies that even if
intervention is implemented after diagnosis, there is still hope that antiapoptotic strategies
can effect a significant delay, if not a full halt, in disease progression. In RP, all the
photoreceptors in an affected individual have the mutation, yet they function normally for
many years before they begin to die. Photoreceptor cell death continues to occur slowly
over a long period. It is possible that if the apoptotic threshold in the diseased
photoreceptor cells could be raised, the cells could survive and function for longer

periods.
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