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Abstract

Retinal degeneration is one of the leading causes of blindness in the
developed world. There is currently no effective therapy. In order to improve our
understanding of these conditions, we characterised three animal models of retinal
degeneration, namely pigmented retinal degeneration slow (rds) mouse, retinal
dystrophy (Rdy) cats and the miniature longhaired dachshund dog (MLHD). We then
carried out a series of treatment trials using both inhibitors of caspases and
neurotrophic factors in these animals.

Using immunohistochemical techniques, there was mis-localisation of opsin,
reduction of synaptophysin in the outer plexiform layer and increased expression of
glial fibrillary acidic protein in Muller cells in all of these animal models. Apoptosis
was found to be the main mode of photoreceptor cell death.

Photoreceptors in the pigmented rds mouse were found to degenerate more
slowly than the albino rds mouse. The Rdy cats had opsin labelled neurites similar to
those described in human retinal degeneration. The MLHD dog was demonstrated to
have a cone-rod dystrophy (CORD) based on electrophysiological studies. It
represents the first animal model of CORD.

As apoptosis is the main mode of cell death, we attempted to either block the
apoptotic pathway by caspases inhibitors or prevent photoreceptors entering the
apoptotic pathway using neurotrophic factors.

It appears that DEVD, a caspase-3 inhibitor, might slow photoreceptor cell
loss in the pigmented rds mice, but z-VAD and YVAD did not. We have also found
that Axokine, a ciliary neurotrophic factor analogue, might prolong photoreceptor
cell survival in the Rdy cats, but brain derived neurotrophic factor had no effect.

Furthermore, Axokine appears to preserve retinal function in the MLHD dogs as



measured by electroretinography for a short period of time after an initial

suppression.
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INTRODUCTION

A1: Retina and retinal degeneration

1.1 Study Aims

Hereditary retinal degeneration is characterized by poor night vision and
restricted visual field (Bird, 1995). It affects about 1 in 3500 people (Bunker et al.,
1984). There is currently no effective treatment and it is one of the leading causes of
working age blindness in the developed world (Evans et al., 1996). It has becoming
clear that the genetic defects can indirectly lead to cell death. It is of interest that in
these, and other retinal degenerations, photoreceptor cell death occurs by apoptosis
(Chang et al., 1995; Chang et al., 1993; Cook et al., 1995; Li and Milam, 1995; Tso
et al., 1994; Xu et al., 1996).

In vitro studies have suggested that cells can be prevented from entering the
apoptotic cascades by neurotrophic factors and apoptosis can be halted or delayed by
caspases inhibitors . These observations imply that therapeutic modification of the
process leading to apoptosis might modify the course of these disorders. In this
thesis, we investigated the effectiveness of these reagents in a number of animal

models of genetically determined retinal degeneration.
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1.2 Retina - Anatomy and Physiology

Retina is the innermost layer of the eye. It is a multi-layered structure
consists of cells mostly from neuronal or glial origin. There is also a vascular bed. It
has been described as an approachable part of the brain (Dowling, 1987). Its main
function is to capture visual signals. After some local processing, the information is
passed on to the central nervous system. In both animals and human, genetic
mutations, trauma, infection, inflammation, vascular disease and neoplasia can affect
this layer.

From an anatomical standpoint, it can be divided into the inner retina and the
outer retina. In the inner retina, the ganglion cells are often the disease-targeted cells,
in which glaucoma and optic nerve diseases are the most common cause of ganglion
cell dysfunction. In the outer retina, the photoreceptors are the main target in chronic
processes. In this thesis, photoreceptor degeneration will be the main focus with a
bias towards genetically determined diseases.

The retina is traditionally divided into 10 layers (Fig 1.2a):

Retinal pigment epithelium

Inner and outer segments of rods and cones
Outer limiting membrane

Outer nuclear layer

Outer plexiform layer

Inner nuclear layer

Inner plexiform layer

Ganglion cell layer

X0 N kWD

Nerve fibre layer

10. Inner limiting membrane
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IPL

OPL

RPE =+ o
T

Figure 1.2a: Light microscopy of normal feline retina overlying tapetum (x200)

T = tapetum, RPE = retinal pigment epithelium (non-pigmented in this area),
OS = outer segment (highlighted brown by opsin immunohistochemistry), IS =
inner segments, OLM = outer limiting membrane, ONL = outer nuclear layer,
OPL = outer plexiform layer, INL = inner nuclear layer, IPL = inner plexiform

layer, GCL = ganglion cell layer and ILM = inner limiting membrane.



Retinal pigment epithelium (RPE)

The RPE is a single layer of epithelial cells located between the neurosensory
retina and the choroid. They are multifunctional in nature and have been compared to
macrophages, epithelium, glial cells, melanocytes and hepatocytes. The unique
structure of the RPE allows the establishment of a metabolically active interface
between retina and choroid.

The RPE is a polarised epithelium with the basal epithelial surface orientated
towards the outside of the eye and the apical surface towards the vitreous. At its
apical surface, the RPE is in contact with the interphotoreceptor matrix and outer
segments of the photoreceptor cells. There is an intricate intimate relationship
between the RPE and photoreceptors. Apical protrusions from the RPE form
anastamosing ridges and microvilli that lie between the outer segments of the
photoreceptors. Shorter microvilli ridges surround the distal one third of the outer
segment.

The apical membrane contains recognition molecules for endocytosis, ion
channels, transport molecules and the Na+ / K+ ATPase enzyme. The lateral borders
of adjacent cells are joined together by a tight junction, a zonula adherens and
desmosomes (Hogan et al., 1971). The basal surface rests on the basement
membrane that has multiple infoldings (Burns and Feeney-Burns, 1980). The RPE
serves not only as a physical barrier for free diffusion between retina and the
choroidal circulation, it also aids in the adhesion of the neurosensory retina to its
apical processes by both its interdigitations with the outer segments of the
photoreceptors, by means of the interphotoreceptor matrix and also through transport
pumps. The RPE also functions to improve the optics of the eye by absorbing light

energy via its melanin granules thus decreasing light scattering.
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Other important functions of the RPE include vitamin A esterification,
isomerisation and transport, synthesis of extracellular matrix for both the
interphotoreceptor matrix and for its basement membrane, selective delivery of lipids

and production of growth factors.

Photoreceptors

Rods and cones are specialised neurons of the vertebrate retina that initiate
the primary events of vision (Molday, 1998). Both receptors are elongated cells
consisting of several morphologically and functionally distinct regions. However
rods and cones differ in their metabolic and morphological characteristics and these
differences are reflected in their different specific response kinetics and sensitivity.

The rods contain a visual pigment called rhodopsin, are particularly suited to
respond under scotopic conditions, and are most sensitive to blue-green light with a
peak absorption at a wavelength of 500 nm. Cones contain cone opsins as their
visual pigments and, depending on the actual structure of the opsin molecule, are
maximally sensitive to either long wavelength light (red) or middle wavelength light
(green light) or short wavelength (blue) (Anhelt, 1998). The basis of colour
perception relies on cones of different wavelength sensitivity and the connecting
pathways to deliver the signal to the brain. Some primates and humans are
trichromatic. Cones are less sensitive, function in bright light and subserve detailed
vision and colour perception. Animals that are nocturnal have high densities of rods,
whereas those with large cone populations tend to be diurnal.

In human, the cone density is highest in the foveal pit, with a rod free zone of
about one degree. This falls rapidly outside the fovea to a fairly even density in the
peripheral retina. There is a peak of the rod photoreceptors in a ring around the fovea

at about 20 degrees from the foveal pit (Osterberg, 1935).
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Differences of Rods and Cones in human

Rods Cones
Numbers 120 millions per eye 7 millions per eye
Distribution Uniformly disturbed Red and green sensitive cones
throughout the eye except concentrated in fovea, blue
fovea sensitive cones near fovea.
Less concentrated elsewhere
Sensitivity to light | High sensitivity Lower sensitivity

Outer Segments

Longer, closed discs

Shorter, open discs

Photopigment More, in membranous discs Less, incorporated in folds of
inside the outer segment the outer segment membrane

Function Night vision Daytime and colour vision

Connections Many rods link to each retinal | One cone to one ganglion cell
ganglion cells in fovea

Receptive fields Larger Smaller and hence better

acuity
Directional Sensitive to light rays with More specific directional
sensitivity wide angle of incidence sensitivity

Table 1.2: Differences between rods and cones in human

Bipolar ceils

In human retina nine different bipolar cell types have been shown by Golgi

staining (Kolb et al., 1992). Eight are cone specific and one is devoted to rods. The

rod bipolar is typically a broad cell with its cell body situated central to high in the

inner nuclear layer, and produces a tuft of dendrites entering the OPL reaching up to

different levels between cone pedicles to reach the stacked rod spherules (Kolb,

1970). In the central retina the rod bipolar dendritic trees are small and contact with

up to 20 rods. In contrast in the peripheral retina the dendritic tree is wider and

contacts 40-50 rods (Kolb, 1970).
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Five of the cone bipolar types are diffuse cone bipolar cells that receive
converging information from many cones. The other three cone bipolar types have
single cone contacts in a one to one relationship. These are known as midget bipolar
cells.

The invaginating midget bipolar type (IMB) connects with the cone pedicle
as central invaginating dendrites at ribbon synapses in the cone pedicles (Kolb,
1970). Flat midget bipolar cells (FMB) contact the cone pedicle by means of semi-
invaginating, wide-cleft basal junctions. Often FMB dendrites make two contacts
with the cone pedicle on either side of the central invaginating dendrite from the
other midget bipolar cell (Kolb, 1970).

A cone bipolar cell that is thought to be specific for the short wavelength
cones or blue cones (S-cones) has been described in human retina (Kolb et al., 1992).
This blue S-cone bipolar typically contacts one cone heavily by several dendrites
converging on that particular cone pedicle as central elements at the ribbons. Hence,
it is essentially another type of midget bipolar cell, but it differs from regular IMBs
and FMBs, in having also two or more wispy dendrites contacting either another

cone pedicle or ending blindly in the OPL.

Horizontal cells

All mammalian retinas have two types of horizontal cell. Both types are
laterally interconnecting neurons in the outer plexiform layer (Kolb et al., 1980).
One is an axonless type (often called A-type). This type solely contacts cones. The
other (often called B-type) has dendrites contacting cones, and an axon of several
hundred microns length that turned into a terminal structure that contacts only rods

(Kolb, 1970).
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Horizontal cells are characterised by large surface area gap junctions between
dendrites of neighbouring cells. These junctions allow lateral flow of electrical
signals within a syncitial network of cells. Receptive field sizes are increased, as is
the area over which horizontal cells integrate photic information.

Horizontal cells send visual information back to cones through feedback
synapses. This interaction takes place through processes invaginating photoreceptor
synaptic endings. Light stimulation is believed to reduce the release of the
neurotransmitter gamma amino-butyric acid (GABA) from horizontal cells onto
cones, although GABA antagonists typically do not block this feedback. Through the
horizontal cell pathway, wide field stimuli exercise an indirect, delayed, depolarising
influence on cones, opposing the direct hyperpolarising influence of light stimuli on
the cone phototransduction machinery. Horizontal cells impinge synaptically on
bipolar cells, feeding visual information forward to these second-order retinal

neurons.

Amacrine cells

The amacrine cells are classified into different types according to their
morphological characteristics based on the size of their dendritic tree (i.e. small,
medium and large), branching characteristics (i.e. tufted, varicose, linear, beaded and
radiate), and most importantly on the stratification of their dendrites in the IPL
(Mariani, 1990; Kolb et al., 1992). Typically amacrine cells synapse upon other cells
including bipolar axons, other amacrine cells or ganglion cell dendrites in the
enlarged varicosities at conventional synapses (Dowling and Boycott 1966).

Amacrine cells in general are inhibitory neurons.
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Ganglion cells

Ganglion cells are the final output neurons of the vertebrate retina. They
collect visual information from bipolar cells and amacrine cells, which is integrated
within the ganglion cell dendrites and cell body, and transformed into nerve spikes.

Ganglion cells are the most complex information processing systems in the
vertebrate retina (Shapley and Perry, 1986). Different cells become selectively tuned
to detect subtle trigger features of the visual scene, including colour, size, and
direction and speed of motion. Even so signals detected by ganglion cells may not
have a unique interpretation. Equivalent signals might result from an object changing
brightness, changing shape, or moving. The brain has to determine the most likely
interpretation of detected events. Ganglion cell axons terminate in brain visual
centres, principally the lateral geniculate nucleus and the superior colliculus.
Ganglion cell axons are directed to specific visual centres depending on the visual

trigger features they encode.

Muller cells

Muller cells are the principal glial cell of the retina. They are non-neuronal
cells and perform diverse functions supporting retinal neurons. They provide
architectural support with processed extending across the thickness of the whole
retina and forming the limits of the retina at the inner and outer limiting membranes.
Muller cell bodies are in the inner nuclear layer. Their processes are intimately
related to the cell bodies of neurons in the nuclear layers and surround groups of
neural processes in the plexiform layers. The inner limiting membrane is formed by
the conical foot plates of the Muller cell and these cells also form foot plates on the

large retinal blood vessels at the inner surface of the retina. The surface of the Muller
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cell membrane facing the vitreous is covered with a mucopolysaccharide substance,
thus forming a basement membrane.
The function of Muller cells includes (modified from Reichenbach and

Robinson 1995):

¢ supplying end products of anaerobic metabolism (breakdown of glycogen) this is
to fuel aerobic metabolism in photoreceptors

e scavenging of neural waste products such as carbon dioxide and ammonia

° recyciing of amino acid transmitters

e phagocytosis of neuronal debris

e protection of neurons from excessive exposure to neurotransmitters

e release of neurotransmitters

e production of growth factors in response to injury

e synthesis of retinoic acid from retinol

e storage of 11-cis retinal

e storing retinal for cones

e control of homeostasis by controlling the potassium environment

¢ regulation of potassium distribution across the retinal vitreous interface, the
retina and locally in the inner plexiform layer

e completion of the electric field generated by bipolar cells

e induction of “tight” phenotype in retinal vascular endothelium

Astrocytes

Astrocytes are not derived form the retinal neuroepithelium but enter the
developing retina from the brain along the optic nerve (Chan Ling, 1994). They have

a characteristic morphology with a flattened cell body and fibrous radiating
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processes. They express glial fibrillary acidic protein (GFAP) and vimentin, and are
almost entirely confined to the nerve fibre layer. They are elongated structures in the
central retina, but star-like shaped and smaller in the periphery (Schnitzer 1988). The
astrocytes form tubes through which nerve fibre axons travel to the optic nerve head.
They are thought also to influence the properties of retinal blood vessels. They may
also have a nutritional role as they contain large amounts of glycogen, and may like
Muller cells have a role in ionic homeostasis in regulating extracellular potassium

levels and metabolism of neurotransmitters like GABA.

Microglia cells

Microglia cells are thought to be of mesodermal origin and thus, strictly
speaking are not neuroglial as the astrocytes and Muller cells are. They enter the
retina with the mesenchymal precursors of retinal blood vessels in development
(Chan-Ling, 1994).

Microglial cells are ubiquitous in the human retina. They may be of two
types. One form is thought to enter the retina at earlier stages of development from
the optic nerve mesenchyme and lie dormant in the retinal layers for much of the life
of the retina. The other form of microglia appear to be blood-borne cells, possible
originating from vessel pericytes (Boycott and Hopkins, 1981; Gallego, 1986). Both
types can be transformed into a macrophagic like phenotype following injury to the

retina, and then they engage in phagocytosis of degenerating retinal neurons.

Comparative retinal anatomy

The basic anatomy of retina in different mammals are very similar. The cell
types and functions appear to be also similar. There are, however, specialised

features in different animals. Primates and human have a highly differentiated area
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called the fovea, in which only cones are present. Fovea is also found in certain
species of birds and reptiles, however, no other mammals examined to date has such
an arrangement. Nonetheless, in cats and dogs, there is an area with high
concentration of cones, called the area centralis. This cone rich area is not found in
rodents (Prince 1956).

The percentages of cones are also different in different animals. In human,
there is about 6 % of photoreceptors are cones, this proportion reduces to about 4 %
in cats and dogs, and to less than 1% in rodents. There are at least three types of
cones in human. In cats and dogs, there are at least two types of cones. Some breed
of dogs have only one cone population whilst other breeds have three.

The fundal appearance in different species are also markly different. In
human, there is no tapetum. The retinal vessels are divided into four main branches
to supply the four quadrants of the eye. The central foveal area is avascular.

In cats and dogs, there is a reflective tapetum lucidum in the superior part of
the fundus. Its function remains unknown. The tapetal fundus occupies the majority
of the superior quadrants of the fundus but does not extend to the periphery. It
appears to be granular in appearance. The RPE cells overlying the tapetum is non-
pigmented. The non-tapetal fundus is normally deep brown in colour and the
granular texture is not as marked as in the tapetal fundus. The pigment in the non-
tapetal fundus usually completely obscures the choroidal blood vessels. The retinal
vessels are divided into three main branches. In the canine fundus, there are two
horizontal retinal vessels supplying the inferior non-tapetal areas and there is a single
superior retinal vessels running perpendicular to the horizontal vessels supplying the

superior tapetal area (Startup 1969) (Figure 1.2b). Whilst in the feline fundus, there
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are also three main branches but the location and pattern differs in different breed

(Barnett 1990) (Figure 1.2c).

Figure 1.2b: Normal canine fundus Figure 1.2¢: Normal feline fundus

In rodents, there are no tapetum lucidum. As mentioned, no evidence of area
centralis can be found either. The vascular pattern resembles a spoke wheel with
about 12 radial retinal vessels radiating from the optic disc to the periphery (Price

1956).
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1.3 Electrophysiology

The four main electrophysiological tests used clinically in human are electro-
oculography (EOG), which reflects activity of RPE / photoreceptor complex; the
(full-field) electroretinogram (ERG), which examines the global function of the
retina; the focal and pattern electroretinogram (PERG), which assess central
(macular) retinal function and additionally ganglion cell function; and the visual
evoked cortical potential (VECP or VEP), which enables evaluation of the
intracranial visual system including the optic nerves, the optic chiasm and the retro-
chiasmal visual pathway.

The International Society for Clinical Electrophysiology of Vision (ISCEV)
has introduced Standards for recording these electrophysiological tests (Marmor et
al., 1993; Marmor and Zrenner, 1995; Marmor et al., 1996). The Standards
procedure attempts to ensure uniformity of technique and thereby enable meaningful
inter-laboratory comparisons.

In recent years, the ISCEV standards form the basis of most experimental
protocol in animal electrophysiological studies, in order to achieve the same aims as
in clinical settings.

In veterinary ophthalmology, ERG only is used clinically to assess global
retinal function. In this thesis, only ERG was used and would be discussed here

further.

Full-field electroretinography (ERG) in human

Investigation of the retina with electroretinography enables objective
functional evaluation of different cell types and layers. The extinction of the ERG in

retinal dystrophies, or the presence of marked abnormalities, became apparent with
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the development of a clinical ERG recording technique by Riggs (1941) and Karpe
(1945) using corneal electrodes mounted in haptic contact lenses, although it had
been known since the 19™ century that an eye exposed to a bright flash of light
generated an electrical potential. Subsequent work refined the stimulus and recording
parameters necessary to effect the separation of rod and cone function by
manipulation of stimulus parameters and the adaptive state of the eye.

The ERG measures the mass response of the whole retina, reflects
photoreceptor and inner nuclear layer retinal function, and allows separate functional
assessment of the photopic and scotopic systems. The leading edge of the a-wave of
the scotopic ERG arises from hyperpolarisation of the (rod) photoreceptors (Hood
and Birch, 1990; Hood and Birch, 1994). The b-wave is probably generated by
Muller cells in response to changes in extracellular potassium consequent upon
depolarisation of the ON-bipolar cells (Dowling, 1987). There is recent evidence that
the hyperpolarising bipolar cells may have a role in “shaping” the photopic cone b-
wave (Sieving et al., 1994). The retinal ganglion cells probably do not significantly
contribute to the full-field ERG. Furthermore, a lesion confined to the macula will
also not significantly affect the full-field ERG.

Recording methods in human

The ERG protocols now commonly adopted in most laboratories include the
recommendations by ISCEV, namely the ISCEV Standard ERG (Marmor et al.,
1994). This specifies the brightness of a “standard flash”, and requires that the
response to this flash (the mixed rod-cone maximal response), and to the same flash
attenuated by 2.5 log units of neutral density filter (the scotopic rod response) be
recorded under full dark adaptation, and that following light adaptation photopic

transient and flicker ERGs (cone specific) be recorded. In addition to the presence of
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a rod-saturating background in the Ganzfeld, the rods have poor temporal resolution
and cannot respond to a 30 Hz flicker.

Most laboratories incorporate the ISCEV Standard responses, which are
intended as a minimum data set, into a more comprehensive test protocol. The
Standard also specifies recording of the oscillatory potentials, the small wavelets
which can be seen superimposed upon the positive going b-wave, and which
probably reflect amacrine cell activity. They have limited clinical application.

Corneal electrodes should be used to record the ERG in adults. Typical
contact lens electrodes are the Burian-Allen, Jet, or Henkes electrodes, and non-
contact lens types are, principally the gold-foil, DTL fibre and H-K loop electrodes.
The patient’s pupil will initially be dilated and the eye will be fully dark adapted
(>20 minutes). The electrodes are then positioned under red light and scotopic rod
specific responses recorded using a dim white light (or an equivalent blue stimulus).
Stimulus intensity is then increased and the ISCEV maximal response recorded. The
patient is then returned to full photopic conditions using the background light of the
Ganzfeld, and the photopic transient and flicker responses obtained. ERG
quantification concentrates on the amplitude and latency or implicit time of the
principal components.

Normal Tracings of ERG in human

The amplitude of a-wave is measured from the isoelectric point-to trough of
the negative deflection. The latency of the a-wave is the interval between the
beginning of the stimulus to the trough of the negative deflection. The amplitude of
b-wave is measured from the trough of a-wave to the peak of the positive deflection.
The latency of the b-wave is timing from the beginning of the stimulus to peak of the

positive deflection (Figure 1.3 a).
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Figure 1.3 a: Diagrammatic representation of the different components of the
full field ERG

The amplitude ofthe 30Hz flicker is measured from the trough to the peak
and latency of'the 30 Hz flicker is the timing between the two peaks. A normal

tracing of ISCEV standard is shown on Figure 1.3 b.
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Figure 1.3 b: Normal tracing of ISECV standard full field electroretinogram

Full field ERG in rodents, cats and dogs

ERG can be recorded in animals other than human. The normal amplitudes
and latency are different but the waveform are similar. Many laboratories used non-
standardised custom made equipment to perform ERG in these animals. It might be
adequate to compare different groups of animals within an experiment but the results
cannot be compared between laboratories.

Dark adaptation time is an important issue for ERG recording in different
animals. It is suggested that full adaptation for rodents might take more than 24
hours and in the cats and dogs, it might take up to 40 minutes. If the dark adaptation
time is shorter, the maximum amplitudes would be reduced. Furthermore, the full

dark adaptation time might be different in animals with retinal dystrophies.
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The light source is also difficult to standardise as the size of the animal
differs greatly in different breeds of the same species. Increasingly, most respectable
laboratories have moved to use a ganzfeld stimulator so as to provide a diffuse light
source with background light control. As the light source is diffuse and come from
all directions within the bowl, the exact position of the animal within the bowl is less
important and hence the size of the animal's head is no longer a significant issue.

The recording electrodes are of significant concern. Firstly as the animals are
normally under general anaesthesia, the eyelids need to be opened either by sutures
or by the "side arms" of the recording electrodes. In rodents, a ring electrodes with
lid sutures are often used. In cats and dogs, single used Jet electrodes with lid sutures
are often used.

General anaesthesia protocol for ERG are well established. In rodents,
intraperitoneal pentobarbitone (as recommended by the Dr Berson's laboratory,
Harvard University, Cambridge) are often used. In cats and dogs, the anaesthesia is
very similar to human protocol with intravenous induction followed by inhaled
anaesthesia with halothane. As ERG recording in laboratory settings tend to be
prolonged, it is important to ensure that the animal would not become hypothermic.
In rodents, warming platform with running warm water can be used. In cats and
dogs, warming pad and insulation with cardiac monitoring are often used.

There are recent discussions in ISECV meeting to develop a research

protocol and standard for animal ERG recording. However, it failed to agree.
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1.4 Retinal degeneration in human

The term "retinal degeneration" are often used to describe a group of
inherited diseases in which the photoreceptor degeneration is the main feature.
Secondary changes in the RPE, inner retina, vitreous and lens are often seen. Some
authors would prefer the term "retinal dystrophies" or "outer retinal dystrophies",
however, the term "retinal degeneration" are more commonly used both in clinical
and research settings. Hence, in this thesis, the term retinal degeneration and retinal
dystrophies are interchangeable.

Nonetheless, it should not be confused with "peripheral retinal degeneration"
that is often referred to the peripheral degeneration changes in the retina which might
increase the risk of retinal detachment. Some authors would use the term "retinal
degeneration" for ganglion cell loss in glaucoma. Although there are similarity in
ganglion cell loss and photoreceptor cell death, indeed similar neuroprotection
strategies are under investigation in both groups of diseases, the clinical features and
the primary disease process are quite different.

Adding to the confusion, some authors used the term retinal dysplasia to
describe some animal models of retinal degeneration such as the retinal dysplasia
cats, which would be discussed further in this thesis. The authors used this term to
describe the conditions in which abnormalities can be found at birth. However, other
researchers, including myself, would prefer to restrict this term for conditions which
have abnormalities seen at birth but do not deteriorate significantly. As the retinal
degeneration in the retinal dysplasia cats deteriorate with age, it should be called the
retinal dystrophy cats. However, they were labelled by previous investigators, we

have not changed the name in this thesis to maintain consistency with the literature.
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Retinal degeneration / dystrophies comprises a variety of disparate
genetically determined conditions that differ from one to another in their mode of
inheritance, their pattern of visual loss and their ophthalmoscopic appearances. As a
group, it is one of the leading causes of blindness during working age in the
developed world (Evans et al., 1991). It is possible to subdivide retinal degeneration
into groups depending on their clinical features. Some cause loss of function early in
disease associated with the scotopic system. Examination reveals defective vision in
the mid-zone of the visual field initially and morphological changes in the post-
equatorial fundus; most of the diseases in this category are known collectively as
retinitis pigmentosa (RP) (Bird, 1995). Other disorders causing loss of photopic
function and morphological changes in the central fundus are known as macular
dystrophies or cone dystrophies.

This subdivision into “peripheral degenerations” in which the rods may be
the primary target of disease and “central degenerations” in which the cones may be
the cells initially affected is superficially attractive. However, the function of both
rod and cone systems are compromised in most if not all progressive disorders, even
in the early stages of their disease. Retinal degeneration, therefore, comprise a
spectrum of diseases ranging from predominant rod dystrophies to predominant cone
dystrophies with disorders intermediate between the two in which there is varying
involvement of the rod and cone systems.

The fundal picture is not a reliable way to distinguish the predominantly
affected cell types. In some early cases of cone-rod dystrophies, the central retina
appears clinically normal with no peripheral pigmentation but a mildly reduced
visual acuity. Furthermore, the number of pathological specimens at the early stages

of the diseases are not commonly available. Therefore, the distinction of rod-cone
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dystrophies and cone-rod dystrophies are based on electrophysiology alone rather
than clinical or pathological features. The distinction between cone-rod dystrophies
and cone dystrophies is still a subject of controversy (infra vide for further

discussion).

Rod-cone dystrophies / Retinitis Pigmentosa

Donders (1855) described the fundus findings of this condition and first used
the term retinitis pigmentosa (RP). Through the years many terms have been used to
describe RP, including tapetoretinal degeneration, primary pigmentary retinal
degeneration, pigmentary retinopathy, and rod-cone dystrophy. RP is a essentially a
heterogeneous group of progressive retinal degenerations sharing a common set of
clinical characteristics comprising night blindness, constricted visual fields, pigment
deposition in the outer retina, and a diminished or absent of ERG.

It affects about 1 in 4,000 of the general population (Bucker et al., 1984;
Merin and Auerbach, 1976) and occurs as autosomal dominant, recessive, X-linked
or simplex forms. In addition, digenic inheritance has also been reported (Kajiwara
et al., 1994). Mitochondrial disorders (Moraes et al., 1989) have also been described
with progressive retinal degeneration; for example in Kearns-Sayre syndrome
(Kearns and Sayre, 1958). The term “simplex” is used when there is only one known
affected member in a family. If siblings are also affected, then it is termed
“multiplex”. It is likely that by far the majority of simplex or multiplex RP is
autosomal recessive or X-linked. The term “sporadic” implies a condition for which

there is no calculable risk of recurrence such as a new mutation.
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Clinical features and classification of rod-cone dystrophies

Night blindness is one of the hallmark symptoms of RP. Patients experience
night vision difficulties that should not be confused with night-myopia, or difficulty
with initial adapting to the dark as seen with diseases of the photopic system.

Progressive loss of visual field is another classical feature. The interval
between consciousness of night blindness and visual field loss is enormously
variable. In the great majority of cases of RP, the earliest defects of the visual field
are relative scotomata that developed in the mid-periphery between 20 and 30
degrees from fixation. These enlarge, deepen, and coalesce to form a ring scotoma.
As the ring scotoma enlarges, it extends to the periphery, leaving isolated peripheral
islands of vision, usually temporal but occasionally inferior or nasal. The superior
visual field is often more abnormal, reflecting the earlier involvement of the inferior
retina. The rate of progression of visual field loss is usually slow and relentless.
Studies have been performed to quantify the field loss and functional loss over time.
Patients do not always notice significant interval loss of peripheral visual field,
particularly if their central field is unaffected. Once the visual field is constricted
such that central vision is affected, the patient may become aware of any subsequent
change with time. This often leads the patient to the conclusion that the rate of
degeneration is accelerating. As many patients are unaware of visual field loss, it is
important to check their visual fields particularly in the context of driving.

The central vision is not always preserved late into disease in RP, and may in
some cases be lost early. The likelihood of retaining good vision to a given age in
life is dependent upon the specific type of RP. Patients with sector RP may retain

good visual acuity all their life. Patients with adRP are more likely than patients with
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autosomal recessive or X-linked RP to retain good acuity beyond 60 years of age.
Again this depends on the gene and the mutation.

Furthermore, central visual function can be seriously affected by other
associated complications. Cataract, cystoid macular oedema, diffuse retinal vascular
leakage, distortion of the inner limiting membrane and macular epiretinal membrane
may develop. Retinal pigment epithelial defects may occur at the macula and be
associated with loss of acuity.

The classic appearance of advanced RP includes attenuated retinal vessels,
pale optic discs, mottling and granularity of the retinal pigment epithelium (RPE),
migration of pigmented cells into the inner retina (bone-spicule formation) (Figure
1.4 a), and eventually atrophy of the RPE and choriocapillaris (Figure 1.4 b). In
general, there is a high degree of symmetry between the two eyes. In the early stage
of RP, the retina might appear either normal or near normal, even when the visual
field shows relative scotomata. Patients who have early RP without fundus
pigmentary changes are often diagnosed as RP sine pigmento. This is not a specific
subtype of RP but just an early stage of the disease. This stage can be short but might
last for many years. In most, if not all, cases of RP sine pigmento, pigmentary
deposits in the retina will develop eventually.

Many patients with RP will experience, at some time during the course of
their disease, light flashes, or photopsias, in their mid-peripheral field of vision

adjacent to areas of relative or absolute scotomata.
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Figure 1.4 a: Fundus picture of Figure 1.4 b: Fundus picture of patient
patient with RP showing migration  with RP showing extensive atrophy of
of pigmented cells into the inner the RPE and choriocapillaris

retina (bone-spicule formation)

Molecular genetics in Retinitis Pigmentosa

As advances in molecular genetics occur, it is becoming easier to categorise

groups, particularly when mutations in genes causing disease are identified.

Autosomal dominant RP (adRP)

The reported relative incidence ranges from 10 to 25% (Pearlman, 1979; Jay,
1982; Boughman and Fishman, 1983). Mutations have been identified in rhodopsin
(Dryja et al., 1990), peripheri/J*ZI'S (Kajiwara et al., 1991) and the neural retina
leucine zipper protein (NRL) gene (Bessant et al., 1999) in adRP. The autosomal
dominant RP group is reported to be milder and have a later onset. However it is
becoming clearer that the severity of disease depends on the gene, the mutation and
the position ofthe mutation in the gene. This has been demonstrated in rhodopsin
mutations where some mutations confer a severe phenotype.

Peripherin/RDS is a structural protein in the disc rim of'the outer segment

discs, and mutations in this gene have been shown to cause adRP. In addition to
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causing classical RP, phenotypes include various macular disorders, cone and cone-
rod dystrophies and pattern dystrophy. A null mutation in this gene is also presented
in the retinal degeneration slow (rds) mouse.

NRL is a retinal transcription factor that interacts with CRX and promotes
transcription of rhodopsin and other retinal genes. It is a gene that codes for a basic
motif leucine zipper, bZIP, that is highly and specifically expressed in adult retina.
Cell culture studies were performed to compare levels of transcription of rhodopsin
in the mutant and wild state and it was shown that rhodopsin is over expressed at low

levels of NRL in cell systems (Bessant et al., 1999).

Autosomal recessive (arRP)

This is the most common mode of inheritance. The incidence is particularly
high in isolated communities and where consanguinity is common. The majority of
“simplex” and “multiplex” cases are assumed to be autosomal recessive RP. There is
large variation of severity and age of onset, although in autosomal recessive RP
vision tends to cause early onset disease progressing to severe visual handicap by the
fourth decade. However, mild autosomal recessive disease exists. A number of genes
have been found associated with arRP. They include RPE65 (Gu et al., 1997), rod
c¢GMP phosphodiesterase beta subunit (McLaughlin, 1993 et al), rod cGMP-gated
channel alpha subunit (Dryja et al., 1995), cGMP phosphodiesterase alpha subunit
(Huang SH et al., 1995), and tubby-like protein 1 (Banerjee et al., 1998). Although
satisfactory phenotypic characterisation is not available in human, some of these

mutations cause retinal degenerations in rodents (vide infra).

X-linked recessive (xIRP)
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The reported relative incidence of x-linked RP of all types of RP ranges from
8 t0 20%. As a group, it is possibly the most consistently severe form of the disease
with early onset. It is associated with myopia. Mutations in the retinitis pigmentosa
GTPase regulator (RPGR) (RP3) (Meindl et al., 1996), and human cofactor C (RP2)
(Schwahn et al., 1998) were identified in patients with xIRP. The functions of these
genes are not fully understood.

There is also a variation of clinical features in the heterozygotic (carrier) state
in different families but intra-family variation is relatively small. In some families,
the heterozygotic state can be determined by recognition of a “tapetal” reflex at the
macula on fundus examination alone, while others require electrodiagnostic
techniques. However, heterozygotes may also be totally normal. Nonetheless,
heterozygotes may be symptomatic by the age of 20 years, and severe visual loss has

been recorded in middle or late life.

Digenic RP

A combination of mutations at the peripherin/RDS and ROM 1 loci
(Kajiwara et al., 1994) has been shown to produce an RP phenotype.
Histopathology of Retinitis Pigmentosa

The process of rod cell death usually begins in the mid-peripheral retina and
progresses with time to involve the macula and more peripheral retina, often sparing
rods in the far periphery until late in the disease. In all genetic forms of RP, the
earliest histopathologic change in the rods is outer segment shortening. Using
immunohistochemical techniques, in the normal retina, rhodopsin immunolabeling is
restricted to the rod outer segments; in the RP retina, rhodopsin is delocalized to the
surface membranes of the rod inner segments and somata (Li, Jacobson and Milam,

1994).
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Rods in RP retinas sprout long, axon-like neurite processes that contain
rhodopsin and project for considerable distances into the inner retina. The rod
neurites have been documented in retinas with RP caused by rhodopsin mutations
and other genetic forms of RP, including XL RP where the rhodopsin gene is
presumably normal (Li, Kljavin and Milam, 1995). Rod neurite sprouting is common
in the peripheral regions of RP retinas where some death of photoreceptors has
already occurred, but rod neurites have not been found in the macula of the same
retinas, even when this region has undergone significant photoreceptor loss. Cones
do not undergo robust neurite sprouting, although some peripheral cone axons are
elongated and appear to reach the inner plexiform layer (IPL) (Li, Kljavin and
Milam, 1995; Milam et al., 1996). The rod neurites bypass the dendrites of
horizontal and rod bipolar cells, the normal targets of rod axons in the outer
plexiform layer, and are closely associated with the hypertrophied processes of

Muller cells that have undergone gliosis in response to photoreceptor death.
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Progressive cone and cone-rod dystrophies

Clinical features and classification of cone and cone-rod dystrophies

Autosomal cone dystrophy has been calculated to occur in 1/10,000 live
births with an age dependent penetrance. A large number of cone and cone-rod
dystrophies might have been misdiagnosed as retinitis pigmentosa, which is
classically a rod dystrophy with secondary cone degeneration.

Most cone dystrophies present in childhood or early adulthood. Pure cone
dystrophies are characterised by progressive dysfunction of the photopic system with
preservation of scotopic function. Common symptoms and signs in cone dystrophy
include photophobia, loss of visual acuity, abnormal to loss of colour vision and loss
of central visual field with central scotoma. Fundus findings range from granular
abnormalities of the RPE to a bull’s eye appearance at the macula. The optic disc
may exhibit temporal pallor, and in early onset severe dystrophy, nystagmus may be
present. Fluorescein angiography may demonstrate a bull’s eye pattern, even when
there is little to be seen at the fundus. Psychophysical evaluation in cone dystrophy
demonstrates loss of central visual fields, and recovery from bleach is monophasic
with a normal rod threshold. Colour vision is usually abnormal early in disease with
elevation of protan, deutan or tritan thresholds or any combination of these.

In late disease, rod photoreceptor involvement can be demonstrated in a
proportion of cone dystrophies cases (Simunovic and Moore 1998). For this reason
cone and cone-rod dystrophies are often considered together. Electrodiagnostic tests
are the key to distinguishing cone, cone-rod, and macular dystrophies. Typical
electrophysiology features of cone dystrophies in the flicker and photopic
electroretinogram include delayed implicit times, reflecting cone dysfunction, and

decreased amplitudes reflecting loss of cone cells. These same features are seen in
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cone-rod dystrophies, but with rod involvement are also present. In macular
dystrophies, the global cone function should be normal but abnormalities in pattern
ERG are consistent findings. Nonetheless, some classical examples of macular
dystrophies might have cone abnormalities as well (Lois et al., 1999). Some authors
suggested that a mild degree of rod involvement that is non-progressive should not
alter the diagnosis from cone dystrophies to cone-rod dystrophies. However, the
progression of rod involvement in cone-rod dystrophies is often slow, it is therefore
difficult to establish unless long-term follow up is available. The degree to which the
systems are affected varies between individuals and in different disorders. Hence, it
might be best to consider both cone and cone-rod dystrophies together as a
continuous spectrum of a group of diseases with different genetic mutations.
Molecular genetics of progressive cone and cone rod dystrophies
Genetic studies to date have shown that autosomal dominant cone and cone-
rod dystrophies are genetically heterogeneous. Mutations in peripherin/RDS
(Fishman et al., 1997; Nakazawa et al., 1996)(Figure 1.4.2a), GUCA1A (Payne et
al., 1998)(Figure 1.4.2b), GUCY2D (Kelsall et al., 1998) and CRX (Freund et al.,
1997) are associated with autosomal dominant cone or cone-rod dystrophies. One
locus has recently been reported for autosomal recessive cone-rod dystrophy and is
on chromosome 17p (Payne et al., 1999), but no responsible gene has been
identified. The red cone opsin gene has been associated with some form of X-linked

cone dystrophies (Nathans et al., 1992; Neitz and Neitz 1995).
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Figure 1.4 ¢: Fundus picture of a Figure 1.4 d: Fundus picture of a patient
patient, with a clinical diagnosis of with a GUCAIA mutation (Courtesy of
pattern dystrophy, who has a Dr Susie Downes)
peripherin/RDS mutation (Courtesy of
Dr Susie Downes)

Histopathology of progressive cone rod dystrophies

Photoreceptor loss and shortened photoreceptor outer segments in the central
and far peripheral retinal regions, with relative preservation in mid-periphery, have
been described in a patient with cone-rod dystrophy (Rabb et al., 1986). These
features were not significantly different from rod-cone dystrophy.

Interestingly, the histopathology of four eyes with different forms of cone-
rod dystrophies have been reported recently (Gregory-Evans et al., 1998). In all four
cases, there was cone and / or rod loss with outer segment shortening as predicted by
the clinical disease. However, the retina of'a simplex cone-rod dystrophy of
unknown genetic mutation showed enlarged, distorted shape of cone pedicles, along
with thickening of some cone axons. This was confirmed by electron microscopy.
Furthermore, the cone pedicles also contained spherical inclusions filled with

synaptic and coated vesicles of unknown origin or composition. The authors

suggested that they might represent invaginating postsynaptic processes. Similar
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features were found in a small number of cones in an eye with central areolar
choroidal dystrophy but not found in eye with cerebellar ataxia-cone dystrophy,
cone-rod dystrophy in Bardet-Biedl syndrome or simplex RP. The significance of
these findings is currently unknown, as it is not a uniform feature in all cone-rod

dystrophies and the number of cases examined remains small.
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1.5 Retinal degeneration models in rodents

In addition to retinal degeneration in human, retinal degeneration is naturally
occurring in rodents and companion animals. Furthermore, light damage model in
rodents are often used to explore pathogenesis and therapeutic trials. The most

commonly studied models are described in the following sections.

Retinal degeneration (rd) mouse

Following its discovery in the 1920s, the retinal degeneration (rd) mouse has
been one of the most widely studied retinal degenerations (Farber, Flannery and
Bowes-Rickman, 1994). In the rd mouse, there is a rapid loss of rod photoreceptors
with a much slower and subsequent loss of cones. Rod degeneration begins on about
postnatal day (P) 10, with most of the cells lost by P21 and almost none surviving by
P36 (Carter-Dawson, LaVail and Sidman, 1978). The majority of cones are still
present at P21, but most of these are lost by 2 to 4 months of age, with a few
surviving for the lifetime of the animal (Carter-Dawson and LaVail, 1979).
Electrophysiological studies of the superior colliculus of rd mice are consistent with
the morphological observations of the rapid rod loss followed by a slower loss of
cones (Dragger and Hubel, 1978). The defective gene in the  subunit of the rod
cGMP-phosphodiesterase gene has been identified (Bowes et al., 1990; Pittler and
Baehr, 1991). Two mutations were found in the rd PDEP gene. One is a nonsense
mutation at codon 347 that introduces a stop codon (Pittler and Baehr, 1991); the
second is a retroviral element inserted in intron 1 (Bowes et al., 1993). Both
mutations have been found in all strains of rd mice. Further confirmation the mutant

PDEP gene was responsible for rd was provided by introducing a normal copy of the
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gene into rd mice and showing that the resulting transgenic mice did not develop
retinal degeneration (Lem et al., 1992)

Multiple mutations in the human homologue of the same gene, most resulting
in autosomal recessive retinitis pigmentosa (McLaughlin et al., 1993, 1995), and one
producing autosomal dominant stationary night blindness (Gal et al., 1994) have

been identified.

Retinal degeneration slow (rds) mouse

The retinal degeneration slow (rds) mouse was first described in 1978 (Van
Nie et al., 1978) and suffers from a semi-dominant disease characterised by
photoreceptor dysplasia followed by degeneration. Mice heterozygous for the
mutation (rds/+) develop dysplastic photoreceptor outer segments, which then very
slowly degenerate. The homozygous (rds/rds) mice have a more severe phenotype in
which they fail to produce any outer segments (Sanyel and Jansen, 1981), and
photoreceptor degeneration is apparent by 3 weeks of age (Sanyal et al., 1990).
Apoptotic cells can be seen in the outer retinal layer (Figure 1.5). In most studies,
albino rds mice were used. The albino elements may accelerate the photoreceptor

degeneration. The pigmented rds mouse was characterised as part of this thesis.
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Figure 1.5: Retina of the pigmented rds mouse at postnatal day 45 showing an
apoptotic cell (arrow) and the absence of photoreceptors outer segment.
The mutant gene, named peripherin/r<is, encodes a structural protein present
in photoreceptor outer segments (Connell and Molday, 1990; Connell et al., 1991).
The rds mutation is due to an insertion of foreign DNA into exon two of the gene
creating a null mutation (Travis et al., 1989). Final confirmation that the
peripherin/RDS mutation was responsible for the rds phenotype was provided by
construction of transgenic rds mice in which a normal peripherin/RDS gene was
expressed and resulted in photoreceptor cell rescue (Travis et al., 1992). The semi-
dominant nature ofthe rds mutation is thought to be due to haploinsufficiency.
Following the identification of peripherin/r"k, screening of'the gene in
human patients with retinal dystrophies has led to the identification of over 40
different mutations within the gene (Keen and Ingleheam, 1996). Interestingly,
different mutations result in a wide range of phenotypes from classical rod-cone
dystrophies to cone-rod dystrophies to macular dystrophies (Weleber et al., 1993;

Wells et al., 1993).
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The Royal College of Surgeons (RCS) rat

The Royal College of Surgeons Rat (RCS) is a well-studied model of
heredity retinal degeneration. The dystrophic strain is subject to an autosomal
recessive disease resulting in the selective loss of photoreceptors (Bourne et al.,
1938). The degeneration occurs after the complete development of the neural retina.
It initiates by postnatal day 20 and leads to near complete destruction of
photoreceptors by postnatal day 60 (Dowling and Sidman, 1996). The primary defect
involves dysfunction of the retinal pigment epithelium (RPE), which fails to
phagocytize shed outer rod segments (Heron et al., 1969), resulting in accumulation
of debris in the subretinal space and subsequent loss of photoreceptors (Bok and
Hall, 1971). Although the molecular defect was only recently been reported (D'Cruz
et al, 2000), the primary role of the RPE cells in the RCS rat was identified in 1971
(Mullen and LaVail, 1976), and confirmed by the prevention of photoreceptor
degeneration by RPE transplantation (Li and Turner 1988). The molecular defect
was found to be in the receptor tyrosine kinase Mertk. The exact function of Mertk is
unknown but it appears to play an important in phagocytosis (D'Cruz et al, 2000).

Although earlier studies on the RCS rat suggested that the only neural deficit
to be seen was a loss of photoreceptors, inner retinal changes has been detected in
recent studies. The inner retinal changes, in particular the loss of retinal ganglion
cells appears to be secondary to the inward displacement of retina blood vessels
(Villegas-Perez et al., 1996). Some functional studies have investigated the visual
capacity of the RCS rat by means of electroretinography (Perlman, 1978) and
pupillometry (Trejo and Cicerone, 1982). Such studies have indicated a decreased

responsiveness to light by dystrophic RCS rats compared with congenic controls.
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1.6 Genetically determined retinal degeneration in

companion animals

The term progressive retinal atrophy (PRA) is used in describing retinal
degeneration in cats and dogs. The clinical phenotype of PRA in cats and dogs is
similar to retinitis pigmentosa in man. As in human outer retinal dystrophies, it
represents a group of genetically different retinal disorders having similar disease
phenotype. All show the same general ophthalmoscopic abnormalities, and visual
deficits characterised initially by rod dysfunction followed by loss of day vision; in
the late stages of the disease, the animals are blind, have end-stage retinal

degenerative changes, and ,especially in dogs, secondary cataracts .

Progressive retinal atrophy in dogs

Progressive retinal atrophy is much more common in dogs than cats, and is
subdivided into developmental and degenerative diseases. The developmental class
represents a large aggregate of genetically distinct disorders which are expressed
cytologically in the postnatal period, at the time that visual cells are beginning to
differentiate. These developmental disorders represent a dysplasia of the rod and/or
cone photoreceptors, and each has its own unique disease course and phenotype as
assessed by functional and morphologic criteria (Aguirre et al., 1998).

Even though all dysplasias show rather severe structural alterations of the
photoreceptor cells, the rate of progression to loss of cones, the benchmark criteria
for loss of functional vision, is varied; for example this occurs early in the

Norwegian elkhound (erd), Irish setter (rcdl) and Collie (rcd2) retinas, but not until
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the equivalent of middle age in Miniature schnauzer (pd) and Norwegian elkhound
(rd).

In contrast, the degenerative group represents defects in photoreceptor
maintenance, where the visual cells degenerate after having differentiated normally.
This group includes diseases such as the progressive rod-cone degeneration (prcd) as
found in the Miniature poodle, American and English cocker spaniels, Labrador
retriever and the Portuguese water dog (Aguirre et al., 1982; Aguirre and Acland,
1988); and the X-linked PRA in the Siberian husky (Acland et al., 1994). In this
group, disease occurs late and the degeneration is slower. Different alleles have been
identified at the prcd locus (Aguirre and Acland, 1988).

A mutation in codon 807 (Trp807x) of the B-subunit of cyclic GMP-
phosphodiesterase (cGMP-PDE) was identified in the Irish setter (rcdl). This
represents a premature termination of the PDE6B protein by 49 amino acid residues
(Suber et al., 1993; Ray et al., 1994). A mutation in the a-subunit of cGMP-PDE
was identified in the Cardigan Welsh corgi (Petersen-Jones et al., 1998). Using the
candidate gene approach, transducin, PDE6A, PDE6B, PDE6G have been excluded
in the Collie and transducin, RDS/peripherin, opsin, PDE6B have been excluded in
the Norwegian elkhound (erd) and in the prcd (Aguirre et al., 1998).

The retinal degeneration seen in the miniature longhaired dachshund dogs
(which is characterised in this thesis) traditionally belongs to this group. It is an
autosomal recessive early onset retinal degeneration (Curtis and Barnett, 1993). The
earliest ophthalmoscopic signs, appearing at approximately 6 months of age and
coinciding in some cases with the onset of nyctalopia, included changes in the

granular appearance of the tapetal fundus followed by generalized tapetal hyper-
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reflectivity and retinal vascular attenuation; later there was irregular loss of pigment
in the non-tapetal fundus and optic atrophy.

Using a non-standardized light source, the full field electroretinogram
appeared normal in waveform and latency at 10 weeks of age; but by 9 months it was
markedly reduced or virtually extinguished. Significant histological changes at 10.5
weeks of age included thinning of the outer nuclear layer, irregularity and
attenuation of the rod photoreceptor outer segments and early disorganization of the
rod outer segment disc lamellae. By 25 weeks the photoreceptors were grossly
degenerate with short rounded inner segments and only residual amounts of outer
segment material remaining (Curtis and Barnett, 1993).

This condition in the miniature longhaired dachshund (Curtis and Barnett,
1993) is later in onset than rod-cone dysplasia in Irish setters (mutation in B-subunit
of cyclic GMP-phosphodiesterase) (Suber et al., 1993; Ray et al., 1994); but
significantly earlier than progressive retinal atrophy in Tibetan terriers and
progressive rod-cone degeneration in miniature poodles (Aguirre et al., 1982;
Aguirre and Acland, 1988). The exact genetic defect is not known yet, however,
linkage has been achieved in a collaboration with Dr Matthew Binns' laboratory.
The MLHD locus was mapped to CFA15q23-24.1 by linkage and radiation hybrid
mapping, and confirmed by fluorescence in-situ hybridisation (FISH) (Figure 1.6a)
(Ryder, Chong, et al., 1999). The CFA1S5 region shows conserved synteny with
human chromosome 12q21-q24, in which no known RP loci have so far been

mapped.
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I1

Figure 1.6a: Physical mapping of BAC clone 259-822 labelled with DIG

(main) and DAPI counterstaining (insert) (Courtesy of Dr Matthew Binns)

Progressive retinal atrophy In cats

Two forms of feline FRA have been described and both were initially found
in the Abyssinian cats. One is an autosomal dominant form that presents early, and
has similar features to the dysplasia group in the dogs (characterisation ofthis model
forms part of this thesis). The gene symbol Rdy has been designated for this model.
The other is the autosomal recessive model (Narfstrom, 1983) that is described in
this chapter. The disease in this model has been designated the gene symbol rdAc.

The autosomal dominant early onset feline model of retinal degeneration was
described previously (Barnett and Curtis 1985; Curtis et al., 1987; Leon and Curtis
1990, Leon et al., 1991). Clinically, affected kittens show dilated pupils and sluggish

pupillary light reflexes from 2 weeks of'age. Vision is impaired and an intermittent
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rotatory nystagmus develops between 4 to 6 weeks of age. The first signs of fundus
abnormality are present at 8 to 12 weeks with increased tapetal reflexes. This is
accompanied by progressive attenuation ofretinal vessels and optic atrophy (Figure
1.6.b and ¢). Light microscopy, electron microscopy and electrophysiology were
previously performed but most of the work were concentrated on the older cats (from

16 weeks of age onwards).

Figure 1.6b: Fundus picture of a Figure 1.6c: Fundus picture of an
normal cat at 6 months of age showing affected Rdy cat at 6 months of age
normal optic disc and retinal vessels showing abnormal tapetal reflex and

attenuated retinal vessels

The fundus in the recessive feline PRA appears normal until the animals
reach young adulthood, at the age of 1.5 to 2 years. This is followed by a slowly
progressive retinal degeneration leading to a generalised retinal atrophy by age of 5
year (Narfstrom, 1985). Full field ERG revealed a primary effect on the function of
rod photoreceptors with a later involvement of'the cone system. A significant
reduction of maximum dark adapted b-wave amplitudes was found in cats as early as
8-16 weeks when compared to age-matched controls. At this time there was no major
difference between affected and controls in scotopic b-wave implicit time (Narfstrom

et al., 1988).
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These changes have been verified by ultrastructural studies that showed
changes primarily in solitary rod outer segments, while cones and other retinal cells
appeared normal (Narfstrom and Nilsson, 1986). The morphological changes were
more severe in mid-peripheral and peripheral areas of the retina compared to the
central parts, which seemed to be spared until late in the disease, when there was a
generalised loss of both rods and cone photoreceptors.

In affected animals there was an early aberration in the orientation of disc
membranes, and a disorganisation of lamellae in some rod outer segments. At the
age of 35 days, a difference between affected kittens and normal controls could be
observed (Narfstrdm and Nilsson, 1986). However, specific degenerative changes
were not observed until after the age of 5 months in the affected kittens.

There was progressive loss of gamma-amino butyric acid (GABA)
immunolabeling (Ehinger et al.,1991), and progressive increase of glial fibrillary
acidic protein (GFAP) (Ekstrom et al., 1988) immunolabeling in the retina of
affected cats. However, the immunoreactivity of interphotoreceptor retinoid binding
protein (IRBP) was found to be much reduced in the early stage of the photoreceptor
degenerative disease. It progresses to a total loss of immunoreactivity to IRBP in
advanced disease (Narfstrom et al., 1989). Furthermore, levels of both IRBP protein
and message were significantly reduced below normal as early as at 4 weeks of age
in affected retinas (Wiggert et al., 1994). It was suggested that the early reduction of
IRBP could be one of the factors leading to photoreceptor cell death.

Through candidate gene analysis, peripherin / rds, phosducin, rhodopsin, S-
antigen, cGMP gated channel beta subunit, transducin subunits alpha, beta and
gamma as well as phosphodiesterase, alpha, beta and gamma have been excluded

(Narfstrom, 1998).
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1.7 Transgenic animals with retinal degeneration

Genetic manipulation is now possible to alter gene expression of gene in an
animal. There are two main approaches. The first method is involved the injection of
a foreign DNA construct (gene), that is DNA that contains a regulatory region
(promoter) and a coding region for the protein, into fertilised oocytes. The oocytes
are then implanted into a foster mother to allow embryo development. The offsprings
are tested whether the foreign DNA has been incorporated into the genome. Animals
positive for the transgene are bred selectively until a line of transgenic animals are
established. Using this technology, a number of transgenic mice (Olsson et al., 1992;
Naash et al., 1993), rats (Lewin et al., 1998) and more recently miniature pigs
(Petters et al., 1997) carrying a rhodopsin mutation have been produced.

A major disadvantage of this technique is the unpredictable nature of the
integration of the transgene into the genome. Multiple copies of the transgene can be
incorporated and the location of the integration is uncontrolled. This may result
changes in the transcription rate of an endogenous gene at the integration site. In
other words, the phenotypes of the transgenic animals might be totally unrelated to
the expression of the transgene but due to the altered endogenous gene expression. In
fact, there is some worry that the retinal degeneration in the mutant P23H rhodopsin
transgenic rats might not be caused by the P23H transgene. Furthermore, the
phenotypes of transgenic animals in different species are very different from the
human disease. For instance, the P23H rhodopsin mutation is the most common form
of adRP in the USA. It is a relatively mild disease. In human, rod-specific ERG can
be measured at the early stage of the disease. However, in the transgenic P23H
rhodopsin mutant pigs, rod-specific ERG cannot be recorded at any stage (Petters et

al., 1997). These factors limit the usefulness of transgenic animals in the
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determination of the pathogenesis of human diseases but they can still be useful
model for therapeutic trials.

Another approach is to "knock out" or disable the gene. This can be achieved
by replacing an endogenous gene with an exogenous DNA fragment that has DNA
sequences homologous to the endogenous DNA. The deletion of a gene by this
method can be used to determine the function of the gene product by the changes
that result from its absence. The main examples in retinal degeneration are those
with knock out genes involved in the apoptotic process (vide infra). The main
disadvantage is that if the gene product is essential for embryonic development, thc;,
animal might never develop normally and the function of the gene product in
postnatal life cannot be determined. Furthermore, natural compensation for the
missing gene might occur during development. For instance, another gene that codes
for a protein in the same family as the targeted gene may upregulate and provide
sufficient activity to overcome the lack of the targeted protein. This situation can
lead to misinterpretation of the importance of the targeted gene in adult life.

Recently, the target gene can be switched on and off in adult life using
promoter that can be controlled by the intake of a drug. This latter method might

revolutionise experiments using transgenic animals.
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A2: Current and future management of retinal

degeneration

2.1 Current management

With few exceptions such as, abetalipoproteinaemia (Illingworth et al, 1980;
Gouras et al, 1971), Refsum disease (Hansen et al, 1979) and gyrate atrophy (Kaiser-
Kupfer, Caruso and Valle, 1991) there is no treatment by which the primary disorder
can be modified. Some symptomatic relief may be derived from cataract extraction
(Newsome et al , 1986), and carbonic anhydrase inhibition if there is macular
oedema (Cox et al, 1988). Vitamin-A supplementation may slow the progression but
this has been the subject of controversy (Berson et al, 1993; Massof and Finkelstein,
1993). Although there is no treatment by which the primary disorder can be
manipulated, patients can expect a reasonable account of visual prognosis, accurate
genetic counselling, and support for rehabilitation.

Different potential therapeutic approaches to this problem are under
investigation. These are based on the possibility of modulation of cell death (the
focus of this thesis, see next chapter), transfecting the photoreceptor or retinal
pigment epithelial cell with functioning genes, transplanting photoreceptor or retinal
pigment epithelial cells into the subretinal space or the use of electronic devices to

stimulate the outer retina.
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2.2 Gene therapy

In most recessive and some dominant diseases, cell dysfunction is due to lack
of functioning genes, and the objective of therapy is the replacement of the defective
gene with genes that express normally.

In the retinal degeneration slow (rds) mice, transfection of the fertilised ovum
with the appropriate wild-type (normal) gene results in photoreceptor cell rescue
(Travis et al, 1992). However, insertion of genes into non-dividing photoreceptor
cells in human is a much greater challenge. There are two general approaches by
which genes can be introduced into the eye, ex vivo or in vivo. In the ex vivo
techniques, the genes are introduced in vitro into retinal cells, retinal pigment
epithelial (RPE) cells or fibroblasts. The transfected cells are then injected into the
eye. In vivo, or direct gene transfer, genes are introduced into the cells in situ using a
vector. The most commonly used gene vectors are replication defective herpes
simplex virus, replication defective adenovirus, adeno-associated virus (AAV) and
retrovirus. Each has advantages and disadvantages.

Herpes virus can carry a large gene insert (up to 36 kb). However, it rapidly
undergoes latency after infection, restricting the long-term expression of the
transgenes. This drawback can be overcome by using one of the latency promoters as
the helper for transgene expression so it remains active in latency. A cytotoxic
response may occur in the target cells that would reduce the longevity of expression
(Pepose and Leib, 1994). Furthermore, the wild-type herpes virus carries a
significant morbidity in humans. The adenovirus is a relatively safe virus. However,
it induces an immune response that prevents re-infection by the same virus, and
cytotoxic effect on the target cells reducing longevity of expression (Ali et al, 1997).

The current capacity for a gene insert is relatively small (about 8 kb), but with
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development of new packaging cell lines, larger insert might be achieved. Further
difficulty is that the transfection efficiency in general is low in that only a small
proportion of cells is transfected, and expression is brief.

AAV is an attractive alternative, and it is not associated with any apparent
pathological response in humans. The recombinant AAV vectors have no virally
encoded proteins and hence less immunogenicity. It can infect a variety of cells, and
is more efficient in transducing photoreceptors than adenovirus. Wild type AAV
integrates into chromosome 19, whilst recombinant AAV may integrate randomly.
The latter has the potential risk of disrupting essential genes or causing malignant
transformation of the target cells, although there is little evidence of this to date.
Chromosomal integration may serve to prolong expression. The maximum size of
insert is only 4.7 kb, and it is difficult to prepare high titres without contamination of
helper adenovirus (Ali et al, 1997). Retrovirus can only readily infect dividing cells,
which restricts its use in the retina.

Delayed photoreceptor cell death in the rd mice (B-PDE defect) by the use of
subretinal injection of a recombinant replication defective adenovirus that contains
the murine cDNA for the wide-type 3-PDE was observed. It is reported that these
injections result in B-PDE transcription, and increased PDE activity, although the
rescue only lasted for 6 weeks (Bennett et al, 1996). In all these observations, there
must always be doubt as to whether the therapeutic effect is due to the expression of
the gene or due to injury with the attendant release of growth factors or the immune
response to the viral vectors.

On the other hand, in most dominant diseases it is likely that the abnormal
gene product produces disease. An anti-sense would be required to negate the

influence of the abnormal gene. However, anti-sense molecules are often too big to
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discriminate wild-type and mutant mRNA in point mutation, as seen in many
autosomal dominant RP (Bird, 1995; Dreunser et al, 1998). Recently, ribozymes
present new promises. They can bind and digest targeted mRNA. Specifically
designed ribozymes can discriminate between the mutant and wild-type sequences of
mRNA associated with autosomal dominant RP (Dreunser et al, 1998). Furthermore,
using an AAV vector, ribozymes has been demonstrated to rescue photoreceptor
cells in the transgenic rhodopsin P23H mutant rats (Lewin et al, 1998).

Gene therapy could also be used to deliver neurotrophic factor (Cayouette
and Gravel, 1997). These approaches can also be combined by re-introduction of
genetically modified host cells expressing the neurotrophic factors. The longevity of
expression remains the problem, but with ex vivo transfection there is a wide scope

for manipulation of expression.
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2.3 Retinal cell transplantation

The ultimate goal of transplantation is to replace lost photoreceptors with
healthy ones, which would acquire the intrinsic properties of photoreceptor cells and
have the capacity to re-establish the appropriate cellular connections at the outer
plexiform layer. Cell survival appears to be related to donor age. Transplanted foetal
tissue appears to survive and differentiate, but fails to show normal orientation in the
retina (Aramant et al, 1988). Enzymatic dissociated adult photoreceptor cells can be
transplanted by injection into the subretinal space. Such photoreceptors survive and
appear to have synaptic terminals but their outer segments degenerate almost
completely (Gouras et al, 1991). The functional attributes of these cells have not
been tested since the visually directed behaviour of these animals was not assessed.
There is also some evidence to suggest cones survived longer following
transplantation in rd mouse (Mohand-Said et al, 1997). This might reflect the
influence of trophic factors.

However, recent experimental studies have shown more promise in that
transplanted cells survive (Gouras et al., 1994; del Cerro et al, 1989; Ivert et
al.,1998), integrate synaptically with the remaining retina (Seiler and Aramant, 1998;
Kwan, Wang and Lund, 1999) and mediate a simple visual reflex (Kwan, Wang and
Lund, 1999)

Despite the paucity of evidence that this technique may be useful,
mechanically dissociated foetal retina of 14 to 18 weeks gestation have been grafted
in 12 patients with advanced RP. The pre-operative visual acuity was perception of
light or worse. No rejection or complications were reported. Five patients had
reported subjective improvement of vision. (del Cerro et al, 1997) However, it is

impossible to exclude the placebo effect or the influence of injury. Furthermore, no
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improvement of vision was found in two patients transplanted with a sheet of adult
photoreceptors harvested by vibratome (Kaplan et al, 1997).

Another strategy is the transplantation of RPE cells. In the RCS rat, the RPE
failed to phagocytose photoreceptors outer segment material. This accumulation of
outer segment material is associated with photoreceptor cell death (Mullen et al,
1976). Transplantation of healthy RPE cells into subretinal space delayed
photoreceptor loss, and retinal function, as measured by electroretinogram and
pupillary light reflex, is restored following RPE cell grafts in the RCS rats (Sheedlo
et al, 1989a; Sheedlo et al, 1989b; Whiteley et al, 1996; Yamamoto et al, 1993).
However, this may have limited relevance to most human forms of retinal dystrophy,
although it may have a role in slowing the progress of age-related macular
degeneration (AMD). The results of human foetal RPE transplantation in 13 AMD
patients were recently reported (Algvere et al, 1997). No visual improvement was

observed but the graft was reported to survive in most of the patients.
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2.4 Artificial vision

It is well known that stimulation of the appropriate area of the visual cortex
evokes a visual sensation. Some groups are working on devices that can detect visual
signals, and stimulate the visual cortex directly. Thus no viable eye tissue is required,
but the signal bypasses the sophisticated coding of the visual system, and the
sensations are likely to be complex depending upon the functional attributes of the
cell stimulated. This renders the potential success of this approach problematic
(Brindley and Lewin, 1968).

There has been extensive media coverage of the artificial retinal implant for
blind people. The concept is based on the fact that in RP, the photoreceptors are
damaged but the inner retina remains relatively healthy. Electrical stimulation of the
inner surface of rabbit retina was the first demonstration the possibilities of retinal
implants (Humayun et al, 1994). These experiments were later carried out in
humans. Subsequently, intra-ocular electrodes coupled with an optically isolated,
constant current generator was used to deliver the pulses. This was performed in 5
patients with bare or no perception of light (3 had RP, 1 had AMD and 1 unspecified
retinal dystrophy from birth). Stimulation elicited a visual perception of a spot that
was retinotopically correct in 4 subjects who had had previously useful vision. One
subject resolved two simultaneous spots giving a visual acuity of about 1/60
(Humayun et al, 1996). However, the methods for permanent implantation of such
devices, and their connection with the outside world may pose major technical
problems. The latter might be made possible by using an external reception and
power unit, the signals are then transmitted into the retinal implant (Figure 2.5). This
device assumes the eye is in primary position at all times. Furthermore, the small

number of stimulating electrodes that can be used would limit the visual field. Even
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these problems are resolved, it is unlikely to simulate foveal function without the

presence of photoreceptors.

Reception nnd Power Unit

|

Laser Diode

Figure 2.5: A potential artificial retina design
(Modification from the Harvard and MIT Collaboration - Retinal Implant
Project)
At the moment, none ofthe techniques mentioned above appear to be very
effective for long term modification ofthe course of the disorder. In the near future
(next 5to 10 years), the scope of gene therapy is limited by the large number of

genes and mutations involved in retinal degeneration. Furthermore, the majority of

abnormal genes are yet to be found. Eventually, transplantation might be useful to
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preserve central vision whilst the artificial retinal implant might be useful to
maintain visual field.
A relatively simple approach that can be used in a clinical setting within the

next 10 years is certainly required.
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A3: Apoptosis and retinal degeneration

3.1 Introduction

Photoreceptor cell death is the final, irreversible event in many blinding
diseases including retinal degeneration. The combination of several pieces of indirect
evidence make it likely that photoreceptor cells are inherently vulnerable. Firstly, it
is remarkable how many different mutations and acquired insults lead to
photoreceptor cell death (Bird, 1995). Secondly, there is a wave of cell death in post-
mitotic photoreceptor cells when metabolic activity in the retina increases (Maslim
and Stone, 1996). This, together with the high focal concentrations of mitochondria
in photoreceptors and the very high blood supply to the choriocapillaris suggest that
there may be little reserve in the energy supply to photoreceptor cells (Cohen, 1987).
The complex inter-relationships between rods, cones, Muller cells and retinal
pigment epithelium (RPE) add to the vulnerability in that failure of other cell types
then leads to secondary photoreceptor cell loss.

In line with this, apoptosis has been described in a wide variety of hereditary
retinal degenerations, including those described in this thesis (Tso et al., 1994;
Portera-Cailliau et al., 1994; Chong et al., 1999), in light damage (Hafezi et al.,
1997) and following retinal detachment (Chang et al., 1995; Cook et al., 1995) and
in other types of retinal degeneration (Xu et al., 1996). The hypothesis that apoptosis
can be manipulated as a novel therapeutic approach for retinal degeneration is the

basis of the treatment trials in this thesis.
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3.2 Apoptosis - an overview

The importance of the genetic basis of cell death was first realised in 1914 by
Ludwig Graper. It was rediscovered in 1951 when it became clear that cell death
shapes digits and eliminates no longer useful structures. This death was primed by
time-dependent intrinsic stimuli, which could be influenced by the environment.
John Saunders called this the “death clock” but the term “programmed cell death”,
introduced by Richard Lockshin, has stuck. Ronald Oppenheim then showed that,
during the development of the nervous system, motor neuron production far
exceeded that needed to generate the right number of adult neurons (reviewed in

Rich et al., 1999).

Structural manifestations of cell death

In 1971, John Kerr, whilst using electron microscopy to study cytotoxicity in
the liver, identified at least two modes of cell death. There was good evidence to
show that severely injured cells lost control of ion flux across the plasma membrane,
swelled and then ruptured. These features were all concordant with descriptions of
necrosis. But in the lightly injured or mildly hypoxic livers, cells shrunk to half their
original volume, lost contact with their neighbours, rearranged and condensed their
nuclear chromatin, and, rarely but significantly, were caught in the act of implosion,
emerging as condensed, membrane bounded bodies (Kerr, 1971). Such cells were
efficiently phagocytosed and degraded. He then identified the same morphological
cell death under a variety of circumstances. To emphasize its commonality and
suggest its counterbalancing role to mitosis, the ‘shrinkage’ process was renamed

“apoptosis” (Kerr et al., 1972).
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Proteins associated with cell death

Robert Horvitz began dissecting the genetics of developmental cell death in
the nematode Caenorhabditis elegans. These deaths show some differences from
mammalian apoptosis, but also many similarities (Hengartner, 1996). Mutant C.
elegans strains showing aberrant developmental death were found to result from
mutations in a hierarchy of genes. Two of these genes (ced-3 and ced-4, where ced
stands for ‘cell death abnormal’) specify irreversible death, whereas another (ced-9)
is required for survival. All of these, as well as several other nematode death-related
genes, have since been shown to have structural and functional mammalian
homologues, revealing the commonality of death pathways in animal cells.

APO-1/Fas is cell-surface receptor that can activate apoptosis. It was
discovered by two separate groups by screening of panels of antibodies for
lymphocytotic effects (Trauth, 1989; Yonehara et al., 1989). APO-1/Fas was
subsequently found to be a member of the superfamily of receptors related to the
tumour necrosis factor (TNF) receptor (Itoh et al., 1991) which in itself can be
activated apoptosis. They all have a cytoplasmic so called “death receptor” domain
(Raff, 1992). A route from APO-1/Fas, through a set of rapidly recruited cytosolic
proteins, to caspase-8 (also known as FLICE), a regulatory caspase, was identified
(Muzio et al., 1996; Boldin et al., 1996). Subsequently, other caspases are found to
be involved in this early process of apoptosis and they are collectively called "first
level caspases". The activity of this pathway affects sensitivity to lethal stimuli
arising elsewhere, including damage to nuclear DNA. Survival factors may also have
subtle but essential roles in the maintenance of normal tissue structure, perhaps by
ensuring the survival of cells that are appropriately apposed to the basal lamina, but

initiating death should cells move away from the lamina.
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It was observed that the principal function of the proto-oncogene Bcl-2 is to
prevent death (Vaux et al., 1988). Bcl-2, the mammalian homologue of ced-9, is the
prototype of a family of genes that influence cell survival by their interactions with
death effectors.

The mammalian homologue of CED-4 was identified as a mitochondrial
protein, apoptosis activating factor-1 (Zou et al., 1997). This, coupled with the
knowledge that Bcl-2 family (Kroemer, 1997) are frequently located at the
mitochondrial surface, established a fast track to apoptosis from this organelle,
which is arguably the strongest candidate for monitoring the energy status of the cell.

The CED-4 pathway arises in stressed mitochondria. The decision to
irrevocably commit to apoptosis is played out at the mitochondrial surface in a series
of interactions between protective and pro-apoptotic Bcl-2-family proteins (Adams
and Cory, 1998). Although the minutiae of these processes are still unknown,
changes in membrane permeability are key, leading eventually to release of
mitochondrial pro-apoptotic factors such as cytochrome c and apoptosis-inducing
factor. Positive-feedback loops seal the fate of the cell. Other organelles such as the
endoplasmic reticulum and cell membrane might also play a role.

Cytotoxic T lymphocytes (CTLs), in some instances, kill their targets by
inducing apoptosis. Granules that contain apoptotic effectors are deposited at the
CTL-target-cell interface. Horvitz revealed that the cysteine protease CED-3 cleaves
preferentially at aspartates (Horvitz et al., 1994).

With the identification of sequence identity between CED-3 and interleukin-
1b converting enzyme (ICE or caspase-1) (Yuan et al., 1993), it rapidly became clear
that the mammalian homologues of CED-3 comprise a family of cysteine proteases,

known now as caspases. These cleave next to an aspartate residue and exist as inert
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pro-enzymes that are themselves activated by cleavage. However, it appears caspase-
3 like, or second level, caspases are more important in apoptosis

Tetrapeptide motifs required for cleavage by caspases were soon identified in
many key structural and regulatory proteins. Among these are the caspases
themselves, suggesting that the apoptotic effector event is a self-amplifying,

autocatalytic cascade. A diagrammatic scheme is shown in Figure 3.2.
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Figure 3.2: A diagrammatic scheme for apoptosis (see text for details)
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3.3 Other apoptosis modulators which have been studied in

retinal degeneration

Tumour suppressor protein, p53

The p53 tumour suppressor protein is involved in the control of the cell
cycle, and has been widely associated with apoptosis in various cell types, especially
following DNA damage (Liebermann et al., 1995). However, p53 independent
apoptosis has been described (Malcomson et al., 1995).

The retinal degeneration (rd/rd) mice have been interbred with p53 knockout
mice to generate p53 -/- rd/rd. The extent and kinetics of photoreceptor cell loss in rd
mice were indistinguishable in the p53 +/+ and p53 knockout mice (Hopp et al.,
1998). Using similar techniques of crossing the p53 knockout mice with the retinal
degeneration slow (rds) mice, the peak in photoreceptor apoptosis, which occurs at
16 days in the p53 +/+ rds mouse, is delayed by 3 days in p53-deficient rds mice. In
addition, there is also a delay in the loss of photoreceptor cells at postnatal day 16
and postnatal day 26. However, absence of p53 did not prevent retinal degeneration
in the rds mouse. The number of photoreceptor cells in p53 deficient rds mice at 35

days was very similar to that in the pS3 +/+ rds mouse (Ali et al., 1998).

Jun, Fos and CREB families

Proteins of both the Jun and Fos families (such as c-Jun, Jun D, Jun B; c-Fos,
Fra-1, Fra-2 and Fos B) as well as of the CREB family (such as ATF-2), interact to
work collectively as transcription complexes (including AP-1). Homodimers may be
formed among members of the Jun family, while proteins of the three families form
a variety of heterodimers. The dimers bind to specific elements of DNA in the

promoter region of target genes thus regulating their expression (Morgan and Curran,
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1991). The transcription factor AP-1 is considered a molecular mediator of cell death
in some circumstances (Morgan and Curran, 1995).

The potential role of c-fos in apoptosis may vary from one tissue to another.
Continuous expression of c-fos precedes apoptosis in several tissues (Smeyne et al.,
1993), and apoptosis is induced by the c-Fos protein in vitro (Preston et al., 1996).
On the other hand, c-fos is not essential to induce apoptosis in lymphoid tissues in
vitro (Gajate et al., 1996).

Similarly, c-fos knockout mice are protected from light damaged retinal
degeneration (Hafezi et al., 1997), however, there is no retinal protection of cross
breeding the c-fos null mice to the retinal degeneration (rd) mice (Hafezi et al., 1998)
despite increased expression of c-fos in the c-fos +/+ rd mice, indicating that c-fos is

upregulated but not essential for apoptosis (Rich et al., 1997).
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3.4 Growth factors and neurotrophic factors

An unexpected finding was observed during the early attempts of retinal
transplantation in which focal injury to retina appeared to protect photoreceptors
from degeneration. This was clearly illustrated in the RCS rat when mechanical
injury produced by an injection of saline into the subretinal or into the vitreous, or
even insertion of a needle without injection led to protection of photoreceptors near
the wound (Silverman and Hughes, 1990). This protection was not restricted to
genetically determined retinal degeneration. Similar photoreceptor rescue by
mechanical injury was observed in the light-induced retinal damage in the rat
(Faktorovich et al., 1992), although interestingly this, and related strategies are less
effective in the mouse. Furthermore, this is not restricted to photoreceptor cells, a
similar self-protective mechanism appears to exist for retinal ganglion cells
(Mansour-Robaey et al., 1994). These findings imply that the retina has a self-
protective mechanism that can be activated to protect at least partially,
photoreceptors and ganglion cells from damage or death. Injury-induced
photoreceptor rescue extends beyond the immediate vicinity of the lesion suggesting
that soluble factors are involved (Silverman and Hughes, 1990; Faktorovich et al.,
1992). As mechanical injury to the eye increases the expression of basic fibroblast
growth factor (bFGF) and ciliary neurotrophic factor (CNTF) in the rat retina (Wen
et al., 1995) it was logical to assume that these agents might be responsible for the
protection.

There are at least four families of survival growth factors might be able to
modulate apoptosis:

e Fibroblast growth factors such as bFGF

e Cytokine associated neurotrophic factors such as CNTF
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e Neurotrophins such as brain derived neurotrophic factor (BDNF)

e Insulin-like growth factors (IGF) such as IGF-I and IGF-II

Fibroblast growth factors

bFGF is a member of the fibroblast growth factor (FGF) family; a group of
heparin-binding, single-chain polypeptides about 150 to 300 amino acids in length.
They have a number of important roles in physiological and pathological processes
as diverse as cell growth, differentiation, angiogenesis, tissue repair and
transformation. At present, nine members in the FGF family are recognised.

The first characterised members of the FGF family were acidic FGF (aFGF,
FGF-1) and basic FGF (bFGF, FGF-2). They were purified as mitogens for
fibroblasts. The Int-2 (FGF-2), K-FGF (FGF-4), FGF-5, FGF-6, keratinocyte growth
factor (KGF, FGF-7), androgen-induced growth factor (AIGF, FGF-8) and glial-
activating factor (GAF, FGF-9) have been subsequently identified. These proteins
share 30-70% amino acid sequence identity with each other (Brenard and Matthew,
1994).

In the eye, bFGF immunoreactive cells are present in the photoreceptor, inner
nuclear and ganglion cell layers. It appears that bFGF is not only expressed by glial
cells (Muller cells and astrocytes) but also by rod photoreceptors and subpopulations
of cone bipolar cells and amacrine cells. It is however, not expressed in cones (Li,
Chang and Milam, 1997). The increase of bFGF expression after mechanical injury
is generally rapid but interestingly focal laser photocoagulation does not always

increase bFGF expression (Xiao et al., 1996).

Ciliary neurotrophic factor (CNTF)

CNTF was discovered and named for its actions on the parasympathetic

neurons of the ciliary ganglia from chick embryos. A variety of actions has
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subsequently been identified. In its primary sequence, CNTF does not bear strong
homology with any other known protein. The tertiary structure of CNTF and its
receptors are, however, similar to that of leukaemia inhibitory factor (LIF) and
interleukin-6 (IL-6) (Richardson, 1994); and hence it is often referred as the cytokine
associated neurotrophic factor. Human CNTF is a polypeptide with 200 amino acids
and its gene has been mapped to chromosome 11q12.2 (Lam et al., 1991). It is
synthesised by the Schwann cells and there is a high concentration of CNTF in
human optic nerve.

It is however, curious that CNTF is poorly secreted and usually appears to
remain within its cell of synthesis. The mechanism controlling CNTF synthesis and
secretion are largely unknown, but it appears that the initial response to injury is the
release of the CNTF within these cells followed by the upregulation of CNTF
mRNA. This may explain the relatively slow rise of CNTF mRNA after mechanical
injury (Richardson, 1994). Interestingly, bFGF release can lead to an increase in
CNTF mRNA expression (Cao et al., 1997).

CNTF has been shown to promote the survival of a variety of neuronal and
non-neuronal cells, (Ernsberger et al., 1989; Oppenheim et al., 1991; Louis et al.,
1993) and can slow motoneuron degeneration in the murine mutants wobbler
(Mitsumoto et al., 1994) and pmn (Sendtner et al., 1992). CNTF has also been shown
to promote the in vitro differentiation of O-2A progenitors to type 2 astrocytes
(Lillien, Sendtner and Raff, 1990), and sympatho-adrenergic precursors to
cholinergic neurons (Saadat, Sendtner, Rohrer, 1989). Disruption of the CNTF gene
has been shown to result in a small reduction in motoneuron numbers in adult mice
(Masu et al., 1993). CNTF mediates its effects through a tripartite receptor complex

composed of a CNTF-binding alpha receptor (CNTFra), gp130 and LIF receptor
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beta (Ip et al., 1992, 1993b; Taga and Kishimoto, 1992; Stahl et al., 1993). LIF
receptor beta and gp130 are expressed in a wide variety of tissues (Taga and
Kishimoto, 1992) whereas, expression of CNTFra is more restricted, being confined

primarily to the central nervous system (Davis, 1991; Ip et al., 1993b).

Neurotrophins

Brain derived neurotrophic factor (BDNF) is a member of the neurotrophin
family. This family binds to members of a group of transmembrane tyrosine kinase
(Trk) receptors and other neurotrophins include nerve growth factor (NGF), BDNF,
neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5) (Jelsma and Aguayo, 1994).
They have a wide range of cell functions in the developing, mature and injured
nervous system (Jelsma and Aguayo, 1994), and are known to be expressed by glial
as well as neuronal cells. Although the function of the neurotrophins expressed by
nerve cells has not been defined, the co-expression of some of these factors and their
receptors in the same neurons suggests an autocrine or paracrine role (Jelsma and
Aguayo, 1994). At least, in vitro, cortical neurons secrete BDNF in response to the
activation of a voltage-sensitive calcium channel which suggests that neuronal
activity could influence neurotrophin expression. The expression of BDNF in the eye
is not well characterised. However, the finding that the expression of BDNF mRNA
was slightly reduced in the rat retina (Wen et al., 1995) and brain (Ip et al., 1993a)

following mechanical injury was unexpected.

Insulin-like growth factor

Insulin-like growth factors (IGF-I and IGF-II) are important for cell
proliferation, differentiation and sustained survival of many tissues throughout the

body including the eye. IGF-I mRNA is expressed in retinal ganglion cells and
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endothelial cells of the choroid and ciliary processes. The IGF-I receptor mRNA has
a more extensive distribution, which includes the retinal ganglion cell layer and inner
nuclear layer (Burren et al., 1996; 1997). The IGF-I receptor gene is homologous to
the sevenless gene in Drosophila, where it is essential for the differentiation of
photoreceptor seven. There is also evidence to suggest that cone photoreceptors can
produce IGF-I that strongly influences the production of rod photoreceptors during
development (Hoke and Fernald, 1997). The exact role of these factors in the mature
retina is less certain, but interestingly scatter laser photocoagulation can increase the

intravitreal levels of IGF-I in the miniature pig (Xiao et al., 1996).
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A4: Apoptosis modulation in retinai degeneration

with growth factors

4.1 Growth factors and neurotrophic factors

The first in vivo experimental success of the therapeutic use of growth factors
in photoreceptor rescue was the use of bFGF in the Royal College of surgeons (RCS)
rat. Although the sham injected eyes displayed localised photoreceptor rescue, there
was significantly more survival in the eyes treated with bFGF, either intravitreally or
subretinally (Faktorovich et al., 1990). In the light damaged model of retinal
degeneration, a high degree of photoreceptor rescue was present with bFGF, BDNF,
CNTF, midkine, interleukin-1 beta and aFGF. Lesser protection was seen with NT3,
IGF-II and tumour necrosis factor alpha. NGF, epidermal growth factor, platelet-
derived growth factor, insulin, IGF-I, heparin and laminin were without significant
effect (Faktorovich et al., 1992; LaVail et al., 1991, 1992; Unoki and LaVail, 1994).

CNTF or its derivatives delay photoreceptor cell loss in the retinal
degeneration (rd), Q344ter mutant rhodopsin transgenic mice (LaVail et al., 1998).
BDNF promotes outer segment formation in a feline model of retinal detachment
(Lewis et al., 1999). In most studies growth factors have been delivered by
intraocular injection of the recombinant protein. CNTF has, however, also been
successfully delivered by adenovirus gene therapy (Cayouette and Gravel, 1997).

Growth factor rescue is not specific for photoreceptor cells. There are many
examples within the brain and in ischaemic-induced retinal injury, intravitreal
injections of bFGF, BDNF or CNTF two days before the ischaemia transiently
protects retinal ganglion cells. Post-ischaemia injection of BDNF can prolong the

protective effect. Furthermore, BDNF injection up to 3 days after the ischaemia
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alone can also protect the inner retina. The retrograde degeneration of the optic nerve
after a crush lesion can be also be diminished by BDNF and to a lesser extent by NT-
3 or CNTF but not with NGF, aFGF or bFGF (Weibel et al., 1995; Mey and Thanos
1992).

There is increasing evidence to suggest a degree of specificity for different
combinations of neurotrophic factors, cell type and mode of injury. For instance,
CNTF protects oligodendrocytes from tumour necrosis factor (TNF) mediated injury
as well as serum deprivation induced apoptosis, but it does not protect foetal cortical
neurons or glioma cell lines from the same insults (D’Souza et al., 1996). Similarly,
bFGF is effective in photoreceptor rescue in the RCS and light-damaged rats, but so
far no effect has been demonstrated in the rd mouse or light-damaged mice (LaVail
et al., 1998). There is also an impression that the retinal ganglion cells are better
protected by BDNF, whilst the photoreceptors appear to be better protected by bFGF
and CNTF. Furthermore, neurotrophic factors have synergistic effect in neuronal
survival in vitro (Bianchi and Cohan, 1993; Kato et al., 1994; Mitsumoto et al.,

1994; Hartnick et al., 1996; Zurn et al., 1996) but this was not demonstrated in an in
vivo study of retinal degeneration (LaVail et al., 1998).

It appears that growth factors might be able to delay photoreceptor cell loss.
However, due to the small size of the rodent eyes, it is unclear whether the positive
effect is due to the growth factor or the trauma effect of the injection. It seems
appropriate, before a clinical trial in human, to assess whether growth factors are
effective in other animal species, in particular, those have eyes that are similar in size
to that of human. Furthermore, the dosage of the growth factors required can be
better calculated and the side effects of the growth factors can be assessed. As bFGF

has a wide range of actions, in particular, angiogenic and inflammatory responses
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which could be potentially harmful in the eye, we chose to use BDNF and CNTF in
our initial experiments.

At the early stage of the project, the choice of animal models are rather
limited. The transgenic pig is not yet available. We have therefore selected the
retinal dysplasia cat (Rdy) cats for the initial examination in view of the fact that it is
dominant model and the relatively lower cost in breeding and up-keeping of cats.
After refining the dosage and found the more effective neurotrophic factor, we then
carried out a functional assessment of the neurotrophic factor therapy in the canine
progressive retinal degeneration in the miniature longhaired dachshund (MLHD). As
both of the feline and the canine model of retinal degeneration were not fully
characterised previously, we have further characterised these two important models

of retinal degeneration as part of this thesis.
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4.2 Objectives of the project

e To characterise three different models of retinal degeneration in three different
animal species

e To carry out treatment trials using neurotrophic factors in the retinal dysplasia
(Rdy) cats and miniature longhaired dachshund (MLHD) dogs

e To carry out treatment trials using caspases inhibitors in the pigmented retinal

degeneration slow (rds) mice
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B. MATERIALS AND METHODS

5.1 Characterisation of the Rdy cats

Initially the main focus of the project is on the characterisation of the retinal
dysplasia (Rdy) cats. Affected kittens (n=32) aged between 10 days to 17.5 weeks
were compared with normal littermate controls (n=8) aged from 10 days to 13.5
weeks. The animals were bred and studied under the regulation of the United
Kingdom Animals (Scientific Procedures) Act 1986 and all animal procedures
adhered to the ARVO resolution for the care and use of animals in Vision Research
so as all the animal experiments described in this project. All animals were sacrificed
with an overdose of systemic phenobarbitone, both eyes were enucleated
immediately but only one eye per animal was used in this study. After 24 - 48 hours
of immersion fixation in 10% formol saline, the inferior-nasal quadrant was
embedded in pafafﬁn wax for immunohistochemistry and TUNEL labeling whilst
the superio-nasal quadrant was embedded in Araldite resin using standard protocols.

(See Appendix A for details on all of the following methods).

Photoreceptor cell counts of Rdy cats

Photoreceptor cell counts were performed in 1pm thick toluidine blue stained
Araldite resin sections. A random location near the centre of the section was selected
at low magnification. The section was then moved 550 um from the random spot. An
eye-piece graticule (Graticules Ltd, Tunbridge, England) was employed to demarcate
a 25 pm wide retinal strip. The number of photoreceptor cells within this strip was
counted. The section was then moved 250 um toward to the centre, and another

retinal strip of 25 pm wide was counted. This was repeated twice to obtain a total of
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4 readings. A total of 100 um of retinal width was counted. The number of
photoreceptor cells counted was then multiplied by 10 and expressed as the number
of cells per 1 mm of retina. They were counted by two independent observers and the

mean values were calculated. The observers were masked to the age of animals.

Demonstration of Apoptosis in Rdy cats

The pyknotic appearance of the nucleus and the presence of double strand
breaks in DNA are suggestive of apoptosis. In this study, these two aspects of
apoptosis were studied in the Rdy cats. A modified TUNEL (Terminal
deoxynucleotidyl transferase, Uridine triphosphate, Nick End Labeling) technique
was used to detect double strand breaks in DNA. This technique is based on that
described by Nakamura and colleagues (1995), but dAdenosine triphosphate replaces
dUridine triphosphate. TUNEL-labelled cells were counted in the entire tissue
section. The result was expressed as the number of TUNEL-labelled cell per 1 mm
of retina.

Pyknotic cells were counted in 1um thick toluidine blue stained Araldite
resin sections. The result was expressed as the number of pyknotic cells per 1 mm of
retina. TUNEL-labelled and pyknotic cell were counted by two independent
observers and the mean values were calculated. The observers were masked to the

age of animals.

Immunohistochemistry of Rdy cats

The distribution of opsin (antiserum courtesy of Dr. D. Bok), synaptophysin,
glial fibrillary acidic protein (GFAP) immunoreactivity, and binding of an epithelial
marker MNF 118 were investigated using a standard biotin-streptavidin peroxidase

method (all antibodies, unless otherwise stated, were obtained from Dako Ltd.,
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England). Antigen retrieval pre-treatment with trypsin was performed prior to all
primary antibody incubations (Ordonez et al., 1988). Appropriate positive and

negative controls were used throughout.

Electron microscopy of Rdy cats

As the electron microscopy of this model has been previously described, only
two animals at the age of 5 weeks and 13 weeks were examined. Ultrathin sections
were examined in a JEOL 1010 TEM transmission electron microscopy (JEOL (UK)
Ltd, Welwyn Garden Cit}>, UK) operating at 80kV. Images were recorded onto

Kodak 4489 electron image film and printed on Ilford multigrade paper.

Electroretinogram of Rdy cats

Electroretinogram were performed in four animals between the age of 10
days and 9 weeks under general anaesthesia using our purpose built

electroretinographic equipment (See Appendix A).
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5.2 Neurotrophic factors trials in the Rdy cats

Once the characterisation is completed, we then started our treatment trials
using neurotrophic factors on the Rdy cats. All the previous experiments by other
investigators in rodents, single injection of neurotrophic factor was used. In our
project, it was decided that multiple injections at regular intervals would be carried
out in order to maximise the effect of the neurotrophic factor as well as mimic the
clinical setting if the work is going to be translated into clinical trials.

Combining the data from Curtis and colleagues (Curtis et al., 1987; Leon and
Curtis, 1990; Leon et al., 1991) with our own characterisation data (Chong et al.,
1999), we felt it is appropriate to start the first set of experiments at postnatal day 10
when the degeneration is not yet started.

In the early treatment experiment, Axokine (5 pg in 50 pl) was injected
intravitreally to the Rdy cats at postnatal day 10 in one eye (n=10). The other eye
acted as an untreated control. We could not carry out sham injection on the other eye
due to Home Office restriction. The injection was repeated every four weeks. After
each intravitreal injection a five day course of topical prednisolone were given to
both eyes. Clinical (ophthalmoscopy) and histopathological examinations were
carried out at 5.5, 9.5 and 13.5 weeks of age.

After the completion of the initial experiment, we would like to assess
whether the neurotrophic factors are effective if the treatment is started at 5.5 weeks
of age when the retinal degeneration has already started. In addition, only half the
dose of Axokine were used. In addition, we would need to carry out sham injection

in some animals as control so as to assess the trauma effect.
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In this delayed experiment, we investigated the effects of Axokine (2.5 pg in
25 pl), human BDNF (250 pg in 25 pl) or sham injection of 25 pl of phosphate
buffered solution (PBS) at pH 8 (vehicle of Axokine) on one eye of the Rdy cats
with the other eye being untreated. Animals (n=17) were randomly assigned to one
of the three injection groups. Only one eye was injected, the other eye remained
untreated. The injections were started at 5.5 weeks and repeated every four weeks.
After each intravitreal injection a five day course of topical prednisolone was given
to both eyes. Clinical (ophthalmoscopy) and histopathological examinations were
carried out at 9.5, 13.5 and 17.5 weeks of age.

In the third experiment, we injected a small number (n=2) of normal cats
with Axokine in order to evaluate complications using an identical protocol as the

first experiment.

Injection and histopathology protocol

Animals were anaesthetised by a gas mixture of halothane, nitrous oxide and
oxygen. A disposable 0.3 ml insulin syringe with a fixed 29 gauge needle was
inserted 2 to 4 mm behind the limbus (depending on the age of the animal) in the
superotemporal quadrant aiming towards the optic nerve. When the tip of needle
reached the mid-vitreous location, the injection was given in a single swift action.
Gentle ocular massage was then carried out for two minutes to reduce the intraocular
pressure.

All animals were sacrificed with an overdose of systemic phenobarbitone.
The eyes were immersed into 10% formalin in the first experiment and in 4%
paraformaldehyde with PBS in the second and third experiments. After 48 hours of
fixation, the eyes were hemisectioned circumferentially at the equator. The posterior

eye-cup was then divided horizontally and vertically through the optic nerve head.
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The superonasal quadrant was embedded in Araldite resin using standard protocol
(See Appendix A for further details).

Photoreceptor cell and apoptotic cell counts of the dystrophic animals were
performed in 1um thick toluidine blue stained Araldite sections. The same portions
of the eye were counted in all cases. The inferonasal quadrant was embedded in
paraffin wax for the modified TUNEL (Terminal deoxynucleotidyl transferase,
Uridine triphosphate, Nick End Labelling) technique and immunohistochemistry.
The same portions of the eye were counted in all cases. The superior and inferior
quadrants were orientated in such a way that the sections counted were only
separated by the cut edge.

An antibody against glial fibrillary acidic protein (GFAP) (Dako Ltd.,
England) was used to assess Muller cell activity using a standard biotin-streptavidin
peroxidase method. Antigen retrieval pre-treatment with trypsin was performed prior
to primary antibody incubation. Appropriate positive and negative controls were
used (See Appendix A for further details on all of the following methods).

The counting method used was identical to that used in the characterisation
of the Rdy cats (See 5.1 for details). In addition, the two independent observers were

masked to the age of the animals and to the injections that they had received.

Retinal fold counting in the Rdy cats
Retinal fold was found in the eyes injected with Axokine. The number of
retinal folds was counted in each section of each eye. The results were expressed as

the number of folds per 1 mm of retina. The two independent observers were masked

to the age of the animals and the injections that they had received.
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Statistical analysis

All three parameters (photoreceptor cell count, apoptotic cell count,
“TUNEL” positive cell count) in each treatment group in the Rdy cats were
compared with the untreated group using paired Student t-tests at individual time-
points and then the groups as a whole. All statistical analysis was carried out using

Microsoft Excel 97.
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5.3 Characterisation of the MLHD dogs

After the results obtained in the Rdy cats, we would like to demonstrate
functional changes with Axokine. The MLHD dogs became available to us. The full
field ERG was previously reported to be normal at 10 weeks and extinguished at 25
weeks of age (Curtis and Barnett, 1993).

We felt the MLHD dogs would be a good model to test the effect of Axokine
injection. Before carrying out the treatment trial, we decided to characterise the
model in more details using our custom made electrophysiology set up.

All puppies were bred from either a heterozygous carrier crossed with
homozygous affected dogs or from two homozygous affected dogs. Hence, all
studied animals were either affected or a carrier. Affected puppies (n=4), aged
between 6 weeks to 26 weeks, were examined with carrier littermates (n=6) for
comparison. All heterozygous carriers were re-homed after discharged from the Act
under Home Office regulations. Single affected animals aged 6 and 24 weeks were
sacrificed with an overdose of systemic phenobarbitone and both eyes from each
animal were enucleated immediately. The remaining affected animals were kept as
breeders for future experiments. One normal dog that was sacrificed for an unrelated
medical condition at 8 weeks of age, was examined as a control.

The main focus in this part of the project was electrophysiology as the
number of animals available to us was restricted and hence a detailed
histopathological characterisation was not possible. However, we have carried out
the following examination on the limited number of pathological specimens. One eye
of each animal was fixed with 10% formol saline by immersion for 48 hours and
then embedded in paraffin wax for immunohistochemistry. The other eye was fixed

in a mixture of paraformaldehyde and glutaraldehyde by immersion for 48 hours and
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was then embedded in Araldite resin using standard protocols for light and electron

microscopy (See Appendix A for details of all of the following methods).

Light microscopy, immunohistochemistry, electron microscopy

The pyknotic appearance and the presence of double strand breaks in DNA
suggest apoptosis or programmed cell death (PCD). In this study, we examine these
two aspects of apoptosis in the MLHD dogs. A modified TUNEL technique was
used to detect double strand breaks in DNA.

The distribution of opsin (antiserum courtesy of Dr. D. Bok), synaptophysin,
glial fibrillary acidic protein (GF AP) immunoreactivity was investigated using a
standard biotin-streptavidin peroxidase method (all antibodies, unless otherwise
stated, were obtained from Dako Ltd., England). Antigen retrieval pre-treatment with
trypsin was performed prior to all primary antibody incubations (Ordonez et al.,
1988). Appropriate positive and negative controls were used throughout.

Ultrathin sections were examined in a JEOL 1010 TEM transmission electron
microscopy (JEOL (UK) Ltd, Welwyn Garden City, UK) operating at 80kV. Images
were recorded onto Kodak 4489 electron image film and printed on Ilford multigrade
paper.

The cell counting method is identical to that used in the characterisation of
the Rdy cats (See 5.1 for details). In addition, the number of cones and rods were

counted in the 6 weeks old animal by two independent observers.

Electroretinogram

Both affected and heterozygotes were examined every 2 to 4 weeks between
the age of 6 weeks and 24 weeks under general anaesthesia, using our purpose built

electroretinographic equipment (See Appendix A for details). In brief, the animal
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was anaesthetised and mydriasis achieved with tropicamide 1% eye drops. ERG-Jet
corneal electrodes were used. Platinum Iridium sub-dermal ground and reference
electrodes were attached at the crown and one centimetre behind lateral canthus
respectively. The ganzfeld stimulator was custom built, with a 50 cm bowl, using a
Grass PS22C photic stimulator and recorded on PC based data acquisition system
(CH Electronics, England).

As mentioned previously, there is no standard recording protocols for
research in dogs. After consultation with Dr Gus Aguirre (Cornell University, New
York), Dr Keith Barnett (Animal Health Trust, Newmarket) and Dr Graham Holder
(Moorfields Eye Hospital, London), it was suggested that the best recording protocol
to be used is that based on the human recommendations for electroretinography
(ERG) by International Society for Clinical Electrophysiology of Vision standard
(Marmor and Zrenner, 1995). It consists of 20 minutes dark adaptation, followed by
an intensity series of discrete 'white' stimuli, and 2 and 30 Hz (1.5 cd.s/m?)
stimulation, then 8 minutes of light adaptation followed by 2 and 30 Hz (3.0 cd.s/m?)
photopic stimuli. The analysis was carried out at a later date when the observer was

masked to the identity of the animals.
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5.4 Neurotrophic factor trial in the MLHD dogs

Based on the same principle of the treatment trials in the Rdy cats, we used
the modified protocol of the delayed experiment in the Rdy cats. The injection
dosage of Axokine was the same as that used in the delayed experiment. We decided
to start the injection at 10 weeks when the ERG is within the normal limit but the
retinal degeneration has already started as demonstrated by histopathology.

Axokine (2.5 pg in 25 pl) was injected intravitreally in the MLHD dogs at
postnatal week 10 in one eye (n=3) and sham injection of 25 pl of phosphate
buffered solution (PBS) at pH 8 was injected into the other eye. Sham injections
were allowed in the contralateral eye to reduce the number of animals used. Specific
Home Office permission were granted for this project. The injection was repeated at
postnatal week 14. After each intravitreal injection a five day course of topical
prednisolone were given to both eyes. Electroretinography was carried out at
postnatal weeks 10, 12, 14, 16, 18, and 22. Terminal pathology was obtained at 22
weeks.

The injection and histopathology protocol were identical to that used in the
Rdy cats (See 5.1 and 5.2 for details). The electrophysiology protocol was identical
to that used in the characterisation of the MLHD dogs (See 5.3 for details). The

analysis was carried out in a masked fashion.
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5.5 Characterisation of the pigmented rds mice

There is increasing evidence that caspases play an important role in
apoptosis. As apoptosis is the main mode of cell death in retinal degeneration, we
were interested in the role of caspases in retinal degeneration. Furthermore,
activation of caspase-3 was found in axotomized rat retinal ganglion cells in vivo
(Kermer 1999) and in the retina of transgenic rats with the rhodopsin mutation
s334ter during photoreceptor degeneration (Liu et al., 1999). There is some evidence
to suggest that caspases inhibitors might delay cell loss in axotomized rat retinal
ganglion cells (Kermer 1998).

A collaboration was established with the Neuroscience Department of SB
Pharm Limited. A number of pigmented rds retina at different ages with normal
control was sent to the SB laboratory. An upregulation of caspase-3 was also found
in the pigmented rds retina. We decided to carry out a pilot study to assess whether
caspases inhibitors can slow retinal degeneration in the pigmented rds mouse.

There were a few reason to choose the rds mouse over the rd mouse. The
degeneration of the rds mouse is much slower as compared to the rd mouse. There
are plans to carry out functional and behaviour studies on them if the treatment trials
appear to be successful. These tests would be easier to do in the rds mouse.

In most laboratory, the rds mouse is albino. In our laboratory, both albino and
pigmented rds mouse were available. There is some evidence to support that the
retinal degeneration in pigmented rds mouse is slower than that of the albino rds
mouse (Sanyal, De Ruiter, Hawkins, 1980). In addition, behaviour studies would be
easier to be performed in pigmented animals. We had, therefore., decided to use the

pigmented rds mouse for our study.

-94 -



In order to assess the best time point for injection, we have characterised this
model as part of the thesis.

Both the pigmented and albino rds mice were provided by Dr Robin Alj,
Institute of Ophthalmology, London having been raised from stock kindly donated
by Dr Gabriel Travis, University of Texas, Dallas. The albino rds mice were on the
BALB/c background. By crossbreeding the albino rds with the wild type pigmented
CBA mice, the pigmented rds mice were generated. Tail biopsies were obtained from
all the original pigmented breeders and they were tested for the null mutation in the
rds gene by using the appropriate primers (carried out in Dr Ali’s laboratory).

Albino rds mice (n=25) and pigmented rds mice (n=40) between postnatal
day (P) 14 and P90 were raised in 12 hour light - dark cycle and examined
histopathologically. Only one eye per animal was used in this study. The eyes were
fixed in a mixture of paraformaldehyde and glutaraldehyde by immersion for 48
hours. The anterior segments were removed. The posterior eyecups were processed
and embedded in Araldite resin (See Appendix A for details). Semi-thin (1 micron
thick) sections were cut and stained with toluidine blue.

A location near the midpoint between the optic nerve and the ora serrata was
identified at low magnification. An eye-piece graticule (Graticules Ltd, Tunbridge,
England) was employed to demarcate a 25 pm wide retinal strip of at x 400
magnification oriented perpendicular to the plane of the outer nuclear layer. The
number of photoreceptor cell nuclei within this strip was counted. The section was
then moved 250 pm toward the optic nerve, and another retinal strip of 25 um width
was counted. This was repeated on the other side of the optic nerve to obtain a total
of 4 readings. A total of 100 um of retinal width was therefore counted. The number

of photoreceptor cells counted was then multiplied by 10 and expressed as the
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number of cells per 1 mm of retina. All counting were performed by two observers

masked to the age of the animals. The average was taken.
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5.6 Caspases inhibitors trials in pigmented rds mice

We investigated whether inhibitors of caspases delays photoreceptor cell
death in the pigmented rds mouse. Three different caspases inhibitors, namely
acetyl-Tyr-Val-Ala-Asp-chloromethylkeone (Ac-YVAD.cmk), acetyl-Asp-Glu-Val-
Asp-chloromethylkeone (Ac-DEVD.cmk) and benzyloxycarbonyl-Val-Ala-Asp-
fluoromethlketone (z-VAD.fmk) were used.

Forty six pigmented rds mice were randomly allocated to three treatment
groups at postnatal day 30. One of the inhibitors of caspases (either Ac-DEVD.cmk,
Ac-YVAD.cmk or z-VAD.fmk — all kindly provided by SB Pharm Ltd., London)
was injected intravitreally into one eye whilst the vehicle, dimethylsulfoxide
(DMSO), was injected into the other eye. The animals were raised in 12 hours light-
dark cycle and examined histopathologically at P45 and P60. The eyes were fixed in
a mixture of paraformaldehyde and glutaraldehyde by immersion for 48 hours. The
anterior segments were removed. The posterior eyecups were processed and
embedded in Araldite resin (See Appendix A for details). Semi-thin (1 micron)
sections were cut and stained with toluidine blue for examination.

The method of photoreceptor cell counting is identical to that used in the
characterisation of the pigmented rds mouse (See 5.5 for details). Paired student T-

tests were used to evaluate the statistically significance of the results.
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C. RESULTS

6.1 Characterisation of the Rdy cats

Apoptosis demonstration and photoreceptor cell loss in Rdy cats

A small number of TUNEL-labelled cells (Figure 6.1a) and pyknotic cells
(Figure 6.1b) was found in the outer nuclear layer of both normal and affected
animals before 5 weeks of age and no significant difference was observed at these
time points. In the affected animals, the number of TUNEL-labelled cells and
pyknotic cells increased and peaked around 9 - 10 weeks of age but none were seen
in the controls after 5 weeks. The results of pyknotic cell counts and TUNEL
positive cell counts of the outer nuclear layer (photoreceptors) are summarised in
Figures 6.1c and 6.1d respectively. Inter-observer variability was less than 10% for
both the pyknotic cell and TUNEL counting. There were no significant differences
between the normal and affected animals in the inner nuclear layer and ganglion cell
layer of the retina. Photoreceptor cell counts showed significant cell loss between 5
and 17 weeks (Figure 6.1¢e).

Between 5 and 17 weeks, about 700 photoreceptor cells were lost per mm of
retina. This is equivalent to an average cell loss of 8.3 cells per day per mm. Over the
same period of time, the average TUNEL positive cell count was about 2.5 cells per
mm. Hence, the estimated time for the cells to be TUNEL positive is about 8 hours.
Using a similar calculation, the estimated time for the cells to appear pyknotic is

about 12 hours,
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16

Figure 6.1a: TUNEL" positive cells Figure 6.1b: Pyknotic cells (white

(arrows) in 9 weeks old Rdy cats arrows) in 9 weeks old Rdy cats
(x200) (x400)
Apoptotic cell count TUNEL' positive cell count
9.0 6.0
8.0
5.0
7.0
6.0 4.0
5.0
3.0
4.0
3.0 2.0
2.0
1.0
1.0
5.0 10.0 15.0 20.0 5.0 10.0 15.0 20.0

Age in weeks Age in weeks

Figure 6.1c: Apoptotic cells per | mm Figure 6.1d: TUNEL positive cell count

of retina (mean + SD) in the Rdy cats (Mean + SD) per 1 mm of retina in the
Rdy cats
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Photoreceptor cell count
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Figure 6.1e: Photoreceptor cell count (Mean +/- SD) per 1 mm of retina in the
Rdy cats

Immunohistochemistry of the Rdy cats

Immunohistochemical staining of opsin was almost entirely restricted to the
rod outer segments (ROS) in the normal animals (Figure 6.1f). In the Rdy cats, opsin
was present in both rod outer and inner segments and there was also accumulation of
opsin in the outer nuclear layer and within the presumed photoreceptor cell synaptic
terminals in the outer plexiform layer (Figure 6.1g). Some of the rods had sprouted
opsin-positive neurites extending towards the ganglion cell layer (Figure 6.1h) and

some had branches (Figure 6.11).
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Synaptophysin is a synaptic vesicle protein. In the controls, immunolabeling
with anti-synaptophysin was largely restricted to the outer and inner plexiform layers
(Figure 6.1j). In the Rdy cats, the immunolabeling of the outer plexiform layer
diminished with age and in parallel with the reduction in the number of
photoreceptor cells. No significant change in labeling of the inner plexiform layer
with anti-synaptophysin was seen (Figure 6.1k). |

GFAP was expressed predominantly by the astrocytes in the normal controls
(Figure 6.11). In the Rdy cats, markedly increased immunostaining of GFAP in
Muller cells was observed at all time points (Figure 6.1m). Retinal pigment epithelial

cell changes were not seen.
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Figure 6.1f: Opsin immunolabeling in Figure 6.1g: Opsin immunolabeling in
normal cats at 13.5 weeks showing the Rdy cats at 13.5 weeks showing
localisation in the outer segments (arrow) widespread distribution of opsin in the
(x400) outer nuclear layer (large arrow) and

neurites (small arrows)(x400)
e
rt

Figure 6.1 h: Opsin immunolabeling in Figure 6.1i: Opsin immunolabeling in the
the Rdy cats at 13.5 weeks showing Rdy cats at 13.5 weeks showing neurites
neurites (arrows) (xI0O0) with branching pattern (arrow) (xI0OO)
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Figure 6.1j: Synaptophysin
immunolabeling in normal cats at 13.5

weeks showing normal labelling in inner
(large arrows) and outer plexiform layer

(small arrows) (x400)

/4

Figure 6.11: Glial fibrillary acidic protein

immunolabeling in normal cats at 13.5

weeks showing predominantly expressed

by astrocytes (arrows) (x400)
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Figure 6.1k: Synaptophysin
immunolabeling in the Rdy cats at 13.5
weeks showing normal labelling in inner
(large arrows) but reduced labelling in
outer plexiform layer (small arrows)
(x400)

Figure 6.1m: Glial fibrillary acidic
protein immunolabeling in Rdy cats at
13.5 weeks showing increase expression
by Muller cells (arrows) (x400)



Electron microscopy in the Rdy cats

The inner segment and the connecting cilia were readily identifiable at 5 and
13 weeks ofage. The outer segment was present but very disorganised at 5 weeks of
age, and by 13 weeks of age, no organised outer segment discs could be found. It
was difficult to distinguish rod and cone photoreceptors as both were severely

affected.

Figure 6.1 n: Electron microscopy of rod Figure 6.10: Electron microscopy of rod
outer segments of normal cats at 9 weeks outer segments of Rdy cats at 9 weeks of
of age. Black bar = SOOnm age. Black bar = 500nm

Electroretinogram (ERG) in the Rdy cats
In unaffected animals, a significant b-wave is present at the age of 5 weeks.
However, a full-field ERG in the affected animals could not be distinguished from

noise at all time points between postnatal day 10 to 9 weeks of age.
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6.2 Neurotrophic factor trials in the Rdy cats

During the study, the animals tolerated the procedure well and appeared to be
pain-free after in the intravitreal injections. The topical prednisolone was given
prophylactically, no active inflammation was observed clinically even in the early

post-operative period.

Axokine vs Untreated in the Rdy cats

In the first experiment, we assessed whether or not Axokine has any
protective effect. Table 6.2a and Figure 6.2a summarize the results of photoreceptor
cell counts, apoptotic positive cell counts and “TUNEL” cell counts in the initial
experiment. Photoreceptor cell counts were significantly higher in the
Axokine treated group at all time-points (p=0.02 at 5.5 weeks, p<0.0001 at 9.5 weeks
and p=0.003 at 13.5 weeks). Conversely, apoptotic cell counts (p=0.01) and
“TUNEL” cell counts (p=0.04) were significantly reduced at 9.5 weeks and the
“TUNEL” count was significantly lower at 13.5 weeks (p=0.04). The first
experiment (Axokine vs Untreated) showed significant photoreceptor rescue in

Axokine treated eyes.
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Age in weeks 5.5 (n=3)
APO Count
Axokine 0.60 £0.16
Untreated 0.70 £0.14
TUNEL Count
Axokine 0.16 £0.24

Untreated 0.64 = 0.60

9.5 (n=4) 13.5 (n=3)

1.08 + 1.02* 2.16 £0.58

592 +2.98 3.30+2.74

0.52 £0.28*  0.74 £0.38*

2.16 £ 1.04 1.72 +0.64

Table 6.2a: Apoptotic cell count and “TUNEL” positive cell count. First
experiment (Axokine vs Untreated) APO = Apoptotic cell count (Mean + SD);
TUNEL = “TUNEL” positive cell count (Mean £ SD). All parameters are
expressed as per 1 mm of retina. * p<0.05 for treated vs untreated
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Figure 6.2a: Photoreceptor cell count (Mean +/- SD)
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Axokine vs BDNF vs Sham vs Untreated in the Rdy cats

After the initial success with Axokine, in the second experiment, we delayed
the beginning of therapy to 5.5 weeks and compared the effects of Axokine (at half
the dosage of the initial experiment), human BDNF or vehicle of Axokine. Table
6.2b and Figure 6.2b summarize the results of photoreceptor cell counts, apoptotic
cell counts and “TUNEL?” positive cell counts in this experiment. The photoreceptor
cell counts were statistically significantly higher in Axokine treated group at 13.5
(p=0.03) and 17.5 weeks (p=0.02). Although the indices of apoptosis were not
statistically significant different from the untreated eyes at individual time-points,
the entire Axokine treated group had significantly fewer apoptotic cells (p=0.03) and
“TUNEL? positive cells (p=0.006) than the untreated controls. Neither BDNF nor
vehicle treatment groups, were statistically significantly different from the untreated
eyes in any of the parameters measured.

The second experiment (Axokine vs BDNF vs Vehicle vs Untreated) showed
significant photoreceptor rescue in Axokine treated eyes but no effect on BDNF and

vehicle treated eyes.

- 107 -



Age in weeks 925 13.5 17.5
APO count
Axokine * 2.76 (n=1) 1.62+0.18 (n=2) | 2.32+0.98 (n=3)
BDNF 5.26 (n=1) 1.66 £ 1.26 (n=2) | 2.24 + 0.64 (n=2)
Vehicle 55+1.54(0=2) | 2.72£ 030 (n=2) | 3.54+1.16 (n=2)
Untreated 53+1.08(n=4) | 2.86+1.16 (n=6) | 3.16 £0.90 (n=7)
TUNEL count
Axokine * 3.08 (n=1) 0.48 £0.02 (n=2) | 0.80+ 0.54 (n=3)
BDNF 5.10 (n=1) 1.86 £ 0.44 (n=2) | 1.70 £ 0.54 (n=2)
Vehicle 6.60+£0.84 (n=2) | 3.74+2.08 (n=2) | 2.16+0.18 (n=2)
Untreated 6.34+£0.64 (n=4) | 2.52+1.54 (n=6) | 1.78 £ 0.60 (n=7)

Table 6.2b: Apoptotic cell count and “TUNEL?” positive cell count

The second experiment (Axokine vs BDNF vs Vehicle vs Untreated). APO =
Apoptotic cell count (Mean = SD); TUNEL = “TUNEL” positive cell count
(Mean = SD). All parameters are expressed as per 1 mm of retina. * p<0.05 for
treated vs untreated.
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Figure 6.2b: Photoreceptor cell count (Mean +/- SD)

Other clinical and histopathological findings in the Rdy cats

Minimal posterior subcapsular cataracts were observed clinically and
histopathologically in all Axokine treated eyes, both dystrophic and normal cats.
However, it was not seen in the treated MLHD dogs. The lens opacities were less
than 5% of'the surface area ofthe lens in all Axokine treated animals. They affected
the posterior subcapsular area only and there was no extension into the nucleus ofthe
lens. None of'the cataract obscured the fundal examination. On light microscopy,
there was more cells present posterior to the equator of the lens with the associated

opacities (Figure 6.2¢). Although quantification was not performed, treated animals
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in the second experiment (delayed and lower dose) appeared to have less lens
opacities.

In all Axokine treated eyes of both dystrophic and normal cats, there were
small retinal folds seen in histopathology (Figure 6.2d). These folds were not seen
clinically by ophthalmoscopy. No vitritis or any inflammatory response was
observed either clinically or histopathologically. In Axokine treated eyes, the mean
number of retinal folds per mm ofretina in the first and second experiments were
1.802 +/- 0.419 and 0.588 +/- 0.366 respectively. The differences were statistically
significant (p~0.0006). Neither cataract nor retinal folds were seen in any of the
BDNF injected, vehicle injected or untreated eyes.

Although formal quantification ofthe ophthalmoscopic findings was not

carried out, the overall difference between treated and untreated eyes appeared to be

small.

-
Figure 6.2c: PAS staining of the Figure 6.2d: Retina of an Axokine treated
posterior lens of an Axokine treated eye in the 9.5 weeks old Rdy cats showing
eye in the 9.5 weeks old Rdy cats retinal folds (x200)

showing cataract formation (xIOO)



GFAP immunohistochemistry in the Rdy cats

In the untreated normal animals, astrocytes were immuno-positive with
GFAP (Figure 6.2¢). In the Axokine treated normal animals, there was a marked
increase of GFAP immunolabeling in the Muller cells (Figure 6.2f). In the untreated
Rdy cats, an increase of GFAP immunolabeling of Muller cells was found (Figure
6.2g), but, there was a suggestion of a further increase of GFAP immunolabeling of

Muller cells in the Axokine treated Rdy cats (Figure 6.2h).
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Figure 6.2e: GFAP Figure 6.2f: GFAP

immunohistochemistry in normal cat immunohistochemistry in normal cat at

at 13.5 weeks of age showing 13.5 weeks of age which was injected with

immunolabeling in astrocytes (x200) AxoKkine at 5.5 and 9.5 weeks showing
increased immunolabeling in Muller cells
(x200)
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Figure 6.2g: GFAP Figure 6.2h: GFAP

immunohistochemistry in Rdy cat at immunohistochemistry in Rdy cat at 13.5

13.5 weeks of age showing increased  weeks which was injected with Axokine at

immunolabeling in Muller cells (x200) 5.5 and 9.5 weeks showing very marked
increase of immunolabeling in Muller
cells (x200)



6.3 Characterisation of the MLHD dogs

Light microscopy and immunohistochemistry in the MLHD dogs

We found apoptotic cells (as pyknotic nuclei and “TUNEL” positive cells) in
the outer nuclear layer in the affected MLHD dogs as early as 6 weeks of age in both
cones and rods (Figure 6.3a). However, the thickness of the outer nuclear layer was
not significantly difference from that of the control. Furthermore, the nuclear
morphology of other rod and cones appeared normal. The ratio of rods with pyknotic
nuclei to normal nuclei at 6 weeks of age was 1:420 (+/- 21) whilst the ratio for
cones was 1:357 (+/- 34). There were no significantly difference between the ratio of
pyknotic nuclei between the two photoreceptor cells population. Counting of normal
nuclei in "TUNEL" sections was not possible, but the number of "TUNEL" positive
cell per slides are about half of that of pyknotic nuclei, this finding is similar to our
findings in the Rdy cats.

The thickness of the outer nuclear layer was substantially reduced by 24
weeks of age (Figure 6.3b). At this point, the morphology of the photoreceptors were
grossly abnormal, it is not possible to clearly distinguish rods and cones. It is also
not possible to distinguish normal and pyknotic nuclei.

Immunohistochemical staining of opsin was almost entirely restricted to the
rod outer segments (ROS) in the normal control (Figure 6.3c). In the affected dogs,
opsin was present in both rod outer and inner segments. There was also presented in
the cell perikarya within in the outer nuclear layer which could be seen at 6 weeks of
age, and became more marked at 24 weeks of age (Figure 6.3d). Synaptophysin, a
synaptic vesicle protein, was largely restricted to the outer and inner plexiform layers

in the normal control. In the affected dogs, the immunolabeling of the outer
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plexiform layer diminished with age and in parallel with the reduction of
photoreceptor cells. No significant change was seen in the inner plexiform layer.
Glial fibrillary acidic protein (GFAP) was expressed predominantly by the astrocytes
in the normal controls. In the affected dogs, markedly increased immunostaining of

GFAP in Muller cells was observed.
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Figure 6.3a: Light microscopy of an
affected six week old MLHD dog retina
showing pyknotic nuclei of cone (large
arrow) and rod (small arrows)
photoreceptors (x400)

Figure 6.3c: Opsin
immunohistochemistry of normal 8
weeks old dog retina showing opsin (red)
is localised to the outer segments (x400)
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Figure 6.3b: Light microscopy of an
affected 24 week old MLHD dog retina
showing significantly reduced in the
thickness of the outer nuclear layer
(x400)

Figure 6.3d: Opsin
immunohistochemistry of an affected 24
weeks old MLHD dog retina showing
opsin (red) is present to the outer
segments but also present in the cell
perikarya within the outer nuclear layer
(x400)



Electron microscopy in the MLHD dogs

The photoreceptor outer segments (OS) were slightly disorganised and
shorter but otherwise appeared normal by electron microscopy (EM) at 6 weeks of
age (Figure 6.3eand 6.3f) as compared with control (Figure 6.3g). The OS became
totally disorganised by 24 weeks of age (Figure 6.3h). There were apoptotic cells

seen (Figure 6.31) but the cone pedicle appears normal (Figure 6.3j).

Figure 6.3e: Photoreceptor outer Figure 6.3f: Photoreceptor outer
segments in affected dog at 6 weeks of segments in affected dog at 6 weeks of
age appears to be slightly shorter and age showing normal looking discs at
more disorganised (Bar = 2 microns) higher magnification (Bar = 1 microns)
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i
Figure 6.3g: Photoreceptor outer Figure 6.3h: Photoreceptor outer
segments in normal dog at 8 weeks of  segments in affected dog at 24 weeks of
age showing normal outer segments age showing totally disorganised outer
(Bar = 2 microns) segments (Bar = 1 microns)
%
%
|

Figure 6.3i: Apoptotic rod Figure 6.3j: Normal cone pedicle in the

photoreceptor in the affected dog at 24 affected dog at 24 weeks of age (Bar = 200
weeks of age (Bar = 1 micron) nm)
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Electroretinogram (ERG) in the MLHD dogs

The ISCEV standard tracing at 10, 14, 17, 20 and 25 were shown in Figure
6.3k - 6.30). The maximal bright white flash ERG was not significantly different
from heterozygote at 10 weeks of age. However, cone specific 30Hz flicker ERG
was found to be substantially reduced in the affected dogs as early as 6 weeks of age
(data not shown) and became indistinguishable from noise at 14 weeks of age.
Furthermore, the maximal bright white flash ERG also diminished progressively and
by 25 weeks of age, it was severely reduced. These ERG findings demonstrate the
MLHD has an early loss of cone specific ERG, which is followed by a progressive
involvement of the rods. This finding is consistent with the definition of cone-rod

dystrophy (CORD).
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Figure 6.3k: Electroretinogram of heterozygotes and affected MLHD dogs at 10

weeks of age
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Figure 6.31: Electroretinogram of heterozygotes and affected MLHD dogs at 14

weeks of age
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Figure 6.3m: Electroretinogram of heterozygotes and affected MLHD dogs at

17 weeks of age
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Figure 6.3n: Electroretinogram of heterozygotes and affected MLHD dogs at 20

weeks of age
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Figure 6.30: Electroretinogram of heterozygotes and affected MLHD dogs at 25

weeks of age
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6.4 Neurotrophic factor trial in the MLHD dogs

Electroretinography in the MLHD dogs

The amplitude of the b-wave at maximal response in the Axokine treated and
sham injected eye in one of the three animals is shown in Figure 6.4a. The combined
data of Axokine treated eye expressed as the percentage to that of the sham injected
eye is shown in Figure 6.4b. The graphs showed an initial reduction of amplitude
two week after the first Axokine injection (p=0.007). This recovered and showed a
larger b-wave than the sham injected eye at 4 weeks after the injection (p=0.078).
Further injections were given at this point, postnatal week 14. The amplitude was
reduced again, two weeks after the second Axokine injection (p=0.017). The
amplitude of the b-wave recovered at postnatal week 18 (4 week after the second
injection), but it was not significantly different from control (p=0.23).

Furthermore, after another 4 weeks, at postnatal week 22, the amplitude of
the b-wave was still not significantly different from control (p=0.19), and in fact, it
appeared to be smaller. However, at this point, the amplitudes of the b-wave in either
Axokine treated or sham injected eyes were less than 10 microvolts (the normal

value would be around 300), this difference is of no clinical or statistical values.
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Figure 6.4a: Amplitude of b-wave at maximal intensity of Axokine and sham
injected eye in MLHD dog
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Figure 6.4b: Amplitude of b-wave at maximal intensity of Axokine treated eye
expressed as a percentage to the sham injected eye (mean +/- SD) in MLHD
dogs. Injections were given at postnatal week 10 and 14
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Histopathology in the MLHD dogs

There is no significant difference in photoreceptor cell count between the

Axokine treated and sham treated eyes at postnatal week 22.
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6.5 Characterisation of the pigmented rds mice

The result of photoreceptor cell counts was plotted in Figure 6.5a. The
number of photoreceptors in the pigmented rds mice was significantly higher than
that of the albino rds mice at postnatal days 30 (p<0.001), 45 (p<0.001), 60

(p<0.001) and 90 (p<0.01).
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Figure 6.5a: Photoreceptor cell count per 1mm of retina (mean +/- SD) in the
pigmented and albino retinal degeneration slow mice

Assuming a steady rate of photoreceptor cell loss between the timepoints, the

average cell loss per day during each postnatal period is tabulated in Figure 6.5b.
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Figure 6.5b: Average number of photoreceptor loss per day per 1 mm of retina
in the retinal degeneration slow (rds) mice during the different postnatal (?)
periods



6.6 Caspases inhibitors trials in the pigmented rds mice

The results of the photoreceptor cells counts in different treatment groups is

summarised in Table 6.6a and plotted in Figure 6.6a. The inter-observer difference

was less than 15%. The number of photoreceptors at P60 in the Ac-DEVD.cmk

treated eyes was significantly higher than of control. None of the other treatment

groups were significantly different from controls. The average cell loss per day

between P30 to P45 and P45 to P60 was summarised in Table 6.6b. The

histopathology of the retina in an eye injected with DMSO at P30 (Figure 6.6b) and

the other eye injected with Ac.DEVD.cmk at P30 (Figure 6.6c¢) illustrated the

photoreceptor rescue in one animal at P60.

Postnatal day Control Treated P value

Ac.DEVD.cmk P45 (n=8) 738 +/- 111 755 +/- 122 p=0.42
P60 (n=9) 597 +/- 109 745 +/- 103 p=0.009 *

Ac-YVAD.cmk P45 (n=6) 742 +/- 120 789 +/- 127 p=0.45

P60 (n=8) 583 +/- 105 596 +/- 148 p=0.42

z-VAD.fmk P45 (n=8) 729 +/- 106 740 +/- 57 p=0.25

P60 (n=7) 604 +/- 133 600 +/- 105 p=0.96

Table 6.6a: Photoreceptor cell count per Imm of retina (mean +/- SD) in the
pigmented retinal degeneration slow mice injected by either Ac-DEVD.cmk, Ac-
YVAD.cmk, z-VAD.fmk or sham injection with DMSO. The p-values of paired
Student t-test were also shown. P45=postnatal day 45, P60=postnatal day 60
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Figure 6.6a: Mean photoreceptor cell count per Imm of retina in the pigmented
retinal degeneration slow mice injected by either Ac-DEVD.cmk, Ac-
YVAD.cmk, z-VAD.fmk or sham injection with DMSO at P60

P30- P45 P45- P60

Ac-DEVD.cmk injected 245 0.7
Ac-YVAD.cmk injected 223 12.9
z-VAD.fmk injected 253 9.3
DMSO injected 253 9.3
Untreated 279 8.4

Table 6.6b: Average cell loss per day between postnatal day (P) 30 and P45, and
P45 and P60 in different treatment groups, assuming there were 1123
photoreceptor cell per Imm of retina at P30.
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Figure 6.6b: Light microscopy of the
pigmented rds mouse at P60 injected

with DMSO at P30 showing about 3 to 4
rows of nuclei in the outer retinal layer

(x200)
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Figure 6.6c: Light microscopy of the
pigmented rds mouse at P60 injected
with Ac-DEVD.cmk at P30 showing
about S to 6 rows of nuclei in the outer
retinal layer (x200)



6.7 Summary of findings

Retinal dysplasia (Rdy) cat

e Apoptosis is the main mode of photoreceptor cell in this model of retinal
degeneration

e The peak of apoptosis is around postnatal week 9

e There is a upregulation of glial fibrillary acidic protein in the Muller cells

o There is a loss of synaptophysin in the outer plexiform layer

e Opsin fails to localise to the outer segment alone and is present all over the cell

e Opsin immunopositive neurites extending into the inner retina are present

e Electron microscopy revealed totally disorganised outer segments

e Electroretinogram is not recordable even at postnatal day 10

Miniature longhaired dachshund (MLHD) dog

e Apoptotic rod and cone photoreceptor cells are present even at postnatal week 6

e There is no significantly difference in the ratio of pyknotic to normal nuclei of
rods and cones at postnatal week 6

e There is a upregulation of glial fibrillary acidic protein in the Muller cells

e There is a loss of synaptophysin in the outer plexiform layer at postnatal week 24

e Opsin fails to localise to the outer segment alone and is present all over the cell

¢ Opsin immunopositive neurites extending into the inner retina are not present

e Well-organised outer segments at postnatal week 6 but become totally
disorganised at postnatal week 24

e Cone-specific electroretinogram (ERG) is reduced at postnatal week 6 and

becomes indistinguishable from noise at postnatal week 14
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Maximal intensity full field ERG is relatively normal up to postnatal week 10 but
progressive reduced and by postnatal week 25, it becomes indistinguishable from
noise

This present the first animal model of cone-rod dystrophy

Neurotrophic factors treatment trials

Axokine, a human analogue of ciliary neurotrophic factor, appears to delay
photoreceptor cell degeneration in the Rdy cats based on photoreceptor cell count
Axokine suppresses maximal intensity ERG at two weeks after injection but
appears to preserve maximal intensity ERG at four weeks after injection in the
MLHD dogs

Repeated injections did not maintain preservation of maximal intensity ERG in
the MLHD dogs

Brain derived neurotrophic factor fails to delay photoreceptor cell degeneration
in the Rdy cats based on photoreceptor cell count

Axokine treated eyes have retinal folds and posterior subcapsular cataract in the

Rdy cats but not in the MLHD dogs

Pigmented retinal degeneration slow (rds) mouse

The retinal degeneration in the pigmented rds mouse is slower that of the albino

rds mouse

The main difference in the rate of degeneration is between postnatal day 15 to 30

Caspases inhibitors treatment trials

Ac.DEVD.cmk, a caspase 3 inhibitors, appears to delay photoreceptor cell

degeneration in the pigmented rds mouse based on photoreceptor cell count
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e Ac.YVAD.cmk and z-VAD.fmk fail to delay photoreceptor cell degeneration in

the pigmented rds mouse
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D. DISCUSSION

7.1 Apoptosis is the main mode of cell death

Apoptosis is a genetically encoded potential of all cells, and is an essential
part of embryonic development, cell turnover and of removal of cells infected by
virus or harbouring mutations (Raff, 1992). It is characterised morphologically by
disintegration of the nucleolus and generalised condensation of the chromatin,
associated with cleavage by an endogenous nuclease of nuclear DNA into short
chains of nucleosomes in multiples of 180 base pairs (Gavrieli et al., 1992).
Condensed nuclei then fragment, giving rise to apoptotic bodies. In contrast to
necrosis, the process affects individual cells within a tissue, neighbouring cells
remain healthy, and it takes place in the absence of acute inflammation (See A3 for
further details).

In all models of hereditary retinal dystrophy examined to date, including
human RP, cell loss is through the process of apoptosis (Chang et al., 1993; Li and
Milam, 1995; Portera-Cailliau et al., 1994; Tso et al., 1994). The TUNEL technique
has been used to demonstrate apoptosis in the retinal degeneration (rd), retinal
degeneration slow (rds), transgenic Q344ter rhodopsin mutant mice (Chang et al.,
1993; Portera-Cailliau et al., 1994), RCS rats (Tso et al., 1994) and in human RP (Li
and Milam, 1995). It labels the 3’ ends of DNA fragments in nuclei going through
the process of apoptosis in situ (Gavrieli et al., 1992; Nakamura et al., 1995). This
technique is more sensitive than the agarose gel electrophoretic analysis of genomic
DNA for internucleosomal DNA cleavage (Tso et al., 1994). The nuclei of these
cells are, however, TUNEL-labelled for only a short period of time, about 8 hours in

this model.

- 135 -



In this study, TUNEL-labelled cell counts generally mirrored the pyknotic
cell count. It seems, however, that the TUNEL-labelled cell count peaked slightly
earlier at 9 weeks as compared to 10 weeks for pyknotic cell count. There were also
fewer TUNEL-labelled cells than pyknotic cells. As TUNEL-labelled the DNA
fragmentation, it represents the end of the execution stage of apoptosis. This is
followed by the condensation of the cytoplasm and nuclear chromatin as part of the
degradation phase of apoptosis. Our findings are in keeping with this hypothesis.
However, this is in contrast, to that found in light damage model when TUNEL
staining was seen following morphological changes (Hafezi et al., 1997). The
authors were unable to explain their observation.

Although the photoreceptor degeneration starts at about 5 weeks, the
maximal photoreceptor loss was between 9 to 13 weeks. Apoptosis was maximal at
the onset of maximal cell loss, as would be expected. This indicates that apoptosis is
the main mode of cell death in the Rdy cats.

Pyknotic nucleus and TUNEL positive cells were also present in the MLHD
dogs. Due to the limited material of pathological specimens, it was not possible to

identify the peak of apoptosis in this model.
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7.2 Immunohistochemistry in Rdy cats and MLHD dogs

Opsin immunolabeling is normally largely restricted to the rod outer
segments (ROS). In the Rdy cats, opsin was also present in the rod inner segments
and around the cell perikarya. Similar findings have previously been observed in
rodent models of retinal degeneration including the rd mice, rds mice, RCS rats and
mice with human P23H rhodopsin transgene (Ishiguro et al., 1987; Nir et al., 1989;
Nir and Papermaster, 1989; Roof et al., 1994) as well as in human retinitis
pigmentosa (Li et al., 1995). In addition to this abnormal perikaryal opsin labeling,
the transgenic rhodopsin P23H mutant mouse has accumulation of opsin throughout
the outer plexiform layer (Roof et al., 1994). This extensive immunoreactivity was
not present in the Rdy cats but there were opsin positive rod neurites sprouting
towards the ganglion cell layer. This phenomenon has been described in human
retinitis pigmentosa (Li et al., 1995; Milam et al., 1996) but has not been observed in
any of the rodent models of retinal degeneration examined to date (Li et al., 1995;
Milam et al., 1996). It was also not seen in the MLHD dogs despite significant effort
to identify them. It has been suggested that the rapid photoreceptor degeneration in
the rodents leaves little time for the rod to attempt making new connections, but with
slower retinal degeneration in the human, this is a possibility. This cannot explain
why that these neurites were not found in the MLHD dogs.

The precise mechanism of this phenomenon is unknown. It seems likely,
however, to reflect changes in the post-synaptic sites on horizontal or bipolar cells.
Furthermore, the significance of this phenomenon to the pathogenesis of the disease
and its therapeutic implications remain unknown.

The reduction of synaptophysin immunolabeling in the outer plexiform layer

of the Rdy cats and the MLHD dogs is also found in other rodent models of retinal
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degeneration, including the RCS rat (Sheedlo et al., 1993). No significant changes in
the inner plexiform layer were expected as there was no significant cell death in the
inner nuclear and ganglion cell layers as compared to normal controls, until end-
stage disease (Curtis et al., 1987; Leon and Curtis, 1990). This finding parallels that
in moderate severity form of human retinitis pigmentosa, where 88% of the inner
nuclear layer remained intact (Santos et al., 1997).

GFAP is the major intermediate filament found in astrocytes. In the retina,
GFAP is present only in astrocytes and Muller cells. Muller cells increase GFAP
expression in response to focal or generalised retinal injury, such as laser
photocoagulation (Humphrey et al., 1993) and light damage (Eisenfeld et al., 1984)
as well as in genetically determined retinal degeneration, such as the RCS rats,
(Eisenfeld et al., 1984), the recessive feline model of retinal degeneration (Ekstrom
et al., 1988) and human retinitis pigmentosa (Milam and Jacobson, 1990).

There is evidence to suggest that the increase of GFAP expression is
mediated by growth factors. In focal retinal injury, there is a lag period of about 24
hours before a significant increase of expression is seen (Humphrey et al., 1993)
suggesting the injury does not directly increase the transcription of the GFAP gene.
The delay suggests one or more intermediate steps. Furthermore, the normal area
adjacent to the focal injury also has increased GFAP expression. This would be
explained by diffusion of one or more growth factors from the site of focal injury (de
Raad et al., 1996). This hypothesis is further supported by the increased expression
of basic fibroblast growth factor (bFGF) after retinal injury (Wen et al., 1995).
Different growth factors can also have different effects on the Muller cells. For
instance, intravitreal injection of bFGF induces GFAP immunoreactivity in Muller

cells of normal eyes (Lewis et al., 1992) but intravitreal injection of brain derived
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neurotrophic factor reduces GFAP expression in a feline model of retinal detachment
(Lewis and Fisher, 1997).

This glial reaction might reflect attempted photoreceptor rescue during retinal
injury. However, these activated glial cells can induce scar formation and might even
produce neurotoxins. It would be of great interest to investigate further whether this

glial reaction is of benefit to the retina or not.
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7.3 Electron microscopy of the Rdy cats and MLHD dogs

The electron microscopic findings in the Rdy cats were in general consistent
with those previously reported. However, we found some disorganised outer
segments in 5 weeks old animal that was not previously seen. Nonetheless, they
became so disorganised that they could not be clearly identified at 13 weeks of age.
This suggests that the outer segment synthesis is affected at an early stage of the
disease but at least it is present unlike the rds mouse.

The morphology of most rods and cones, including their outer segments,
were within normal limits at 6 weeks of age in the MLHD dogs. This clearly
suggests that the retina is formed normally which is followed by photoreceptor cell
death.

We were particularly interested in the cone pedicles in the MLHD dogs as the
retina of a human case of simplex cone-rod dystrophy of unknown genetic mutation
showed enlarged, distorted shape of cone pedicles, along with thickening of some
cone axons (Gregory-Evans et al., 1998). Similar features were found in a small
number of cones in an eye with central areolar choroidal dystrophy but not found in
eye with cerebellar ataxia-cone dystrophy, cone-rod dystrophy in Bardet-Biedl
syndrome or simplex RP (Gregory-Evans et al., 1998). These abnormal cone
pedicles were not seen in the MLHD dogs. These observations imply that these

abnormalities were not a uniform feature in all cone-rod dystrophies.
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7.4 Electroretinogram of the Rdy cats and MLHD dogs

Our findings in the Rdy cats were consistent with that previously described
(Curtis et al., 1987). We had hoped that by using a standardised light source and
more sophisticated recording equipment, we might obtain electroretinogram from
these affected animals but we were unable to do so.

In the MLHD dogs, despite the relatively normal appearance of the cone
photoreceptor at the age of 6 weeks, the 30Hz flicker (cone specific) ERG was
already significantly affected. The MLHD was previously classified as a rod-cone
dystrophy (Curtis and Barnett, 1993) as this aspect of cone function was not
previously studied. The findings of the maximal bright white flash ERG are
consistent with the previous study. As the cone photoreceptors are more severely
affected initially and this is followed by the progressive rod involvement, the
features are most consistent with those of a cone-rod dystrophy (CORD). This,
therefore, appears to be the first animal model of CORD ever described.

The MLHD dog provides a unique opportunity to study cone-rod dystrophy.
Furthermore, the relatively normal maximal bright flash ERG at 10 weeks and
almost extinguished maximal bright flash ERG at 25 weeks provides a neat window

for therapeutic assessment.

-141 -



7.5 Neurotrophic factors trials

It appears that multiple intravitreal injections of Axokine (a human CNTF
analogue) might reduce apoptotic cell death of photoreceptors in the Rdy cat.
However, human BDNF was not effective. These results are similar to those reported
in the mouse models of retinal degeneration (LaVail et al., 1998). It is possible that
the presence of retinal folds might create bias, but they were not always present in a
single slide of Axokine treated animal and the age of the animals were also masked.
Furthermore, the second observer did not know the significance of the retinal folds
and yet the inter-observer difference was less than 10%. This bias is even more
unlikely in the “TUNEL” slides as the slides were not counterstained so the
morphology of the retina was not clearly seen.

The number of animal used was relatively small in this project, however, that
was largely due to the funding limitation and the Home Office regulation. Despite
that, the results were statistically significant.

In the MLHD dog experiment, the initial reduction of the amplitude of the b-
wave in the electroretinogram was unexpected. However, this is worrying and has
implications if clinical trials are to be taken place. Nonetheless, 4 weeks after the
injection, the amplitude of the b-wave was higher than that of the sham injected eye.
This apparently beneficial effect, however, did not last despite a repeated injection.
Further investigations of these findings are under way, in particular, we are
interested in single injection at an earlier age to see whether how long this potential
“beneficial effect” lasts.

As the ERG findings of Axokine treated and sham treated were similar at
postnatal week 22 when terminal histopathology was taken, it was not surprise that

the photoreceptor cell counts were not significantly difference.
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In the light damage model of retinal degeneration, both CNTF and BDNF
delay photoreceptor degeneration (LaVail et al., 1992, 1998). The ineffectiveness of
BDNF in this cat model might be explained by the fact that we were using human
BDNF instead of feline BDNF. However, the same preparation at a slightly lower
dose (100 pg) of human BDNF promotes outer segment regeneration in an acquired
feline retinal degeneration model (Lewis et al., 1999). Although we cannot exclude
the possibility that different dosages of BDNF might have an effect in the Rdy cats,
it seems unlikely as the difference in dosage was only 2.5 fold. It is possible that
BDNF can protect the retina from acute injury as in light damage and retinal
detachment, but ineffective in hereditary retinal degeneration.

The difference in response between different insults in various species may
be explained by the existence of more than one route leading to apoptosis, the final
common pathway of retinal degeneration. The synergistic effect of CNTF and BDNF
in enhancing the rate of functional recovery after peripheral nerve transection (Lewin
et al., 1997) also suggests that the two neurotrophic factors may act on different
pathways. Furthermore, they are known to activate different signal transduction
pathways (Ip and Yancopoulos, 1996; Kahn et al., 1997).

Cataract formation and retinal folds were relatively minor, and have not been
previously reported following CNTF therapy. These complications are unlikely to be
related to surgical trauma as they were present only in Axokine treated eyes in the
Rdy cats. Both complications were less severe in the second, lower dose experiment
suggesting that the response might be dose dependent. It is interesting that these
complications were not seen in the MLHD dogs.

It is possible that the lens and the retina of the cats are still relatively

immature at postnatal week 5 when treatment started even in the delayed group. The
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retina in the Rdy cats appears immature with oval nuclei at that age. It is possible
when the retina is immature, the injected growth factor altered the local
concentration of growth factor. This in turn alters the signalling pathway of the
photoreceptors so as they lost in orientation and fail to attach to the RPE.

CNTF is known to increase the expression of glial fibrillary acidic protein
(GFAP) in Muller cells (Kahn et al., 1997). It is not unexpected that Axokine also
caused an increase in GFAP expression in the treated animals and may therefore,
directly or indirectly, constitutes other components of a glial injury response,
including the release of endogenous growth factors.

In principle, Axokine might cause cataract formation directly or through the
secondary release of other growth factors. Although the CNTF alpha receptor has not
been demonstrated in the human lens epithelium, a direct effect cannot be excluded.
The receptors of other growth factors, including basic fibroblast growth factor
(bFGF) are present in lens epithelial cells (Potts et al., 1993). As bFGF can induce
proliferation of lens epithelial cells in vitro (McAvoy et al., 1991), it is a possible
candidate for an intermediate agent.

Similarly, the retinal folds might also be secondary to bFGF production as
intravitreal injection of this growth factor causes retinal folds with severe
inflammation in the rabbit (Borhani et al., 1993) and also in the cats (Sethi et al.,
2000). The morphology of these folds is similar to that of proliferative
vitreoretinopathy (PVR) both in experimental animals (Sethi et al., 2000) and
human. However, epiretinal membrane is always present in PVR but they were not
present in the Axokine treated Rdy cats. As the effect is dose dependent. it is
possible that using higher dose of Axokine, epiretinal membrane would be formed.

Another explanation is that the epiretinal membrane might take time to form and we
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did not find the membrane because we did not wait long enough. The latter would
suggest that the retinal folds were present before epiretinal membrane formation.
This would be unexpected as it is often believed that the epiretinal membranes
contract and pull the retina together forming retinal folds. Furthermore, epiretinal
membranes are seen within 21 days after intravitreal injection of bFGF (Sethi et al.,
2000).

It is, however, possible that Axokine acts on the Muller cells directly leading
to retinal swelling and then folds. Indeed CNTF is known to produce swelling of
astrocytes in vitro (Levison et al., 1996).

The absence of retinal folds in the Axokine treated MLHD dogs, rodents
(personal communication with Dr Matt LaVail, University of California, San
Francisco) and the transgenic pigs (personal communication with Dr Fulton Wong,
Duke University, North Carolina) might suggest that there are species different in the
response to Axokine.

Based on our data, repeated intravitreal injections of Axokine, but not human
BDNF, appears to prolong photoreceptor survival in hereditary feline retinal
degeneration and it reduced the apoptotic marker counts. Functional rescue could not
be demonstrated in the Rdy cats as ERG cannot be recorded. However, a similar
dose of Axokine appeared to lead to some degree of short term functional rescue in

the MLHD dog after an initial suppression.
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7.6 Pigmented rds mice

In the retinal degeneration slow mice, photoreceptor loss begins after the
second week of postnatal development that coincides with the time of development
of outer segments in wild-type mice (Sanyal, De Ruiter, Hawkins, 1980).
Degeneration is more rapid up to the age of postnatal day 45, when the outer nuclear
layer is reduced to half of its original thickness; thereafter degeneration progresses
more slowly (Sanyal, De Ruiter, Hawkins, 1980). The peak of apoptosis has been
found to be around postnatal day 16 to 17 (Chang, Hao and Wong 1993; Portera-
Cailliau et al., 1994).

In this study, we confirmed quantitatively the impression of previous
investigators that the photoreceptor degeneration of pigmented rds mouse is slower
than that in the albino rds mouse (Sanyal and Hawkins, 1986). The difference in the
number of photoreceptors can be seen as early as P30 and this is persisted until P90.

The observed difference cannot be explained by the wild type albino mouse
has less photoreceptors than that of the wild type pigmented mouse as there were no
significant difference of photoreceptor number at P14 before the retinal degeneration
begins.

The data indicate that the main difference in the rate of cell loss is between
P14 and P30. The light damage effect is probably not marked during the first 14
postnatal days as the eyes of neonatal mouse do not open until P10 to P12. After
P14, it is possible that pigmentation delays the peak of apoptosis in the outer nuclear
layer similar to that of the rds mouse without the functioning p53 gene (Ali et al.,
1998). The mechanism of this delay is unknown. However, the relatively immature
retina during this early postnatal period might be more susceptible to light damage.

As pigmentation protects rodent retina from intentional exposure of light (Sanyal and
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Hawkins, 1986), it is possible that the pigment can also protect the immature retina

from normal cyclic lighting.
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7.7 Caspases inhibitors trial

In the retinal degeneration slow mice, photoreceptor degeneration begins
after the second week of postnatal development that coincides with the development
of outer segments (Sanyal, De Ruiter, Hawkins, 1980). Based on our original data,
we chose to treat at P30 as there is still significant photoreceptor loss between P30
and P45. Furthermore, the mouse eye at P30 is significantly bigger than that at P15.
Treating at P30, therefore, reduces the traumatic effect of the injection. The latter is
confirmed as the results were not significantly different between DMSO treated and
untreated eyes.

The action of Ac-YVAD.cmk is based on the target sequence in pro-
interleukin-1b (YVHD) and it is a cell-permeable and irreversible caspase 1 inhibitor
(Thornberry et al., 1992). At extremely high concentration, it can inhibit caspase 3.
Ac-DEVD.cmk, is derived from the cleavage site in poly-(ADP-ribose) polymerase
(PARP) and is potent cell-permeable and irreversible inhibitor of caspase 3 and
members of the caspase 3 subfamily (Lazebuik et al., 1994). Finally, z-VAD.fmk
inhibits a wide spectrum of caspases including those of Group II (caspases 3 and 7),
and to a lesser extent, those of Groups I and III (Sweeney, Inokuchi and Igarashi,

1998).
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Group | Caspases known to | Tetrapeptide sequences Inhibitors known
be in the group preference
I 1,4,5 WEHD Ac-YVAD.cmk,
z-VAD.fmk
II 3,6,7 DEXD Ac-DEVD.cmk,
z-VAD.fmk
111 2,8,10 XEH/TD z-VAD.fmk

Table 7.7: Classification of caspases based on preference tetrapeptide sequences
and their known inhibitors. (Key: A = Alanine, D = Aspartic acid, E = Glutamic
Acid, H = Histidine, T = Threonine, V = Valine, W = Tryptophan, X = any
amino acid, Y = Tyrosine, Ac-YVAD.cmk = acetyl-Tyr-Val-Ala-Asp-
chloromethylkeone, Ac-DEVD.cmk = acetyl-Asp-Glu-Val-Asp-
chloromethylkeone, z-VAD.fmk = benzyloxycarbonyl-Val-Ala-Asp-
fluoromethlketone)

It was not surprising that YVAD, a caspase 1 inhibitor, had little or no effect
on photoreceptor cell count as the role of caspase 1 in neuronal apoptosis is in doubt.

However, it was surprising the zZVAD, a broad spectrum caspases inhibitors
had little or no effect on photoreceptor cell count whilst DEVD, a caspase 3
inhibitor, delayed photoreceptor cell loss especially between P45 and P60.

Nonetheless, it is in keeping with previous report that DEVD and zZVAD can
both delay ganglion cell loss after optic nerve axotomy (Chaudhary et al., 1999,
Kremer et al., 1998) but that zZVAD is less effective (Kermer et al., 1998). It is
possible that either ZVAD is not effective in photoreceptor degeneration or its effect
cannot be assessed in the current experimental model.

This observation can also be explained by their different action against
caspase 3. DEVD inhibits caspase 3 directly and reduces PARP protease activity; the
latter appears to be necessary for apoptosis. However, zZVAD does not inhibit

caspase 3 activity but blocks apoptosis either by inhibiting the processing of caspase

3 or at an earlier stage of the apoptotic cascade (Slee et al., 1996).
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It is therefore possible that there are slight differences in the nature of the
apoptotic cascade in ganglion cells and photoreceptor cells. Similar discrepancy is
also seen in neurotrophic factor rescue. Both brain derived neurotrophic factor
(BDNF) and ciliary neurotrophic factor (CNTF) are effective in ganglion cell rescue
after optic nerve axotomy (Mey and Thanos, 1992;Weibel, Kreutzberg, and Schwab,
1995) but only CNTF is effective in photoreceptor rescue in retinal degeneration
(Chong et al., 1999).

It is also interesting to note that the effect was only seen at P60, 30 days after
the injection of caspase-3 inhibitors but not at P45. The delay might suggest the
inhibitors might take time to be taken up by the cells. Furthermore, cells which are
already committed to cell death beyond the caspases in apoptotic cascade would not

be affected by these inhibitors.
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E. IMPLICATION OF THE PROJECT AND FUTURE

WORK

Our main aims of this project are to study model of retinal degeneration so as
to identify their role in testing future therapies and to assess whether neurotrophic
factors and caspases inhibitors are potentially useful therapies for retinal
degeneration.

We have studied three animal models of genetically determined retinal
degeneration in three different animal species. There were many pathological
features in common, such as the loss of the outer segments, the thinning of the outer
nuclear layer, the presence of apoptotic photoreceptor cells, the upregulation of
GFAP, the loss of synaptophysin of the outer plexiform layer and the mislocalisation
of the opsin. These similarities cannot be explained by a single gene mutation as the
genetic mutation is known in the rds mouse (Travis et al., 1989) and this gene has
been excluded in the Rdy cats (personal communication with Dr David Sargan,
University of Cambridge) and MHLD dogs (personal communication with Dr
Matthew Binns, Animal Health Trust, Newmarket) by candidate gene approach. The
Rdy cats and the MHLD dogs are unlikely to be caused by the same mutation as the
Rdy cats is an autosomal dominant model whilst MHLD dogs is inherited in
autosomal recessive fashion. Hence, our observations suggest that the different
genetic mutations can induce similar changes in the retina leading to photoreceptor
cell dysfunction and cell death, and the excitation of glial cells.

Nonetheless, there were clear differences in these models. The pigmented rds
mice do not ever have rod outer segments (ROS), whilst the ROS are disorganised in
the young Rdy cats, but the ROS are within normal limits in the young MLHD dogs.

The nuclei of the photoreceptor cells in the Rdy cats are elongated and appear
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immature, whilst that of the pigmented rds mice and MLHD dogs appears normal
during the early stage of retinal degeneration. Opsin immunopositive neurites
extending into the inner retina were only present in the Rdy cats. These latter
findings allow us to investigate further the role of these neurites as they are
commonly found in human outer retinal dystrophies.

It was a surprise to us to have found the first animal model of cone-rod
dystrophy (CORD), the MLHD dogs. The linkage studies, in collaboration with Dr
Matthew Binns, might identify a gene that can be used to as a candidate gene in
human recessive CORD. Furthermore, this model allows us to study the pathology of
CORD in more detail.

Each of these models has their advantages and disadvantages for testing
therapies. The pigmented rds mouse is well characterised, the genetic defect is
known and the cost of breeding and upkeeping of mice is relatively small. They are
likely to be used for testing novel therapy as in this project. However, it is likely that
transgenic rodents would be more commonly studied in the future as they become
generally available. Characterisation of these transgenic animals would take time and
effort but they might be more closely resemble to human diseases.

The Rdy cat is inherited in an autosomal dominant fashion and the breeding
of cats is much easier than that of other companion animals. The main disadvantages
are that they do not have normal or near normal retinal anatomy before the retinal
degeneration begins. Furthermore, there is no recordable ERG to assess function
objectively. Nonetheless, they will be useful as an intermediate testing ground to
refine dosage and to find the most effective agents after positive results have been

shown in the rodents.
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The MLHD dog is a useful model for testing therapy before clinical trials.
The retinal anatomy is relatively normal at postnatal week 6. Retinal function can be
measured at postnatal week 6 and progressively deteriorated to ERG extinguished by
postnatal week 25. This allows a good treatment window for investigation. However,
they are much more difficult to breed that cats. In addition, as a recessive model, the
breeding program leads to the production of a large number of carriers. Under the
current Home Office regulation, these carriers have to be castrated at 6 months of
age before re-homing. All this increases the upkeep costs. It is estimated that each
affected MLHD dogs used in this project costs well over £2000 as compared to about
£300 for the Rdy cats. More complex surgical procedures can also be performed in
the MLHD dogs.

In terms of transgenic animal, so far only the transgenic P23H rhodopsin
mutant pig have eyes similar in size to human eyes. It was very costly to produce and
even then the rod specific ERG is not recordable at any stage in these pigs limit the
use of them. As it stands, it is not a better model of retinal degeneration than the
MLHD except the genetic defect in the MLHD is so far unknown. However, it is
likely that would become available to us in the near future. Furthermore, the exact
genetic mutation of the model is not particularly important if the therapy to be tested
is targeting at delaying cell loss.

Axokine appears to have some degree of anatomical and functional rescue in
the Rdy cats and MLHD dogs respectively. It is true that the number of animals used
were small and there is possible bias in cell counting in the Rdy cat experiments.
Further studies using small dosage of Axokine might be required to see whether it is
possible to have anatomical rescue without causing cataract or retinal folds. The

Axokine trial in the MLHD dogs was really a pilot study. Further studies are
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required to confirm the "functional rescue" at 4 weeks after the injection. It would be
worthwhile using different dosages to reduce the initial ERG suppression.
Furthermore, we did not know how long a single injection of Axokine works if it
does. Single injection experiments would be required. These experiment framework
can be used for future testings of other neurotrophic factors or indeed other reagents.

Nonetheless, there is clear limitation to animal research. For instance, the
retinal degeneration in both the Rdy cats and MHLD dogs is very rapid in
comparison to that commonly seen in human patients with retinitis pigmentosa and it
is difficult to extrapolate to the clinic with confidence. However, the effect observed
might be enough to slow the progression in humans to an extent that it would confer
some visual benefit. It is a judgement call when would animal research stop and
clinical trials begin. One would argue that when a reagent can produce significant
rescue in a number of animal species and there are no significant side effects in the
animal, clinical trial would be justified to be considered. At the moment, Axokine
has not reached this stage yet. Indeed, it might never reach that stage.

Furthermore, repeated intravitreal injections will not be practical in clinical
settings. An improved delivery system is required before this neurotrophic factor will
play a significant role in the future management of outer retinal dystrophies. One of
the options is to transplant cells, such as fibroblasts or Schwann cells, that have
modified in vitro to produce steady concentration of neurotrophic factor. Similarly
gene therapy approach for transfecting RPE / Muller cells to produce neurotrophic
factors might be another alternative. The MLHD dogs would be useful for these
experimental settings in the future.

As Axokine appears to delay cells from going into apoptosis, it is likely that

it might be useful in the neuroprotection of ganglion cells in glaucoma and ischaemic
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diseases, and in photoreceptor degeneration in retinal detachment before surgery can
be performed. Its role in these optic nerve and retinal diseases will need further
investigation.

The rationale of using growth factors is to prevent apoptosis. For the
treatment of human retinal degenerations, it has the potential advantage over
alternative biological approaches to therapy in that the cause of the disorder need not
be known. If it could be shown that a single growth factor was effective in all animal
available models of genetically determined retinal dystrophy, the initiation of a trial
on the human disease could be justified. It is clearly an advantage that there is a wide
variety of animal models available with different fundamental genetic defects. It is
disappointing that the effect in MLHD dog was not as striking as that seen in cat and
mouse.

The results of the inhibitors of caspases treatment trials indicated that caspase
3 and its subfamily might play an important role in photoreceptor degeneration. By
blocking them with DEVD delays photoreceptor loss in the pigmented rds mouse. A
positive result suggests that further investigation in this area is appropriate.
Nonetheless, a negative result in this experimental setting does not necessary mean
that z-VAD and YVAD are ineffective in all retinal degenerations. The dosage used
might not be appropriate and the preparation used might be ineffective for cellular
penetration. Other dosages and preparation should be investigated. Furthermore,
anatomical rescue can only indicate that the cells are present but they might not be
functioning at all. Electrophysiological and behavioural studies are required to
evaluate this further.

There is more to know. In particular, do the animals see better after a period

of treatment? This is especially relevant in those cases with mutations affecting the
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phototransduction cascade. How and where do the growth factors work? Is it on the
photoreceptors themselves or on their environment? How do the infrequent doses
delivered by injection into the vitreous compare with physiological levels of release?
Can untoward side effects, such as cataracts, be avoided? None of these questions
are unanswerable, but they need to be addressed before a therapeutic regimen can be

applied in humans.

- 156 -



Acknowledgements

It was a great opportunity for me to carry out this project in the Animal
Health Trust, Newmarket and the Institute of Ophthalmology (UCL), London and
work with distinguished clinician scientists, namely Dr Keith Barnett, Dr Graham
Holder, Professor Alan Bird and Professor Phil Luthert. I would like to thank them
for their guidance throughout the project. I am, in particular, indebted to my
supervisors, Professors Alan Bird and Phil Luthert.

I would also like to thank Mr Bob Alexander for his guidance and assistance
in light microscopy and immunohistochemical studies, Dr Peter Munro for his
guidance and assistance in electron microscopy, Mr Chris Hogg for his guidance and
assistance in electrophysiology, Dr Lorraine Waters for her guidance and assistance
in veterinary practice and anaesthesia, Ms Deb Flack and her staff in the Animal
Health Trust for looking after the cats and dogs and Ms Wendy Rudling, Nicky Gent
and their staff in the BRU of the Institute of Ophthalmology for looking after the
rodents.

The funding of this project is complex. I was supported by a Medical
Research Council Clinical Training Fellowship. The departmental research funding
of the Pathology Department in the Institute of Ophthalmology supported the rodent
experiments. The departmental research funding of the Clinical Ophthalmology
Department in the Institute of Ophthalmology supported the feline experiments and
partly the canine experiments. The Wellcome Trust supported the treatment
experiments in the MLHD dogs as part of a project grant. The SB Pharm Limited
provided the inhibitors of the caspases and Regeneron Inc. provided the neurotrophic

factors. I am grateful for all their financial support.

- 157 -



Last but not least, without the support of my wife Mandy and my sons

Christopher and Nathan, this thesis would not have been possible.

- 158 -



References

Acland GM, Blanton SH, Hershfield B, Aguirre GD (1994) XLPRA: A canine
retinal degeneration inherited as an X-linked trait. Am J Med Gen 52:27-33
Adams JM, Cory S. (1998) The Bcl-2 protein family: arbiters of cell survival.
Science 281, 1322-1326.

Aguirre GD, Acland GM (1988) Variation in retinal degeneration phenotype
inherited at the prcd locus. Exp Eye Res 46:663-687

Aguirre GD, Alligood J, O'Brien P, Buyukmihci N (1982) Pathogenesis of
progressive rod-cone degeneration in miniature poodles. Inv. Ophth. Vis. Sci. 23:
610-630

Aguirre GD, Ray K, Acland GM (1998) Candidate gene studies in canine
progressive retinal atrophy. Digital Journal of Ophthalmology Vol 4 No 3
Ahnelt PK (1998) The photoreceptor mosaic. Eye 12:531-540

Algvere PV, Berglin L, Gouras P, Sheng Y, Kopp ED (1997) Transplantation of
RPE in age-related macular degeneration: observations in disciform lesions and
dry RPE atrophy. Graefes Arch Clin Exp Ophthalmol 235: 149-58

Ali RR, Reichel MB, Hunt DM, Bhattacharya SS (1997) Gene therapy for
inherited retinal degeneration. Br J Ophthalmol 81, 795-801

Ali RR, Reichel MB, Kanuga N, Munro PM, Alexander RA, Clarke AR, Luthert
PJ, Bhattacharya SS, Hunt DM (1998) Absence of p53 delays apoptotic
photoreceptor cell death in the rds mouse. Curr Eye Res 17:917-23

Alnemri ES, Livingston DJ, Nicholson DW, Salvesen G, Thornberry NA, Wong

WW, Yuan J (1996) Human ICE/CED-3 protease nomenclature. Cell 87:171

- 159 -



Alterio J, Courtois Y, Robelin J, Bechet D, Martelly I (1990) Acidic and basic
fibroblast growth factor mRNAs are expressed by skeletal muscle satellite cells.
Biochem Biophys Res Commun 166: 1205-1212

An B, Dou QP (1996) Cleavage of retinoblastoma protein during apoptosis: an
interleukin 1P converting enzyme-like protease as candidate. Cancer Res 56:438-
442

Anderson DH, Guerin CJ, Erickson PA, Stern WH, Fisher SK (1986)
Morphological recovery in the reattached retina. Invest Ophthalmol Vis Sci
27:168-172

Antonsson B, Conti F, Ciavatta, A, et al., (1997) Inhibition of Bax channel-
forming activity by Bcl-2. Science 277, 370-372

Aramant RB, Seiler MJ, Turner JE. (1988) Donor age influences on the success
of retinal transplants to adult rat retina. Invest Ophthalmol Vis Sci 29, 498-503.
Arden GB (1967) Electrodiagnosis tests in ophthalmology. Proc R Soc Med
60(1):68

Armstrong RC, Aja T, Xiang J, Gaur S, Krebs JF, Hoang K, Bai X, Korsmeyer
SJ, Karanewsky DS, Fritz LC, Tomaselli KJ (1996) Fas-induced activation of the
cell death-related protease CPP32 is inhibited by Bcl-2 and by ICE family
protease inhibitors. J Biol Chem 271:16850-16855

Bains RM, Millar KD (1988). Peroxidase labelling in immunocytochemistry: a
critical comparison of five systems. Med. Lab. Sciences. 45, 240 -244,

Bakhshi A, Jensen JP, Goldman P, et al., (1985) Cloning the chromosomal
breakpoint of t(14;18) human lymphomas: clustering around JH on chromosome

14 and near a transcriptional unit on 18. Cell 41, 899-906

- 160 -



Banerjee P, Kleyn PW, Knowles JA, et al. (1998) ‘TULIP1’ mutation in two
recessive extended Dominican kindreds with autosomal recessive Retinitis
Pigmentosa. Nature Genetics 18:177-179

Barnett KC, Curtis R (1985) Autosomal dominant progressive retinal atrophy in
Abyssinian cats. J.Hered. 76: 168-170

Barnett KC (1990) A colour atlas of veterinary ophthalmology. Wolfe Publishing
Ltd, London.

Bennett J, Tanabe T, Sun D, et al. (1996) Photoreceptor cell rescue in retinal
degeneration (rd) mice by in vivo gene therapy. Nat Med 2: 649-54.

Benson WE, Brown GC, Tasman W (1988) Diabetes and its ocular
complications. Philadelphia, WB Saunders Co, pp 83

Berke G (1995) The CTL’s kiss of death. Cell 81:9-12

Bernard O, Matthew P (1994) Fibroblast growth factor (FGFs). In: Nicola NA,
ed. Guidebook to cytokines and their receptors. Oxford: Oxford Universtiy Press,
214-222

Berson EL, Rosner B, Sandberg MA, et al (1993) A randomized trial of vitamin
A and vitamin E supplementation for retinitis pigmentosa. Arch Ophthalmol 111:
761-72

Bessant DAR, Payne AM, Mitton KP et al. (1999) A mutation in NRL is
associated with autosomal dominant retinitis pigmentosa. Nat Genet 21:355-6
Bianchi LM, Cohan CS (1993). Effects of the neurotrophins and CNTF on
developing statoacoustic neurons: comparison with an otocyst-derived factor.
Developmental Biology 159: 353-365

Bird AC. Retinal photoreceptor dystrophies (1995) Am J Ophthalmol 119: 543-

562

- 161 -



Bok D, Hall MO (1971) The role of the pigment epithelium in the etiology of
inherited retinal dystrophy in the rat. J. Cell Biol. 49: 664—682

Boldin MP, Goncharov TM, Goltsev YV, Wallach D (1996) Involvement of
MACH, a novel MORT 1/FADD-interacting protease, in Fas/APO-1 and TNF
receptor-induced cell death. Cell 85:803-815

Boldin MP, Varfolomeev EE, Pancer Z, Mett IL, Camonis JH, Wallach D (1995)
A novel protein that interacts with the death domains of Fas/APO1 contains a
sequence motif related to the death domain. J Biol Chem 270:7795-7798
Borhani H, Peyman GA, Rahimy MH, Beuerman RW (1993) Vitreoretinal
toxicity of basic fibroblast growth factor. Int Ophthal. 17, 195-9

Boughman JA, Fishman GA (1983) A genetic analysis of RP. Br J Ophthalmol
67:449-454

Bourne MC, Campell DA, Tansley K (1938) Hereditary degeneration of the rat
retina. Br. J. Ophthalmol. 22: 613-623

Bowes C, Li T, Danciger M, Baxter LC, Applebury ML, Farber DB (1990)
Retinal degeneration in the rd mouse is caused by a defect in the § subunit of rod
c¢GMP-phosphodisesterase. Nature 347: 677-680

Bowes C, Li T, Frankel WN et al (1993) Localisation of a retroviral element
within the rd gene coding of the B subunit of rod cGMP-phosphodisesterase.
Proc Natl Acad Sci, USA 90: 2955-2959

Boycott BB, Hopkins JM (1981) Microglia in the retina of monkey and other
mammals; its distinction from other types of glia and horizontal cells. Neurosci.

6, 679-688

-162 -



Brancolini C, Benedetti M, Schneider C (1995) Microfilament reorganization
during apoptosis: the role of Gas2, a possible substrate for ICE-like proteases.
EMBO J 14:5179-5190

Brindley GS, Lewin WS (1968) The sensations produced by electrical
stimulation of the visual cortex. J Physiol (Lond) 196:479-93

Bubenik GA, Purtill RA (1980) The role of melatonin and dopamine in retinal
physiology. Can J Physiol Pharmacol 58: 1457-1462

Bunker CH, Berson EL, Bromley WC, Hayes RP, Roderick TH (1984)
Prevalence of retinitis pigmentosa in Maine. Am J Ophthalmol 97: 357-65
Burren CP, Berka JL, Batch JA (1997) Localization studies of IGFBP-2 and
IGFBP-5 in the anterior compartment of the eye. Current Eye Research 16: 256-
262

Burren CP, Berka JL, Edmondson SR, Werther GA, Batch JA (1996)
Localization of mRNAs for insulin-like growth factor-I (IGF-I), IGF-I receptor,
and IGF binding proteins in rat eye. Investigative Ophthalmology & Visual
Science 37: 1459-1468

Cao W, Wen R, Li F, Cheng T, Steinberg RH (1997) Induction of basic
fibroblast growth factor mRNA by basic fibroblast growth factor in Muller cells.
Investigative Ophthalmology & Visual Science 38: 1358-1366

Caputo A, James MNG, Powers JC, Hudig D, Bleackley RC (1994) Conversion
of the substrate specificity of mouse proteinase granzyme B. Nature Struct Biol
1:364-367

Carr AM, Hoekstra MF (1995) The cellular responses to DNA damage. Trends

Cell Biol 5:32-40

-163 -



Carter-Dawson LD, LaVail MM (1979) Rods and cones in the mouse retina. I.
Struc.tural analysis using light and electron microscopy. J Comp Neur 188, 245-
62

Carter-Dawson LD, LaVail MM, Sidman RL (1978) Differential effect of the rd
mutation on rods and cones in the mouse retina. Invest. Ophthalmol. Vis. Sci. 17,
489-98

Casciola-Rosen L, Nicholson DW, Chong T, Rowan KR, Thornberry NA, Miller
DK, Rosen A (1996) Apopain/CPP32 cleaves proteins that are essentiafjfor
cellular repair: a fundamental principle of apoptotic death. J Exp Medv 183:1957-
1964

Casciola-Rosen LA, Anhalt GJ, Rosen A (1995) DNA-dependent protein kinase
is one of a subset of autoantigens specifically cleaved early during apoptosis. J
Exp Med 182:1625-1634

Casciola-Rosen LA, Miller DK, Anhalt GJ, Rosen A (1994) Specific cleavage of
the 70-kDa protein component of the U1 small nuclear ribonucleoprotein is a
characteristic biochemical feature of apoptotic cell death. J Biol Chem
269:30757-30760

Casiano CA, Martin SJ, Green DR, Tan EM (1996) Selective cleavage of nuclear
autoantigens during CD95 (Fas/APO-1)- mediated T cell apoptosis. J Exp Med
184:765-770

Cayouette M, Gravel C (1997) Adenovirus-mediated gene transfer of ciliary
neurotrophic factor can prevent photoreceptor degeneration in the retinal
degeneration (rd) mouse. Human Gene Therapy 8: 423-430.

Chan Ling T (1994) Glial, neuronal and vascular interactions in the mammalian

retina. Progress in Retinal and Eye Research 13:357-89

-164 -



Chang CJ, Lai WW, Edward DP, Tso MO (1995) Apoptotic photoreceptor cell
death after traumatic retinal detachment in humans. Arch Ophthalmol 1995; 113:
880-886

Chang GQ, Hao Y, Wong F (1993) Apoptosis: final common pathway of
photoreceptor death in rd, rds, and rhodopsin mutant mice. Neuron 11: 595-605
Chapman BS (1995) A region of the 75 kDa neurotrophin receptor homologous
to the death domains of TNFR-1 and Fas. FEBS Lett 374:216-220

Charles S, Flinn CE (1981) The natural history of diabetic extramacular traction
retinal detachment. Arch Ophthalmol 99:66-68

Chaudhary P, Ahmed F, Quebada P, Sharma SC (1999) Caspase inhibitors block
the retinal ganglion cell death following opticnerve transection. Molecular Brain
Research 67: 3645

Chen J, Flannery JG, LaVail MM, Steinberg RH, Xu J, Simon MI (1996) bcl-2
overexpression reduces apoptotic photoreceptor cell death in three different
retinal degenerations. Proceedings of the National Academy of Sciences of the
United States of America 93: 7042-7047

Cheng EH, Kirsch DG, Clem RJ, et al., (1997) Conversion of Bcl-2 to a Bax-like
death effector by caspases. Science 278, 1966—1968

Chinnaiyan AM, O’Rourke K, Lane BR, Dixit, VM (1997) Interaction of CED-4
with CED-3 and CED-9: a molecular framework for cell death. Science 275,
1122-1126

Chinnaiyan AM, O’Rourke K, Tewari M, Dixit VM (1995) FADD, a novel death
domain-containing protein, interacts with the death domain of Fas and initiates

apoptosis. Cell 81:505-512

- 165 -



Chinnaiyan AM, Orth K, O’Rouke K, Duan H, Poirier GG, Dixit, VM (1996a)
Molecular ordering of the cell death pathway: Bel-2 and Bel-xL function
upstream of the Ced-3-like apoptotic proteases. J. Biol. Chem 271, 45734576
Chinnaiyan AM, Tepper CG, Seldin MF, O’Rourke K, Kischkel FC, Hellbardt S,
Krammer PH, Peter ME, Dixit VM (1996b) FADD/MORT]1 is a common
mediator of CD95 (Fas/APO-1) and tumor necrosis factor receptor-induced
apoptosis. J Biol Chem 271:4691-4965

Chittenden T, Flemington C, Houghton AB, et al., (1995) A conserved domain in
Bak, distinct from BH1: and BH2, mediates cell death and protein binding
functions. EMBO J. 14, 5589-5596

Chong NHV, Alexander RA, Barnett KC, Bird AC, Luthert PJ (1999a) An
immunohistochemical study of an autosomal dominant feline rod / cone
dysplasia (Rdy cats). Experimental Eye Research 68; 51-57

Chong NHV, Alexander RA, Waters L, Barnett KC, Bird AC, Luthert PJ (1999b)
Repeated intravitreal injections of ciliary neurotrophic factor lead to long-term
photoreceptor cells survival in hereditary retinal degeneration. Investigative
Ophthalmology & Visual Science 40:1298-1305

Clem RJ, Cheng EH, Karp CL, et al., (1998) Modulation of cell death by Bcl-XL
through caspase interaction. Proc. Natl. Acad. Sci. USA 95, 554 559

Cleves AE, Cooper DNW, Barondes SH, Kelly RB (1996) A new pathway for
protein export in Saccharomyces cerevisiae. J Cell Biol 133:1017-1026

Cohen Al The retina. (1987): In: Moses RA, Hart WM Jr, editors. Adler's
Physiology of the eye - clinical application. 8th ed. St. Louis: C.V. Mosby, 458-

490.

- 166 -



Collins MKL, Perkins GR, Rodriguez-Tarduchy G, Nieto MA, Lopez-Rivas A
(1994) Growth factors as survival factors: regulation of apoptosis. BioEssays
16:133 138

Connell G, Bascom R, Molday L, Reid D, McInnes RR, Molday RS (1991)
Photoreceptor peripherin is the normal product of the gene responsible for retinal
degeneration in the rds mouse. Proc.Natl.Acad.Sci.U.S.A 88:723-726

Connell GJ, Molday RS (1990) Molecular cloning, primary structure, and

~ orientation of the vertebrate photoreceptor cell protein peripherin in the rod outer
segment disk membrane. Biochemistry 29:4691-4698

Conradt B, Horvitz HR (1998) The C. elegans protein EGL-1 is required for
programmed cell death and interacts with the Bcl-2- like protein CED-9. Cell 93,
519-529

Cook B, Lewis GP, Fisher SK, Adler R (1995) Apoptotic photoreceptor
degeneration in experimental retinal detachment. Investigative Ophthalmology
and Visual Science 36: 990-996

Cox SN, Hay E, Bird AC (1988) Treatment of chronic macular oedema with
acetazolamide. Arch Ophthalmol 106: 1190-1195.

Curran RC, Gregory J (1977) The unmasking of antigens in paraffin sections of
tissue by trypsin. Experimentia. 33, 1400 - 1401.

Curtis R, Barnett KC (1993) Progressive retinal atrophy in miniature longhaired
dachshund dogs. British Veterinary Journal 149, 71-85

Curtis R, Barnett KC, Leon A (1987) An early-onset retinal dystrophy with
dominant inheritance in the Abyssinian cat. Clinical and pathological findings.

Invest.Ophthalmol. Vis.Sci. 28: 131-139

- 167 -



D’Souza SD, Alinauskas KA, Antel JP (1996) Ciliary neurotrophic factor
selectively protects human oligodendrocytes from tumor necrosis factor-
mediated injury. Journal of Neuroscience Research 43: 289-298.

Darmon AJ, Ehrman N, Caputo A, Fujinaga J, Bleackley RC (1994) The
cytotoxic T cell proteinase granzyme B does not activate interleukin 18
converting enzyme. J Biol Chem 269:32043-32046

Darmon AJ, Nicholson DW, Bleackley RC (1995) Activation of the apoptotic
protease CPP32 by cytotoxic T-cell-derived granzyme B. Nature 377:446-448
Datta SR, Dudek H, Tao X, et al., (1997) Akt phosphoryla-tion of BAD couples
survival signals to the cell intrinsic death machinery. Cell 91, 231-241

Davis S, Aldrich TH, Valenzuela DM, Wong V, Furth ME, Squinto SP,
Yancopulos GD (1991) The receptor for ciliary neurotrophic factor. Science 253:
59-63

D'Cruz PM, Yasumura D, Weir J, Matthes MT, Abderrahim H, LaVail MM,
Vollrath D (2000) Mutation of the receptor tyrosine kinase gene Mertk in the
retinal dystrophic RCS rat. Hum Mol Genet 9 :645-51

del Cerro M, Das TP, Lazar ES, et al. Neural retinal transplantation into twelve
RP patients. Invest Ophthalmol Vis Sci (Suppl) 1997; 38: 1204.

del Cerro M, Notter MF, del Cerro C, Wiegand SJ, Grover DA, Lazar E (1989)
Intraretinal transplantation for rod-cell replacement in light-damaged retinas. J
Neural Transplant 1: 1-10;

Donders FC (1855) Torpeur de la rétine congénital e héréditarie. Ann Ocul
(Paris) 34:270-273

Dowling JE (1987) The Retina: An approachable part of the brain. Belknap Press

(Harvard University Press) Cambridge, Mass.,: pp164-186

- 168 -



Dowling JE and Boycott BB (1966) Organization of the primate retina: electron
microscopy. Proceedings of the Royal Society (Lond.) 166:80-111

Dowling JE, Sidman RL (1996) Inherited retinal dystrophy in the rat. J. Cell
Biol. 14: 73-109

Dragger UC, Hubel DH (1978). Studies of visual function and its decay in mice
with hereditary retinal degeneration. J. Comp. Neur. 180, 85-114

Dreunser KA, Timmers AM, Hauswirth WW, Lewin AS (1998) Ribozyme-
targeted destruction of RNA associated with autosomal-dominant retinitis
pigmentosa. Invest Ophthalmol Vis Sci 39: 681-689.

Dryja TP, Finn JT, Peng Y-W, McGee TL, Berson EL, Yau K-W (1995)
Mutations in the gene encoding the a subunit of the rod cGMP-gated channel in
autosomal recessive retinitis pigmentosa. Proceedings of the National Academy
of Science USA 92:10177-10181

Dryja TP, McGee TL, Reichel E, et al. (1990) A point mutation of the rhodopsin
gene in one form of retinitis pigmentosa Nature 343:364-366

Duan H, Chinnaiyan AM, Hudson PL, Wing JP, He W-W, Dixit VM (1996a)
ICE-LAP3, a novel mammalian homolog of the Caenorhabditis elegans cell
death protein CED-3 is activated during Fas- and tumor necrosis factor-induced
apoptosis. J Biol Chem 271:1621-1625

Duan H, Orth K, Chinnaiyan AM, Poirier GG, Froelich GJ, He W-W, Dixit VM
(1996b) ICE-LAP6, a novel member of the ICE/Ced-3 gene family, is activated
by the cytotoxic T cell protease granzyme B. J Biol Chem 271:16720-16724
Ehinger B, Narfstrém K, Nilsson SE, van Veen T (1991) Photoreceptor
degeneration and loss of immunoreactive GABA in the Abyssinian cat retina.

Exp Eye Res 52:17-25

-169 -



Ekstrom P, Sanyal S, Narfstrém K, Chader J, van Veen T (1988) Accumulation
of glial fibrillary acidic protein in Muller radial glia during retinal degeneration.
Invest Ophthalmol Vis Sci 29:1363-1371

el Baba F, Jarrett WH II, Harbin TS, Jr, Fine SL, Michels RG, Schachat AP,
Green, WR (1986) Massive hemorrhage complicating age-related macular
degeneration. Ophthalmology 93:1581-1592

Emoto Y, Manome Y, Meinhardt G, Kisaki H, Kharbanda S, Robertson M,
Ghayur T, Wong WW, Kamen R, Weichselbaum R, Kufe D (1995) Proteolytic
activation of protein kinase C 8 by an ICE-like protease in apoptotic cells.
EMBO J 14:6148-6156

Enari M, Hug H, Nagata S (1995) Involvement of an ICE-like protease in Fas
mediated apoptosis. Nature 375:78-81

Enari M, Talanian RV, Wong WW, Nagata S (1996) Sequential activation of
ICE like and CPP32-like proteases during Fas-mediated apoptosis. Nature
380:723-726

Ernsberger U, Sendtner M, Rohrer H. (1989) Proliferation and differentiation of
embryonic chick sympathetic neurons: effects of ciliary neurotrophic factor.
Neuron 2:1275-1284

Evans J, Rooney C, Ashwood F, Dattani N, Wormald R (1996) Blindness and
partial sight in England and Wales: April 1990 - March 1991. Health Trends 28:
5-12

Faktorovich EG, Steinberg RH, Yasumura D, Matthes MT, LaVail MM (1992)
Basic fibroblast growth factor and local injury protect photoreceptors from light

damage in the rat. J Neurosci 12: 3554-3567.

-170 -



Faktorovich EG, Steinberg RH, Yasumura D, Matthes MT, LaVail MM (1990)
Photoreceptor degeneration in inherited retinal dystrophy delayed by basic
fibroblast growth factor. Nature 347: 83-86.

Farber DB, Flannery JG, Bowes-Rickman C (1994) The rd mouse story : seventy
years of research on an animal model of inherited retinal degeneration. Progress
in Retinal and Eye Research 13: 31-64

Feinstein E, Kimchi A, Wallach D, Boldin M, Varfolomeev E (1995) The death
domain: a module shared by proteins with diverse cellular functions. Trends
Biochem Sci 20:342-344

Fernandes-Alnemri T, Armstrong RC, Krebs J, Srinivasula SM, Wang L,
Bullrich F, Fritz LC, Trapani JA, Tomaselli KJ, Litwack G, Alnemri ES (1996)
In vitro activation of CPP32 and Mch3 by Mch4, a novel human apoptotic
cysteine protease containing two FADD-like domains. Proc Natl Acad Sci USA
93:7464-7469

Fernandes-Alnemri T, Litwack G, Alnemri ES (1994) CPP32, a novel human
apoptotic protein with homology to Caenorhabdi-tis elegans cell death protein
Ced-3 and mammalian interleukin- 1 converting enzyme. J Biol Chem
269:30761-30764

Fernandes-Alnemri T, Litwack G, Alnemri ES (1995a) Mch2, a new member of
the apoptotic Ced-3/Ice cysteine protease gene family. Cancer Res 55:2737-2742
Fernandes-Alnemri T, Takahashi A, Armstrong R, Krebs J, Fritz L, Tomaselli
KJ, Wang L, Yu Z, Croce CM, Salveson G, Earnshaw WC, Litwack G, Alnemri
ES (1995b) Mch3, a novel human apoptotic cystein protease highly related to

CPP32. Cancer Res 55:6045-6052

-171 -



Fisher SK, Guerin CJ, Linberg KA, Lewis GP (1995) BDNF promotes outer
segment regeneration in experimentally detached retina. Investigative
Ophthalmology and Visual Science (Supple) 36: 963.

Fishman GA, Stone EM, Alexander KR, et al (1997) Serine-27-Phenylalanine
mutation within the Peripherin/RDS gene in a family with cone dystrophy.
Ophthalmology 104:299-306

Freund CL, Gregory-Evans CY, Furukawa T, et al. (1997) Cone- rod dystrophy
due to mutations in a novel photoreceptor-specific homeobox gene (CRX)
essential for maintenance of the photoreceptor Cell 91:543-553

Gagliardini V, Fernandez PA, Lee RK, Drexler HC, Rotello RJ, Fishman MC,
Yuan J (1994) Prevention of vertebrate neuronal death by the crmA gene.
Science 263:826-828

Gajate C, Alonso MT, Schimmang T, Mollinedo F (1996) c-Fos is not essential
for apoptosis Biochem Biophys Res Commun 218: 267-272

Gal A, Apfelstedt Sylla E, Janecke AR, Zrenner E (1997) Rhodopsin mutations
in inherited retinal dystrophies and dysfunctions. Prog Ret Eye Res 16, 51-79.
Gal A, Orth U, Baehr W, Schwinger E, Rosenberg T (1994) Heterozygous
missense mutation in the rod cGMP phosphodiesterase B-subunit gene in
autosomal dominant stationary night blindness. Nature Genet. 7, 64-8

Gallego A (1986) Comparative studies on horizontal cells and a note on
microglial cells. Progress in Retinal Research 5:165-206

Goldberg AF, Molday RS (1996) Defective subunit assembly underlies a digenic
form of retinitis pigmentosa linked to mutations in peripherin/rds and rom-1.

Proc Natl Acad Sci USA 93: 13726-13730.

-172 -



Goldberg YP, Nicholson DW, Rasper DM, Kalchman MA, Koide HB, Graham
RK, Bromm M, Kazemi-Esfarjani P, Thormnberry NA, Vaillancourt JP, Hayden
MR (1996) Cleavage of huntingtin by apopain, a proapoptotic cysteine protease,
is modulated by the polyglutamine tract. Nature Genet 13:442-449

Googe JM, Hirose T, Apple DJ, Melgen S (1987) Vitreous hemorrhage
secondary to age-related macular degeneration. Surv Ophthalmol 32:123-130
Gouras P, Carr RE, Gunkel RD (1971) Retinitis pigmentosa in
abetalipoproteinemia: Effects of vitamin A. Invest Ophthalmol 10: 784-793.
Gouras P, Du J, Gelanze M, Kwun R, Kjeldbye H, Lopez R (1991)
Transplantation of photoreceptors labelled with tritiated thymidine into RCS rats.
Invest Ophthalmol Vis Sci. 32: 1704-1707.

Gouras P, Du J, Kjeldbye H, Yamamoto S, Zack (1994) DJ Long-term
photoreceptor transplants in dystrophic and normal mouse retina. Invest
Ophthalmol Vis Sci 35: 3145-53;

Graham RC, Karmnovsky MJ (1966). The early stages of absorption of injected
horseradish peroxidase in the proximal tubules of mouse kidney: ultrastructural
cytochemistry by a new technique. J. Histochem. Cytochem. 14, 291 - 301.
Graham RC, Lundholm V, Karnovsky MJ (1965). Cytochemical demonstration
of peroxidase activity with 3 amino 9 ethyl carbazole. J. Histochem. Cytochem,
13,150 - 152.

Gregory CY, Bird AC (1995) Cell loss in retinal dystrophies by apoptosis death
by informed consent! Br J Ophthalmol 79: 186-190.

Gregory-Evans K, Fariss RN, Possin DE, Gregory-Evans CY, Milam AH (1998)
Abnormal cone synapses in human cone-rod dystrophy. Ophthalmology

105:2306-2312

-173 -



Greidinger EL, Miller DK, Yamin T-T, Casciola-Rosen L, Rosen A (1996)
Sequential activation of three distinct ICE-like activities in Fas-ligated Jurkat
cells. FEBS Lett 390:299-303

Gross A, Jockel J, Wei MC, Korsmeyer SJ (1998) Enforced dimerization of
BAX results in its translocation, mitochondrial dysfunction and apoptosis.
EMBOJ. 17, 3878— 3885

Gu SM, Thompson DA, Srikumari CRS et al. (1997) Mutations in RPE6S5 cause
autosomal recessive childhood-onset severe retinal dystrophy. Nature Genetics
17:194-197

Guerin CJ, Anderson DH, Fariss RN, Fisher SK (1989) Retinal reattachment of
the primate macula. Invest Ophthalmol Vis Sci 30:1708-1725

Guesdon JL, Terynck, Avrameas S (1979). The use of avidin-biotin interaction in
immunoenzymatic techniques. J. Histochem. Cytochem. 27, 1131 - 1139.
Hafezi F, Mathias A, Grimm C et al. (1998) Retinal degeneration in the rd mouse
in the absence of c-fos. Invest Ophthalmol Vis Sci 39:2239-2244

Hafezi F, Steinbach JP, Marti A, et al. (1997) The absence of c-fos prevents
light-induced apoptotic cell death of photoreceptors in retinal degeneration in
vivo. Nature Medicine 3: 346-349.

Haldar S, Jena N, Croce, CM (1995) Inactivation of Bcl-2 by phosphorylation.
Proc. Natl. Acad. Sci. USA 92, 4507- 4511

Hansen E, Bachen NI, Flage T. Refsum's disease (1979) Eye manifestations in a
patient treated with low phytol low phytanic acid diet. Acta Ophthalmol 57:

899-913.

-174 -



Hartnick CJ, Staecker H, Malgrange B, et al. (1996) Neurotrophic effects of
BDNF and CNTF, alone and in combination, on postnatal day 5 rat acoustic
ganglion neurons. Journal of Neurobiology 30: 246-254.

Hengartner MO (1996) Programmed cell death in invertebrates. Current Opinion
in Genetics & Development 6:34-38

Hengartner MO, Ellis RE, Horvitz HR (1992) Caenorhabditis elegans gene ced-9
protects cells from programmed cell death. Nature 356: 494-499.

Hengartner MO, Horvitz HR (1994) C. elegans cell survival gene ced-9 encodes
a functional homolog of the mammalian proto-oncogene bcl-2. Cell 76: 665-676.
Heron WL, Riegel BW, Meyers OE , Rubin ML (1969) Retinal dystrophy in the
rat: A pigment epithelial disease. Invest. Ophthalmol. Vis. Sci. 8: 595-604
Heusel JW, Wesselschmidt RL, Shresta S, Russell JH, Ley TJ (1994) Cytotoxic
lymphocytes require granzyme B for the rapid induction of DNA fragmentation
and apoptosis in allogeneic target cells. Cell 76: 977-87

Hogan MJ, Alvado JA, Weddell JE (1971) The retina. In: Histology of the
human eye. WB Saunders, Philadelphia, pp 393-522

Hoke KL, Fernald RD (1997) Rod photoreceptor neurogenesis. Progress in
Retinal and Eye Research 16: 31-49

Holder GE (1997): The pattern electroretinography in anterior visual pathway
dysfunction and its relationship to the pattern visual evoked potential: A personal
clinical review of 743 eyes. Eye 11:924-934

Hood DC, Birch DG (1990) The a-wave of the human electroretinogram and rod

receptor function. Invest Ophthalmol Vis Sci 31:2070-2081

-175 -



Hood DC, Birch DG (1994) Rod phototransduction in retinitis pigmentosa:
Estimation of parameters form the rod a-wave. Invest Ophthalmol Vis Sci
35:2948-2961

Hopp RMP, Ransom N, Hilsenbeck SG, Papermaster DS, Windle JJ (1998)
Apoptosis in the Murine »d! Retinal Degeneration is Predominantly p53-
Independent Molecular Vision 4: 5

Horvitz HR, Shaham S, Hengartner MO (1994) The genetics of programmed cell
death in the nematode Caenorhabditis elegans. Cold Spring Harbor Symp Quant
Biol 59:377-385

Howard AD, Kostura MJ, Thornberry N, Ding GJF, Limjuco G, Weidner J,
Salley JP, Hogquist KA, Chaplin DD, Mumford RA, Schmidt JA, Tocci MJ
(1991) IL-1 converting enzyme requires aspartic acid residues for processing of
the IL-1B precursor at two distinct sites and does not cleave 31 kDa IL-1p.J
Immunol 147:2964-2969

Hsu H-L, Yeh N-H (1996) Dynamic changes of NuMA during the cell cycle and
possible appearance of a truncated form of NuMA during apoptosis. J Cell Sci
109:277-288

Hu Y, Benedict MA, Wu D, Inohara N , Nunez G (1998) Bcl-XL interacts with
Apaf-1 and inhibits Apaf-1- dependent caspase-9 activation. Proc. Natl. Acad.
Sci. USA 95, 43864391

Huang DC, Adams JM , Cory S (1998) The conserved N-terminal BH4: domain
of Bcl-2 homologues is essential for inhibition of apoptosis and interaction with

CED-4. EMBO J. 17, 1029-1039

-176 -



Huang SH, Pittler SJ, Huang X, Oliveira L, Berson EL, Dryja TP (1995)
Autosomal recessive retinitis pigmentosa caused by mutations in the alpha of rod
c¢GMP phosphodiesterase. Nature Genetics 11:468-471

Humayun MS, de Juan E Jr, Dagnelie G, Greenburg RJ, Propst R (1996)
Artificial Vision. Invest Ophthalmol Vis Sci (Suppl) 37, 2055.

Humayun MS, Propst R, de Juan E Jr, McCormick K, Hickingbotham D (1994)
Bipolar surface electrical stimulation of the vertebrate retina. Arch Ophthalmol
112, 110-116.

Hunter JJ, Parslow TG (1996) A peptide sequence from Bax that converts Bcl-2
into an activator of apoptosis. J. Biol. Chem. 271, 8521-8524

Illingworth DR, Connor WE, Miller RG (1980) Abetalipoproteinemia: report of
two cases and review of therapy. Arch Neurol 37: 659-62.

Ip NY, McClain J, Barrezueta NX, et al., (1993b) The a component of the CNTF
receptor is required for signaling and defines potential CNTF targets in the adult
and during development. Neuron 10: 89-102

Ip NY, Nye SH, Boulton TG, et al., (1992) CNTF and LIF act on neuronal cells
via shared signaling pathways that involve the IL-6 signal transducing receptor
component gp130. Cell 69: 1121-1132

Ip NY, Wiegand SJ, Morse J, Rudge JS (1993a) Injury-induced regulation of
ciliary neurotrophic factor mRNA in the adult rat brain. European Journal of
Neuroscience 5: 25-33

Ip NY, Yancopoulos GD (1996) The neurotrophins and CNTF: Two families of
collaborative neurotrophic factors. Annual Review of Neuroscience 491-515
Ito T, Deng X, Carr B, May WS (1997) Bcl-2 phosphorylation required for anti-

apoptosis function. J. Biol. Chem. 272, 11671-11673

-177 -



Itoh N, Yonehara S, Ishii A, Yonehara M, Mizushima S, Sameshima M, Hase A,
Seto Y, Nagata S (1991) The polypeptide encoded by the cDNA for human cell
surface antigen Fas can mediate apoptosis Cell 66:233-43

Ivert L, Gouras P, Naeser P, Narfstrom K (1998) Photoreceptor allografts in a
feline model of retinal degeneration. Graefes Arch Clin Exp Ophthalmol 236:
844-52

Iwahashi H, Eguchi Y, Yasuhara N, Hanafusa T, Matsuzawa Y, Tsujimoto Y
(1997) Synergistic anti-apoptotic activity between Bcl-2 and SMN, a protein
implicated in spinal muscular atrophy. Nature 390, 413—417

Jay, M (1982) On the hereditary of retinitis pigmentosa. Br J] Ophthalmol
66:405-416

Jelsma TN, Aguayo AJ (1994) Trophic factors. Current Opinion in Neurobiology
4: 717-725.

Joseph RM, Li T (1996) Overexpression of Bcl-2 or Bel-XL transgenes and
photoreceptor degeneration. Investigative Ophthalmology and Visual Science 37:
2434-2446.

Jurgensmeier JIM, Xie Z, Deveraux Q, Ellerby L, Bredesen D, Reed JC (1998)
Bax directly induces release of cytochrome ¢ from isolated mitochondria. Proc.
Natl. Acad. Sci. USA 95, 4997-5002

Kahn MA, Huang CJ, Caruso A, et al., (1997) Ciliary neurotrophic factor
activates JAK/Stat signal transduction cascade and induces transcriptional
expression of glial fibrillary acidic protein in glial cells. Journal of

Neurochemistry 68: 1413-1423

-178 -



Kaiser-Kupfer MI, Caruso RC, Valle D (1991) Gyrate atrophy of the choroid and
retina. Long-term reduction of ornithine slows retinal degeneration. Arch
Ophthalmol 109:1539-48

Kajiwara K, Berson EL, Dryja TP (1994) Digenic retinitis pigmentosa due to
mutations at the unlinked peripherin/RDS and ROMI1 loci. Science 264: 1604-8.
Kajiwara K, Hahn LB, Mukai S, et al. (1991) Mutations in the human retinal
degeneration slow gene in autosomal dominant retinitis pigmentosa Nature
354:480-483

Kamens J, Paskind M, Hugunin M, Talanian RV, Allen H, Banach D, Bump N,
Hackett M, Johnston CG, Li P, Mankovich JA, Terranova M, Ghayur T (1995)
Identification and characterization of ICH-2, a novel member of the interleukin-
1B converting enzyme family of cysteine proteases. J Biol Chem 270:15250-
15256

Kane DJ, Ord T, Anton R, Bredesen DE. (1995) Expression of bcl-2 inhibits
necrotic neural cell death. J. Neurosci. Res. 40, 1274-1277

Kaplan HJ, Tezel TH, Berger AS, Wolf ML, Del Priore LV (1997) Human
photoreceptor transplantation in retinitis pigmentosa. A safety study. Arch
Ophthal. 115: 1168-72

Karpe G (1945) The basis of clinical electroretinography. Acta Ophthalmol
(Suppl) 24:1-118

Kato AC, Lindsay RM (1994) Overlapping and additive effects of neurotrophins
and CNTF on cultured human spinal cord neurons. Experimental Neurology 130:

196-201.

-179 -



Kaufmann SH, Desnoyerws S, Ottaviano Y, Davidson NE, Poirier GG (1993)
Specific proteolytic cleavage of Poly(ADP)-ribose polymerase: an early marker
of chemotherapy-induced apoptosis. Cancer Res 53:3976-3985

Kearns TP, Sayre GP (1958) Retinitis pigmentosa, external ophthalmoplegia, and
complete heart block; unusual syndrome with histologic study in one of two
cases. Arch Ophthalmol 60:280-289

Keen TJ, Inglehearn CF (1996) Mutations and polymorphisms in the human
peripherin-RDS gene and their involvement in inherited retinal degeneration.
Hum. Mutat. 8, 297-303

Kelsall RE, Gregory-Evans K, Payne AM, et al. (1998) Mutations in the retinal
guanylate cyclase (RETGC-1) gene in dominant cone-rod dystrophy. Human
Molecular Genetics 7:1179-1184

Kermer P, Klocker N, Labes M , Thomsen S, Srinivasan A, Bahr M (1999)
Activation of caspase-3 in axotomized rat retinal ganglion cells in vivo FEBS
Letters 453 361-364

Kermer P, Klocker N, Labes M, Bahr M (1998) Inhibition of CPP32-Like
Proteases Rescues Axotomized Retinal Ganglion Cells from Secondary Cell
Death In Vivo. Journal of Neuroscience 18 (12): 46564662

Kerr JF (1971) Shrinkage necrosis: a distinct mode of cellular death. J Pathol
105:13-20

Kerr JF, Wyllie AH, Currie AR (1972) Apoptosis: a basic biological
phenomenon with wide-ranging implications in tissue kinetics. Br. J. Cancer 26,

239-257

- 180 -



Kharbanda S, Pandey P, Schofield L, et al., (1997) Role for Bcl-xL as an
inhibitor of cytosolic cytochrome C accumulation in DNA damage-induced
apoptosis. Proc. Natl. Acad. Sci. USA 94, 6939-6942

Kluck RM, Bossy-Wetzel E, Green DR , Newmeyer DD (1997) The release of
cytochrome ¢ from mitochondria: a primary site for Bcl-2 regulation of
apoptosis. Science 275, 1132-1136

Knudson CM, Korsmeyer SJ (1997) Bcl-2 and Bax function independently to
regulate cell death. Nature Genet. 16, 358— 363

Kolb H (1970) Organisation of the outer plexiform layer of the retina of the

primate retina: electron microscopy of Golgi impregnated cells. Philos Trans R
Soc Lond B Biol Sci 258:261-283

Kolb H, Cuenca N, Wang HH, DeKorver L (1990) The synaptic organisation of
the dopaminergic amacrine cell in the cat retina. Journal of Neurocytology
19:343-366

Kolb H, Linberg KA, Fisher SK (1992) The neurons of the human retina: a Golgi
study. Journal of Comparative Neurology 318:147-187

Kolb H, Mariani A, Gallego A (1980) A second type of horizontal cell in the
monkey retina. Journal of Comparative Neurology 189:31-44

Kolb H, Nelson R (1985) Functional neurocircuitry of amacrine cells in the cat
retina. In: Gallego A, Gouras G (eds) Neurocircuitry of the retina: A Cajal
memorial. Elsevier Science Publishing Co Inc, New York, pp 215-32
Komiyama TK, Ray CA, Pickup DJ, Howard AD, Thornberry NA, Peterson EP,
Salvesen G (1994) Inhibition of interleukin-1p converting enzyme by the

cowpox virus serpin CrmA. J Biol Chem 269:19331-19337

-181-



Kroemer G, Dallaporta B, Resche-Rigon M (1998) The mitochondrial death/life
regulator in apoptosis and necrosis. Annu. Rev. Physiol. 60, 619-642

Kroemer G. (1997) The proto-oncogene Bcl-2 and its role in regulating
apoptosis. Nat Med 3:614-20

Kuida K, Lippke JA, Ku G, Harding MW, Livingston DJ, Su MS-S, Flavell RA
(1995) Altered cytokine export and apoptosis in mice deficient in Interleukin-1
converting enzyme. Science 267:2000-2003

Kumar S (1996) Inhibition of apoptosis by the expression of antisense Nedd2.
FEBS Lett 368:69-72

Kumar S, Kinoshita M, Noda M, Copeland NG, Jenkins NA (1994) Induction of
apoptosis by the mouse Nedd2 gene, which encodes a protein similar to the
product of the Caenorhabditis elegans cell death gene ced-3 and the mammalian
IL-14-converting enzyme. Genes Dev 8:1613-1626

Kumar S, Tomooka Y, Noda M (1982) Identification of a set of genes with
developmentally down-regulated expression in the mouse brain. Biochem
Biophys Res Commun 185:1155-1161

Kwan ASL, Wang S, Lund RD (1999) Photoreceptor layer reconstruction in
rodent model of retinal degeneration. Exp Neurol - in press.

Lam A, Fuller F, Miller J, et al. (1991) Sequence and structural organization of
the human gene encoding ciliary neurotrophic factor. Gene 102: 271-276. .
LaVail MM, Faktorovich EG, Hepler JM, et al (1991) Basic fibroblast growth
factor protects photoreceptors from light-induced degeneration in albino rats.
Ann N Y Acad Sci 638: 341-347.

LaVail MM, Unoki K, Yasumura D, Matthes MT, Yancopoulos GD, Steinberg

RH (1992) Multiple growth factors, cytokines, and neurotrophins rescue

-182 -



photoreceptors from the damaging effects of constant light. Proceedings of the
National Academy of Sciences of the United States of America 89: 11249-11253.
LaVail MM, Yasumura D, Matthes MT, Lau-Villacorta C, Unoki K, Sung CH,
Steinberg RH. Protection of mouse photoreceptors by survival factors in retinal
degenerations. Invest Ophthalmol Vis Sci 1998; 39, 592-602.

Lazebnik YA, Kaufmann SH, Desnoyers S, Poirier GG, Earnshaw WC (1994)
Cleavage of poly(ADP-ribose) polymerase by a proteinase with properties like
ICE. Nature 371:346-347

Lazebnik YA, Takahashi A, Moir RD, Golman RD, Poirier GG, Kaufmann SH,
Earnshaw WC (1995) Studies of the lamin proteinase reveal multiple parallel
biochemical pathways during apoptotic execution. Proc Natl Acad Sci USA
92:9042-9046

Lefebvre S, Burglen L, Reboullet S, et al., (1995) Identification and
characterization of a spinal muscular atrophy-determining gene. Cell 80, 155—
165

Lem J, Flannery JG, Li T, Applebury ML, Farber DB (1992) Retinal
degeneration is rescued in transgenic rd mice by expression of the cGMP
phosphodiesterase b subunit. Proc. Natl. Acad. Sci. U.S.A. 89, 4422-4426

Leon A, and Curtis R (1990) Autosomal dominant rod-cone dysplasia in the Rdy
cat. 1. Light and electron microscopic findings. Exp.Eye Res. 51: 361-381

Leon A, Hussain AA, and Curtis R (1991) Autosomal dominant rod-cone
dysplasia in the Rdy cat. 2. Electrophysiological findings. Exp.Eye Res. 53: 489-

502

-183 -



Levison SW, Ducceschi MH, Young GM, Wood TL (1996) Acute exposure to
CNTF in vivo induces multiple components of reactive gliosis. Experimental
Neurology 141: 256-268

Lewin AS, Hauswirth WW, Drenser K, Flannery JG, Yasumura D, Matthes MT,
LaVail, MM. Timmers AM (1998) Ribozyme rescue of photoreceptor cells in a
transgenic rat model of autosomal dominant retinitis pigmentosa. Invest
Ophthalmol Vis Sci (Supple) 39: 5150.

Lewin SL, Utley DS, Cheng ET, Verity AN, Terris DJ (1997) Simultaneous
treatment with BDNF and CNTF after peripheral nerve transection and repair
enhances rate of functional recovery compared with BDNF treatment alone.
Laryngoscope 107: 992-999

Lewis GP, Guerin CJ, Anderson DH, Matsumoto B, Fisher SK (1994) Rapid
changes in the expression of glial cell proteins caused by experimental retinal
detachment. Am.J.Ophthalmol. 118:368-376

Lewis GP, Linberg KA, Geller SF, Guerin CJ, Fisher SK (1999) Effects of the
neurotrophin brain-derived neurotrophic factor in an experimental model of
retinal detachment. Invest.Ophthalmol.Vis.Sci. 40:1530-1544

Lewis GP, Matsumoto B, Fisher SK (1995) Changes in the organization and
expression of cytoskeletal proteins during retinal degeneration induced by retinal
detachment. Invest.Ophthalmol.Vis.Sci. 36:2404-2416

Li H, Zhu H, Xu C, Yuan J (1998) Cleavage of BID by caspase 8 mediates the
mitochondrial damage in the Fas pathway of apoptosis. Cell 94, 481490

Li L, Turner JE (1988) Inherited retinal dystrophy in the RCS rat: Prevention of
photoreceptor degeneration by pigment epithelial cell transplantation. Exp. Eye

Res. 47:911-917

-184 -



Li LX, Sheedlo HJ, Gaur V, Turner JE (1991) Effects of macrophage and retinal
pigment epithelial cell transplants on photoreceptor cell rescue in RCS rats.
Current Eye Research 10: 947-958.

Li P, Allen H, Banerjee S, Franklin S, Herzog L, Johnston C, McDowell J,
Paskind M, Rodman L, Salfeld J, Towne E, Tracey D, Wardwell S, Wei F-Y,
Wong W, Kamen R, Seshadri T (1995) Mice deficient in IL-1P converting
enzyme are defective in production of mature IL-1f and resistant to endotoxic
shock. Cell 80:401-411

Li P, Nijhawan D, Budihardjo I, et al., (1997) Cytochorme ¢ and dATP-
dependent formation of Apaf-1/caspase-9 complex initiates an apoptotic protease
cascade. Cell 91, 479489

Li ZY, Chang JH, Milam AH (1997) A gradient of basic fibroblast growth factor
in rod photoreceptors in the normal human retina. Visual Neuroscience 14: 671-
679.

Li ZY, Jacobsen SG, Milam AH (1994) Autosomal dominant retinitis
pigmentosa caused by the threonine-17-methionine rhodopsin mutation: retinal
histopathology and immunocytochemistry Experimental Eye Research 58:397-
408

Li ZY, Kljavin 1J, Milam AH (1995) Rod photoreceptor neurite sprouting in
retinitis pigmentosa. Journal of Neuroscience 15(8):5429-5438

Li ZY, Milam AH (1995) Apoptosis in retinitis pigmentosa. In: Anderson Re,
LaVail MM, Hollyfield JG (eds) Degenerative Diseases of the Retina, Plenum
Press, New York and London, 1, pp 1-8

Li ZY, Possin DE, Milam AH (1995) Histopathology of bone spicule

pigmentation in retinitis pigmentosa. Ophthalmology 102:805-816

-185-



Liehermann DA, Hoffman B, Steinman RA (1995) Molecular controls of growth
arrest and apoptosis: p53-dependent and independent pathways. Oncogene
11:199-210

Lillien LE, Sendtner M, Raff MC (1990) Extracellular matrix associated
molecules collaborate with ciliary neurotrophic factor to induce type2 astrocyte
development. J Cell Biol 111: 635-644.

Lincoff H, Serag Y, Chang S, Silverman R, Bondok B, El-Aswad M (1992)
Tractional elevations of the retina in patients with diabetes. Am J Ophthalmol
113:235-242

Lippke JA, Gu Y, Sarnecki C, Caron PR, Su MS-S (1996) Identification and
characterization of CPP32/Mch2 homolog 1, a novel cystein protease similar to
CPP32.J Biol Chem 271:1825-1828

LiuC, Li Y, Peng M, Laties AM, Wen R (1999) Activation of caspase-3 in the
retina of transgenic rats with the rhodopsin mutation s334ter during
photoreceptor degeneration. J Neurosci 15;19(12):4778-85

Lois N, Holder GE, Fitzke FW, Plant C, Bird AC (1999) Intrafamilial variation
of phenotype in Stargardt macular dystrophy-Fundus flavimaculatus.

Invest Ophthalmol Vis Sci. 40:2668-75

Los M, Van de Craen M, Penning LC, Schenk H, Westendorp M, Baeuerle PA,
Droge W, Krammer PH, Fiers W, Schulze-Osthoff K (1995) Requirement of an
ICE/CED-3 protease for Fas/APO-1-mediated apoptosis. Nature 375:81-83
Louis JC, Magal E, Takayama S, Varon S (1993) CNTF protection of
oligodendrocytes against natural and tumor necrosis factor induced death.

Science 259:689-692

- 186 -



Luo X, Budihardjo I, Zou H, Slaughter, C , Wang, X (1998) Bid, a Bcl-2
interacting protein, mediates cytochrome c release from mitochondria in response
to activation of cell surface death receptors. Cell 94, 471480

Machemer R, Williams JM, Sr (1988) Pathogenesis and therapy of traction
detachment in various retinal vascular diseases. Am J Ophthalmol 105:170-181
Maddox PH, Jenkins D (1987). 3-Aminopropyltriethoxysilane (APES): a new
advance in section adhesion. J. Clin. Pathol. 40, 1256 - 1257.

Mahajan NP, Linder K, Berry G, Gordon GW, Heim R, Herman B (1998) Bc¢l-2
and Bax interactions in mitochondria probed with green fluorescent protein and
fluorescence resonance energy transfer. Nature Biotechnol 16, 547-552
Malcomson RDG, Oren M, Wtllie AH, Harrison DJ (1995) p53-independent
death and p53-induced protection against apoptosis in fibroblasts treated with
chemotherapeutic drugs. Br J Cancer 72:952-957

Mansour-Robaey S, Clarke DB, Wang YC, Bray GM, Aguayo AJ (1994) Effects
of ocular injury and administration of brain-derived neurotrophic factor on
survival and regrowth of axotomized retinal ganglion cells. Proceedings of the
National Academy of Sciences of the United States of America 91: 1632-1636.
Margherio RR, Schepens CL (1972) Macular breaks. 1. Diagnosis, etiology and
observations. Am J Ophthalmol 74:219-240

Mariani AP (1990) Amacrine cells of the rhesus monkey retina. Journal of
Comparative Neurology 301:382-400

Marmor MF and Zrenner E (1993) Standard for clinical electro-oculography
Arch Ophthalmol 111:601-604

Marmor MF and Zrenner E (1994) Standard for clinical electroretinography

(1994 update) Documenta Ophthalmologica 89:1999-210

- 187 -



Marmor MF, Holder GE, Porciatti V, Trick G, Zrenner E (1996) Guidelines for
pattern electroretinography. Recommendations by the International Society for
Clinical Electrophysiology of Vision. Documenta Ophthalmologica 91:291-298
Marmor MF, Zrenner E (1995) Standard for clinical electroretinography (1994
update). Doc Ophthalmol 89:199-210

Martin SJ, O’Brien GA, Nishioka WK, McGahon AJ, Mahboubi A, Saido TC,
Green DR (1995) Proteolysis of Fodrin (non-erythroid spectrin) during
apoptosis. J Biol Chem 270:6425-6428

Marzo I, Brenner C, Zamzami N, et al., (1998) The permeability transition pore
complex: a target for apoptosis regulation by caspases and Bcl-2-related proteins.
J Exp Med 187, 1261-1271

Mashima T, Naito M, Fujita N, Noguchi K, Tsuruo T (1995) Identification of
actin as a substrate of ICE and an ICE-like protease and involvement of an ICE-
like protease but not ICE in VP-16-induced U937 apoptosis. Biochem Biophys
Res Commun 217:1185-1192

Maslim J, Stone J. (1996) Tissue oxygen is a factor in photoreceptor dystrophy:
evidence from the RCS rat. Investigative Ophthalmology and Visual Science
(Supple) 37: 686

Massof RW, Finkelstein D. (1993) Supplemental vitamin A retards loss of ERG
amplitude in retinitis pigmentosa. Arch Ophthalmol 111: 751-4.

Masu Y, Wolf E, Holtmann B, Sendtner M, Brem G, Thoenen H (1993)
Disruption of the CNTF gene results in motor neuron degeneration. Nature 365:
27-32

Masuda K, Watanabe I, Unoki K, Ohba N, Muramatsu T. (1995) Functional

Rescue of photoreceptors from the damaging effects of constant light by

-188 -



survival-promoting factors in the rat. Investigative Ophthalmology and Visual
Science 36: 2142-2146.

Mayer P (1903). Notiz uber Hamatein und Hamalaum. Zeitschrft fur
wissenschaftliche Mikroskopie und fur mikroskopische Technick. 20, 409.
Maysinger D, Krieglstein K, FilipovicGrcic J, Sendtner M, Unsicker K,
Richardson P (1996) Microencapsulated ciliary neurotrophic factor: Physical
properties and biological activities. Exp Neuro 138: 177-88.

McAvoy JW, Chamberlain CG, de Iongh RU, Richardson NA, Lovicu FJ (1991)
The role of fibroblast growth factor in eye lens development. Annals of the New
York Academy of Sciences 638: 256-274

McLaughlin ME, Ehrhart TL, Berson EL, Dryja TP (1995) Mutation spectrum of
the gene encoding the beta subunit of rod phosphodiesterase among patients with
autosomal recessive retinitis pigmentosa. Proc. Natl. Acad. Sci. U.S.A. 92, 3249-
53

McLaughlin ME, Sandberg MA, Berson EL, Dryja TP (1993) Recessive
mutations in the gene encoding the B-subunit of rod phosphodiesterase in
patients with retinitis pigmentosa. Nature Genet. 4, 130-4

McLaughlin ME, Sandberg MA, Berson EL, Dryja TP (1993) Recessive
mutations in the gene encoding the beta-subunit of rod phosphodiesterase in
patients with retinitis pigmentosa. Nature Genetics 4:130-134

McManus JFA (1946). Histological demonstration of mucin after periodic acid.
Nature. 158, 202.

Meikrantz W, Schlegel R (1995) Apoptosis and the cell cycle. J Cell Biochem

58:160-174

- 189 -



Meindl A, Dry K, Herrmann K, et al. (1996) A gene (RPGR) with homology to
the RCC1 guanine nucleotide exchange factor is mutated in X-linked retinitis
pigmentosa (RP3). Nature Genetics 13:35-42

Mepham BL, Frater W, Mitchell BS (1979). The use of proteolytic enzymes to
improve immunoglobulin staining by the PAP technique. Histochemical J. 11,
345-357

Merin S, Auerbach E (1976) Retinitis pigmentosa. Surv Ophthalmol 20:303-346
Mey J, Thanos S (1992) Intravitreal injections of neurotrophic factors support the
survival of axotomized retinal ganglion cells in adult rats in vivo Brain Research
602: 304-317.

Meyer-Franke A, Kaplan MR, Pfrieger FW, Barres BA (1995). Characterization
of the signaling interactions that promote the survival and growth of developing
retinal ganglion cells in culture. Neuron 15: 805-819.

Michels RG, Wilkinson CP, Rice TA (1990) Retinal detachment. St Louis, The
CV Mosby Co, pp 676

Milam AH, Li Z-Y, Cideciyan AV, Jacobson SG (1996) Clinicopathologic
Effects of the Q64ter Rhodopsin Mutation in Retinitis Pigmentosa. Investigative
Ophthalmology and Visual Science 37:753-765

Milligan CE, Prevette D, Yaginuma H, Homma S, Cardwell C, Fritz LC,
Tomaselli KJ, Oppenheim RW, Schwartz LM (1995) Peptide inhibitors of the
ICE protease family arrest programmed cell death of motoneurons in vivo and in
vitro. 15:385-393

Minn AJ, Velez P, Schendel SL, et al., (1997) Bcl-xL forms an ion channel in

synthetic lipid membranes. Nature 385, 353-357

- 190 -



Mitsumoto H, Ikeda K, Klinkosz B, Cedarbaum JM, Wong V, Lindsay RM
(1994) Arrest of motor neuron disease in wobbler mice cotreated with CNTF and
BDNF. Science 256: 1107-1110

Mitsumoto H, Ikeda K, Klinkosz B, Cedarbaum JM, Wong V, Lindsay RM
(1994) Arrest of motor neuron disease in wobbler mice cotreated with CNTF
and BDNF. Science 265: 1107-1110.

Miura M, Zhu H, Rotello R, Hartweig EA, Yuang J (1993) Induction of
apoptosis in fibroblasts by IL-1f converting enzyme, a mammalian homolog of
the C. elegans cell death gene ced-3. Cell 75:653-660

Mohand-Said S, Hicks D, Simonutti M, Tran-Minh D, Deudon-Combe A,
Dreyfus H, et al.(1997) Photoreceptor transplants increase host cone survival in
the retinal degeneration (rd) mouse. Ophthalmic Res 29, 290-7.

Molday RS (1998) Photoreceptor membrane proteins, phototransduction, and
retinal degenerative diseases. The Friedenwald Lecture. Investigative
Ophthalmology and Visual Science 39:2493-2513

Molthagen M, Schachner M, Bartsch U (1996) Apoptotic cell death of
photoreceptor cells in mice deficient for the adhesion molecule on glia (AMOG,
the beta 2- subunit of the Na, K-ATPase). J Neurocytol 25: 243-255.

Moraes CT, DiMauro S, Zeviani M, et al.(1989) Mitochondrial DNA deletions in
progressive external-ophthalmoplegia and Kearns-Sayre syndrome. N Engl J
Med 320:1293-1299

Morgan JI, Curran T (1991) Stimulus-transcription coupling in the nervous
system: Involvement of the inducible proto-oncogenes fos and jun. Ann Rev

Neurosci 14:; 421-451

-191-



Morgan JI, Curran T (1995) Immediate-early genes: ten years on. Trends
Neurosci 18: 66-67

Muchmore SW, Sattler M, Liang H, et al. (1996) X-ray and NMR structure of
human Bcl-xL, an inhibitor of programmed cell death. Nature 381, 335-341
Mullen RJ, LaVail MM (1976) Inherited retinal dystrophy: primary defect in
pigment epithelium determined with experimental rat chimeras. Science 192,
799-901.

Muzio MAM, Kischkel FC, O’Rourke K, Shevchenko A, Ni J, Scaffidi C, Bretz
JD, Zhang M, Gentz R, Mann M, Krammer PH, Peter ME, Dixit VM (1996)
FLICE, a novel FADD-homologous ICE/CED-3-like protease, is recruited to the
CD95 (Fas/APO-1) death-inducing signaling complex. Cell 85:817-827

Na S, Chuang T-H, Cunningham A, Turi TG, Hanke JH, Bokoch GM, Danley
DE (1996) D4-GDJ, a substrate of CPP32, is proteolysed during Fas-induced
apoptosis. J Biol Chem 271:11209-11213

Naash MI, Hollyfield JG, Al-Ubaidi MR, Baehr W (1993) Simulation of human
autosomal dominant retinitis pigmentosa in transgenic mice expressing a mutated
murine opsin gene. Proc Natl Acad Sci USA 90:5499-5503

Nakamura T, Sakai T, Hotchi M (1995). Histochemical demonstration of DNA
double strand breaks by in situ 3'-tailing reaction in apoptotic endometrium.
Biotech. Histochem. 70, 33-39.

Nakazawa M, Kikawa E, Chida Y, Wada Y, Shiono T, and Tamai M (1996)
Autosomal dominant cone-rod dystrophy associated with mutations in codon 244
(Asn 211 His) and codon 184 (Tyr 184 Ser) of the peripherin/RDS gene.

Archives of Ophthalmology 114:72-78

-192 -



Narfstrom K (1983) Hereditary progressive retinal atrophy in the Abyssinian cat.
J Hered 74:273-276

Narfstrom K (1985) Progressive retinal atrophy in the Abyssinian cat: Clinical
characteristics. Invest Ophthalmol Vis Sci.26:193-200

Narfstrom K (1998) Phbtoreceptor degeneration in a selected animal model: the
Abyssinian cat. Digitial Journal of Ophthalmology Vol 4: No 4

Narfstrom K, Nilsson SE (1986) Progressive retinal atrophy in the Abyssinian
cat: Electron microscopy. Invest Ophthalmol Vis Sci 27:1569

Narfstrom K, Nilsson SE (1989) Morphological findings during retinal
development and maturation in hereditary rod-cone degeneration in Abyssinian
cats. Exp Eye Res 49:611-628

Narfstrom K, Nilsson SE, Wiggert B, Lee L, Chader J, van Veen T (1989)
Reduced IRBP level, a possible cause for retinal degeneration in the Abyssinian
cat. Cell and Tissue Res 257:631-639

Narfstrom K, Wilén M, Andersson, BE (1988) Hereditary retinal degeneration in
the Abyssinian cat: Developmental studies using clinical electroretinography.
Docum Ophthalmol 69:111-118

Narita A, Shimizu S, Ito T, et al., (1998) Bax interacts with the permeability
transition pore to induce permeability transition and cytochrome c release in
isolated mitochondria. Proc Natl Acad Sci USA 95:14681-14686

Nathans J, Merbs SL, Sung C-H, Weitz CJ, Wang Y (1992) Molecular genetics
of human visual pigments. Annual Review of Genetics 26:403-424

Neamati N, Fernandez A, Wright S, Kiefer J, McConkey DJ (1995) Degradation
of Lamin B1 precedes oligonucleosomal DNA fragmentation in apoptotic

thymocytes and isolated thymocyte nuclei. J Immunol 154:3788-3795

-193 -



Neitz N and Neitz J (1995) Numbers and ratios of visual pigment genes for
normal red-green color vision. Science 267:1013-1016

Nett-Fiordalisi M, Tomaselli K, Russell JH, Chaplin DD (1995) Macrophage
apoptosis in the absence of active interleukin-1 converting enzyme. J Leuk Biol
58:717-724

Newsome DA, Stark-WJ J, Maumenee IH (1986) Cataract extraction and
intraocular lens implantation in patients with retinitis pigmentosa or Usher's
syndrome. Arch Ophthalmol 104: 852-4.

Ng FW, Nguyen M, Kwan T, et al., (1997) p28 Bap31, a Bcl-2/ Bcl-XL- and
procaspase-8-associated protein in the endoplasmic reticulum. J Cell Biol 139,
327-338

Nicholson DW, Ali A, Thornberry NA, Vaillancourt JP, Ding CK, Gallant M,
Gareau Y, Griffin PR, Labelle M, Lazebnik YA, Munday NA, Raju SM,
Smulson ME, Yamin T-T, Yu VL, Miller DK (1995a) Identification and
inhibition of the ICE/CED-3 protease necessary for mammalian apoptosis.
Nature 376:37-43

Nicholson DW, Vaillancourt JP, Ali A, Casano FJ, Miller DK, Molineaux SM,
Yamin TT, Yu VL, Munday NA (1995b) Molecular cloning and pro-apoptotic
activity of ICErel-II and ICErel-III, members of the ICE/Ced-3 family of
cysteine proteinases. J Biol Chem 270:15870-15876

Olsson JE, Gordon JW, Pawlyk BS, et al., (1992) Transgenic mice with a
rhodopsin mutation (Pro23His): a mouse model of autosomal dominant retinitis

pigmentosa. Neuron 9:815-830

- 194 -



Oltvai ZN, Milliman CL, Korsmeyer SJ (1993) Bcl-2 heterodimerizes in vivo
with a conserved homolog, Bax, that accelerates programmed cell death. Cell 74,
609-619

Oppenheim RW, Prevette D, Qin-Wei Y, Collins F, MacDonald J (1991) Control
of embryonic motoneuron survival in vivo by ciliary neurotrophic factor Science
251:1616-1618

Ordonez NG, Manning JT, Brooks TE (1988). Effect of trypsinization on the
immunostaining of formalin-fixed, paraffin-embedded tissues. Amer. J. Pathol.
12,121 - 129.

Orth K, O’Rourke K, Salvesen GS, Dixit VM (1996) Molecular ordering of
apoptotic mammalian CED-3/ICE-like proteases. J Biol Chem 271:20977-20980
Osterberg G (1935) Topography of the layer of rods and cones in the human
retina. Acta Ophthal., suppl. 6, 1-103.

Pan G, O’Rourke K , Dixit VM (1998) Caspase-9, Bcl-XL, and Apaf-1 form a
ternary complex. J Biol Chem 273, 5841— 5845

Panayotatos N, Radziejewska E, Acheson A, Pearsall D, Thadani A, Wong, and
V. (1993) Exchange of a single amino acid interconverts the specific activity and
gel mobility of human and rat ciliary neurotrophic factors. Journal of Biological
Chemistry 268: 19000-19003

Park DS, Stefanis L, Yan CYI, Farinelli SE, Greene LA (1996) Ordering the cell
death pathway. J Biol Chem 271:21898-21905

Payne AM, Downes SM, Bessant DA, Taylor R, Holder GE, Warren MJ, Bird
AC, Bhattacharya SS (1998) A mutation in guanylate cyclase activator 1A
(GUCAT1A) in an autosomal dominant cone dystrophy pedigree mapping to a

new locus on chromosome 6p21.1. Human Molecular Genetics 7:273-277

- 195 -



Payne AM, Khaliq S, Hameed A, Bessant DA, Mehdi SQ, Bhattacharya SS
(1999) Localization of a gene for autosomal recessive cone-rod dystrophy to
chromosome 17p12-13.3. Investigative Ophthalmology and Visual Science
(Supple) ARVO Abstract 40:5603

Pearlman, JT (1979) Mathematical models of retinitis pigmentosa: A study of the
rate of progress in the different genetic forms. Trans Am Ophthalmol Soc
77:643-656

Pepose JS, Leib DA (1994) Herpes simplex viral vectors for therapeutic gene
delivery to ocular tissues. Recent breakthroughs in the molecular genetics of
ocular diseases. Invest Ophthalmol Vis Sci 35: 2662-6.

Perlman I (1978) Dark-adaptation in abnormal (RCS) rats studied
electroretinographically. J. Physiol. 278: 161-175

Petersen-Jones SM, Entz D, Sargan DR (1998) Mutation linked to cGMP-
phosphodoesterase alpha gene causes generalised progressive retinal atrophy in
the Cardigan Welsh corgi. Inv. Ophth. Vis. Sci. (Suppl); 39: 4081.

Petters RM, Alexander CA, Wells KD, Collins EB, Sommer JR, Blanton MR,
Rojas G, Hao Y, Flowers WL, Banin E, Cideciyan AV, Jacobson SG, Wong F
(1997) Genetically engineered large animal model for studying cone
photoreceptor survival and degeneration in retinitis pigmentosa. Nat Biotechnol
15(10):965-70

Pickup DJ, Ink BS, Hu W, Ray CA, Joklik WK (1986) Hemorrhage in lesions
caused by cowpox virus is induced by a viral protein that is related to plasma

protein inhibitors of serine proteases. Proc Natl Acad Sci USA 83:7698-7702

- 196 -



Pittler SJ, Bachr W (1991) Identification of a nonsense mutation in the rod
photoreceptor cGMP phosphodiesterase [3-subunit gene of the rd mouse. Proc.
Natl. Acad. Sci. U.S.A. 88, 8322-6

Portera-Cailliau C, Sung CH, Nathans J, Adler R (1994) Apoptotic
photoreceptor cell death in mouse models of retinitis pigmentosa. Proceedings of
the National Academy of Sciences of the United States of America 91: 974-978.
Potts JD, Harocopos GJ, and Beebe DC (1993) Identification of receptor tyrosine
kinases in the embryonic chicken lens. Curr.Eye Res. 12: 759-763

Preston GA, Lyon TT, Yin Y, et al. (1996) Induction of apoptosis by c-Fos
protein Mol Cell Biol 16: 211-218

Prince JH. (1956) Comparative anatomy of the eye. Springfield: Thomas

Pronk GJ, Ramer K, Amiri P, Williams LT (1996) Requirement of an ICE-like
protease for induction of apoptosis and ceramide generation by REAPER.
Science 271:808-810

Rabb MF, Tso MOM, Fishman GA (1986) Cone-rod dystrophy. A clinical and
histopathologic report. Ophthalmology 93:1443-1451

Raff MC (1992) Social controls on cell survival and cell death. Nature 397-400.
Raff MC, Barres BA, Burne JF, Coles HS, Ishizaki Y, Jacobson MD (1993)
Programmed cell death and the control of cell survival: lessons from the nervous
system. Science 262: 695-700.

Ray CA, Black RA, Kronheim SR, Greenstreet TA, Sleath PR, Salvesen GS,
Pickup DJ (1992) Viral inhibition of inflammation: cowpox virus encodes an

inhibitor of the interleukin-1p converting enzyme. Cell 69:597-604

-197 -



Ray CA, Pickup DJ (1996) The mode of death of pig kidney cells infected with
cowpox virus is governed by the expression of the crmA gene. Virology
217:384-391

Ray K, Baldwin VJ, Acland GM, Blanton SH, Aguirre GD (1994) Co-
segregation of codon 807 mutation of the rod cGMP phosphodiesterase b-gene
(PDEB) and rcd1. Investigative Ophthalmology and Visual Sciences 35: 4291-
4299

Razvi ES, Welsh RM (1995) Apoptosis in viral infections, in Advances in Virus
Research (Maramorosch K, Murphy FA, Shatkin AJ, Eds) pp 1-60. Academic
Press, San Diego

Reichenbach A and Robinson SR (1995) The involvement of Muller cells in the
outer retina. In: Djamgoz MBA, Archer SN, Vallerga S (eds) Neurobiology and
clinical aspects of the outer retina. Chapman and Hall, London, pp 395-416
Reme CE, Grimm C, Hafezi F, Marti A, Wenzel A (1998) Apoptotic cell death in
retinal degenerations. Progress in retinal and eye research 17: 443-464

Reme CE, Weller M, Szczesny P et al. (1995) Light-induced apoptosis in the rat
retina in vivo: morphological features, threshold and time course. In Retinal
Degeneration (eds. Anderson RE, LaVail MM and Hollyfield JG) New York,
London: Plenum Press

Rich KA, Zhan Y, Blanks JC (1997). Aberrant expression of c-Fos accompanies
photoreceptor cell death in the rd mouse. Journal of Neurobiology 32: 593-612.
Rich T, Watson CJ, Wyllie A (1999) Apoptosis: the germs of death. Nature Cell
Biology 1:E69-E71

Richardson PM (1994) Ciliary neurotrophic factor: a review. Pharmacol Ther 63:

187-198.

- 198 -



Riggs LA (1941) Continuous and reproducible records of the electrical activity
of the human retina. Proc Soc Exp Biol NY, 48:204-207

Rotonda J, Nicholson DW, Fazil KM, Gallant M, Gareau Y, Labelle M, Peterson
EP, Rasper DM, Ruel R, Vaillancourt JP, Thornberry NA, Becker JW (1996)
The three-dimensional structure of apopain/CPP32, a key mediator of apoptosis.
Nature Struct Biol 3:619-625

Rubartelli A, Cozzolino F, Talio M, Sitia R (1990) A novel secretory pathway
for interleukin-1p, a protein lacking a signal sequence. EMBO J 9:1503-1510
Ryder EJ, Chong NHV, Holmes NG, et al. (1999) Linkage, radiation hybrid and
physical mapping of a canine recessive cone-rod dystrophy (cordl) to a region of
synteny to human 129q21-q24. - Submitted

Saadat S, Sendtner M, Rohrer H (1989) Ciliary neurotrophic factor induces
cholinergic differentiation of rat sympathetic neurons in culture. J Cell Biol 108:
1807-1816

Sahly I, Bar Nachum S, Suss Toby E, et al. (1992) Calcium channel blockers
inhibit retinal degeneration in the retinal-degeneration-B mutant of Drosophila.
Proceedings of the National Academy of Sciences of the United States of
America 89: 435-439.

Salvesen GS, Dixit, VM (1997) Caspases: intracellular signaling by proteolysis.

Cell 91, 443446

Sanyal S, De RA, Hawkins RK (1980) Development and degeneration of retina
in rds mutant mice: light microscopy. J.Comp.Neurol. 194:193-207

Sanyal S, Hawkins RK (1986) Development and degeneration of retina in rds

mutant mice: effects of light on the rate of degeneration in albino and pigmented

-199 -



homozygous and heterozygous mutant and normal mice.Vision Res. 26(8), 1177-
1185.

Sanyal S, Jansen HG (1981) Absence of receptor outer segments in the retina of
rds mutant mice. Neurosci.Lett. 21:23-26

Sattler M, Liang H, Nettesheim D, et al., (1997) Structure of Bcl-xL-Bak peptide
complex: recognition between regulators of apoptosis. Science 275, 983-986
Schendel SL, Xie Z, Montal MO, Matsuyama S, Montal M , Reed JC (1997)
Channel formation by antiapoptotic protein Bcl- 2. Proc Natl Acad Sci USA 94,
5113-5118

Schepens CL (1983) Retinal detachment and allied diseases. Philadelphia, WB
Saunders Co, pp 92

Schlegel J, Peters I, Orrenius S, Miller DK, Thornberry NA, Yamin T-T,
Nicholson DW (1996) CPP32/apopain is a key interleukin 1B converting
enzyme-like protease involved in Fas-mediated apoptosis. J Biol Chem
271:1841-1844

Schlesinger PH, Gross A, Yin XM, et al., (1997) Comparison of the ion channel
characteristics of proapoptotic BAX and antiapoptotic BCL-2. Proc Natl Acad
Sci USA 94, 11357-11362

Schnitzer J (1988) Astrocytes in mammalian retina. Progress in Retinal Research
7:209-232

Schwahn U, Lenzner S, Dong J, et al. (1998) Positional cloning of the gene for
X-linked retinitis pigmentosa 2. Nature Genetics 19:327-332

Seiler MJ, Aramant RB (1998) Intact sheets of fetal retina transplanted to restore

damaged rat retinas. Invest Ophthalmol Vis Sci 39: 2121-31

-200 -



Sendtner M, Schmalbruch H, Stockli KA, Carroll P, Kreutzberg GW, Thonen H
(1992) Ciliary neurotrophic factor prevents the degeneration of motor neurons in
mouse mutant progressive motor neuropathy. Nature 359: 502-504

Sethi CS, Lewis GP, Charteris DG, Mann DL, Leitner WP, Fisher SK (2000) A
feline model of human proliferative vitreoretinopathy (PVR). IOVS Supple S344
- ARVO Abstract

Shapley R, Perry VH (1986) Cat and monkey retinal ganglion cells and their
visual functional roles. Trends in Neurosciences 9, 229-235.

Sheedlo HJ, Li LX, Turner JE (1989a) Photoreceptor cell rescue in the RCS rat
by RPE transplantation: a therapeutic approach in a model of inherited retinal
dystrophy. Prog Clin Bio Res 314: 645-58.

Sheedlo HJ, Li LX, Turner JE (1989b) Functional and structural characteristics
of photoreceptor cells rescued in RPE-cell grafted retinas of RCS dystrophic rats.
Exp Eye Res 48: 841-54.

Shimizu S, Eguchi Y, Kamiike W, et al., (1996) Retardation of chemical
hypoxia-induced necrotic cell death by Bcl-2 and ICE inhibitors: Possible
common steps in apoptosis and necrosis. Oncogene 12, 2045-2050

Shimizu S, Eguchi Y, Kamiike W, et al., (1998) Bc¢l-2 prevents apoptotic
mitochondrial dysfunction by regulating proton flux .Proc Natl Acad Sci USA
95, 1455-1459

Sieving PA, Mrayama K, Naarendorp F (1994) Push-pull model of the primater
photopic electroretinogram: A role for the hyperpolarising neurons in shaping the
b-wave. Vis Neurosci 11:519-532.

Silverman MS, Hughes SE (1990) Photoreceptor rescue in the RCS rat without

pigment epithelium transplantation. Current Eye Research 9: 183-191.

-201 -



Simunovic MP and Moore AT (1998) The cone dystrophies. Eye 12:553-565
Slee EA, Zhu H, Chow SE, Macfarlane M, Nicholson DW, Cohen GM (1996)
Benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone (Z-VAD.FMK)
inhibits apoptosis by blocking the processing of CPP32. Biochem. J. 315, 2124
Smeyne Rj Vendrell M, Hayward M et al. (1993) Continuous c-fos expression
precedes brogrammed cell death in vivo. Nature 363: 166-169

Song Q, Burrows SR, Smith G, Lees-Miller SP, Kumar S, Chan DW, Rapani JA,
Alnemri E, Litwack G, Lu H, Moss DJ, Jackson S, Lavin MF (1996) Interleukin
1B-converting enzyme-like protease cleaves DNA-dependent protein kinase in
cytotoxic T cell killing. J Exp Med 184:619-626

Song Q, Lees-Miller SP, Kumar S, Zhang N, Chan DW, Smith GCM, Jackson
SP, Alnemri ES, Litwack G, Khanna KK, LavinMF (1996) DNA-dependent
protein kinase catalytic subunit: a target for an ICE-like protease in apoptosis.
EMBO J 15:3238-3246

Spector MS, Desnoyers S, Hoeppner DJ , Hengartner MO (1997) Interaction
between the C elegans cell-death regulators CED-9 and CED-4. Nature 385,
653-656

Srinivasula SM, Ahmad M, Fernandes-Alnemri T , Alnemri ES (1998)
Autoactivation of procaspase-9 by Apaf-1-mediated oligomerization. Mol Cell 1,
949-957

Srivastava RK, Srivastava AR, Korsmeyer SJ, Nesterova M, Cho-Chung YS,
Longo DL (1998) Involvement of microtubules in the regulation of Bcl2
phosphorylation and apoptosis through cyclic AMP-dependent protein kinase.

Mol Cell Biol 18, 3509-3517

-202-



Stahl N, Davis S, Wong V, et al., (1993) Cross-linking identifies leukemia
inhibitory factor binding protein as a ciliary neurotrophic factor receptor
component. J Biol Chem 268: 7628-7630

Startup FG (1969) Diseases of the canine eye. Bailliere Tindall and Cassell.
London

Suber ML, Pittler SJ, Qin N, et al. (1993) Irish setter dogs affected with rod/cone
dysplasia contain a nonsense mutation in the rod cGMP phosphodiesterase 3-
subunit gene. Proc Natl Acad Sci, USA 90:3968-3972

Susin SA, Zamzami N, Castedo M, et al., (1996) Bcl-2 inhibits the mitochondrial
release of an apoptogenic protease. J Exp Med 184, 1331-1342

Susin SA, Zamzami N, Castedo M, et al., (1997) The central executioner of
apoptosis: Multiple connections between protease activation and mitochondria in
Fas/Apo-1/ CD95- and ceramide-induced apoptosis. J Exp Med 186, 25-37
Sweeney EA, Inokuchi J, Igarashi Y (1998) Inhibition of sphingolipid induced
apoptosis by caspase inhibitors indicates that sphingosine acts in an earlier part
of the apoptotic pathway than ceramide. FEBS Letters 425 (1998) 61-65

Taga T, Kishimoto T (1992) Cytokine receptors and signal transduction. FASEB
J 6:3387-3396

Takahashi A, Alnemri ES, Lazebnik YA, Fernandes-Alnemri T, Litwack G, Moir
RD, Goldman RD, Poirier GG, Kaufmann SH, Earnshaw WC (1996) Cleavage
of lamin A by Mch2 but not CPP32: Multiple ICE-related proteases with distinct
substrate recognition properties are active in apoptosis. Proc Natl Acad Sci USA
93:8395-8400

Takayama S, Bimston DN, Matsuzawa S, et al., (1997) BAG-1 modulates the

chaperone activity of Hsp70/Hsc70. EMBO J 16, 48874896

-203 -



Takayama S, Sato T, Krajewski S, et al., (1995) Cloning and functional analysis
of BAG-1: a novel Bcl-2 binding protein with anti-cell death activity. Cell 80,
279-284

Teraoka H, Yumoto Y, Watanabe F, Tsukada K, Suwa A, Enari M, Nagata S
(1996) CPP32/Yama/apopain cleaves the catalytic component of DNA-
dependent protein kinase in the holoenzyme. FEBS Lett 393:1-6

Tewari M, Quan LT, O’Rourke K, Desnoyers S, Zeng Z, Beidler DR, Poirier
GG, Salvesen GS, Dixit VM (1995) Yama/CPP32, a mammalian homolog of
CED-3, is a crmA-inhibitable protease that cleaves the death substrate
poly(ADP-ribose) polymerase. Cell 81:801-809

Thoenen H (1991) The changing scene of neurotrophic factors. Trends Neurosci
14: 165-70.

Thormnberry NA, Bull HG, Calaycay JR, et al. (1992) A novel heterodimeric
cysteine protease is required for interleukin-1f processing in monocytes. Nature
356:768-774

Thornberry NA, Lazebnik Y (1998) Caspases: Enemies within. Science 281,
1312-1316

Thornberry NA, Peterson EP, Zhao JJ, Howard AD, Griffin PR, Chapman KT
(1994) Inactivation of interleukin-1p converting enzyme by peptide
(acyloxy)methyl ketones. Biochemistry 33:3934-3940

Trauth BC, Klas C, Peters AM, Matzku S, Moller P, Falk W, Debatin KM,
Krammer PH (1989) Monoclonal antibody-mediated tumor regression by

induction of apoptosis. Science 245:301-5

-204 -



Travis GH, Brennan MB, Danielson PE, Kozak CA, Sutcliffe JG (1989)
Identification of a photoreceptor-specific mRNA encoded by the gene
responsible for retinal degeneration slow (rds). Nature 338:70-73

Travis GH, Groshan KR, Lloyd M, Bok D (1992) Complete rescue of
photoreceptor dysplasia and degeneration in transgenic retinal degeneration slow
(rds) mice. Neuron 9:113-119

Travis GH, Sutcliffe JG, Bok D (1991) The retinal degeneration slow (rds) gene
product is a photoreceptor disc membrane-associated glycoprotein. Neuron 6:61-
70

Trejo LJ, Cicerone CM (1982) Retinal sensitivity measured by the pupillary light
reflex in RCS and albino rats. Vis Res. 22: 1163-1171

Tsang SH, Chen J, Kjeldbye H, et al. (1997) Retarding photoreceptor
degeneration in Pdegtm1/Pdegtml mice by an apoptosis suppressor gene.
Investigative Ophthalmology and Visual Science 38: 943-950.

Tso MO, Zhang C, Abler AS, et al. (1994) Apoptosis leads to photoreceptor
degeneration in inherited retinal dystrophy of RCS rats. Investigative
Ophthalmology and Visual Science 35: 2693-2699.

Tsujimoto Y (1989) Stress-resistance conferred by high level of bcl-2 protein in |
human B lymphoblastoid cell. Oncogene 4, 1331-1336

Tsujimoto Y, Cossman J, Jaffe E, Croce CM (1985) Involvement of the bcl-2
gene in human follicular lymphoma. Science 228, 14401443

Tsujimoto Y, Croce CM (1986) Analysis of the structure transcripts and protein
products of bcl-2, the gene involved in human follicular lymphoma. Proc Natl

Acad Sci USA 83, 5214-5218

-205 -



Tsujimoto Y, Finger LR, Yunis J, Nowell PC, Croce CM (1984) Cloning of the
chromosome breakpoint of neoplastic B cells with the t(14;18) chromosome
translocation. Science 226, 1097 1109

Unoki K, LaVail MM (1994) Protection of the rat retina from ischemic injury by
brain- derived neurotrophic factor, ciliary neurotrophic factor, and basic
fibroblast growth factor. Invest Ophthalmol Vis Sci 35: 907-15.

Unoki K, Ohba N, Arimura H, Muramatsu H, Muramatsu T (1994) Rescue of
photoreceptors from the damaging effects of constant light by midkine, a retinoic
acid-responsive gene product. Investigative Ophthalmology and Visual Science
35: 4063-4068.

Valter K, Maslim J, Bowers F, Stone J (1988) Photoreceptor dystrophy in the
RCS rat: roles of oxygen, debris and bFGF. Invest Ophthalmol Vis Sic 39:2427-
2442

van NR, Ivanyi D, Demant P (1978) A new H-2-linked mutation, rds, causing
retinal degeneration in the mouse. Tissue Antigens. 12:106-108

Vander Heiden MG, Chandel NS, Williamson EK, Schumacker PT, Thompson
CB (1997) Bcl-xL regulates the membrane potential and volume homeostasis of
mitochondria. Cell 91, 627-637

Vasilakos JP, Ghayur T, Carroll RT, Giegel DA, Saunders JM, Quintal L, Keane
KM, Shivers BD (1995) IL-1B converting enzyme (ICE) is not required for
apoptosis induced by lymphokine deprivation in an IL-2-dependent T cell line. J
Immunol 155:3433-3442

Vaux DL, Cory S, Adams JM (1988) bcl-2 gene promotes haematopoietic cell
survival and cooperates with c-myc to immortalize pre-B cells. Nature 335, 440—

442

-206 -



Villegas-Perez MP, Vidal-Sanz M, Lund RD (1996) Mechanism of retinal
ganglion cell loss in inherited retinal dystrophy. Neuroreport 7:1955-1999
Voaden MJ, Curtis R, Barnett KC, Leon A, Doshi M, and Hussain AA (1987)
Dominant rod-cone dysplasia in the Abyssinian cat. Prog.Clin.Biol.Res. 247:
369-380

Voelkel-Johnson C, Entingh AJ, Wold WS, Gooding LR, Laster SM (1995)
Activation of intracellular proteases is an early event in TNF-induced apoptosis.
J Immuﬁol 154:1707-1716

Walker NPC, Talanian RV, Brady KD, et al. (1994) Crystal structure of the
cysteine protease interleukin-1f converting enzyme: a (p20/p10) 2 homodimer.
Cell 78:343-352

Wang H-G, Rapp UR , Reed JC (1996a) Bcl-2 targets the protein kinase Raf-1 to
mitochondria. Cell 87, 629-638

Wang K, Yin XM, Chao DT, Milliman CL, Korsmeyer SJ (1996b) BID: a novel
BH3 domain-only death agonist. Genes Dev 10, 28592869

Wang L, Miura M, Bergeron L, Zhu H, Yuan J (1994) Ich-1, and Ice/ced-3-
related gene, encodes both positive and negative regulators of programmed cell
death. Cell 78:739-750

Wang S, Miura M, Jung Y-K, Zhu H, Gagliardini V, Shi L, Greenberg AH, Yuan
J (1996a) Identification and characterization of Ich-3, a member of the
Interleukin-1f converting enzyme (ICE)/Ced-3 family and an upstream regulator
of ICE. J Biol Chem 271:20580-20587

Wang X, Pai J-T, Wiedenfeld EA, Medina JC, Slaughter CA, Goldstein JL,

Brown MS (1995) Purification of an interleukin-1p converting enzyme-related

-207 -



cysteine protease that cleaves sterol regulatory element-binding proteins between
the leucine zipper and transmembrane domains. J Biol Chem 270:18044-18050
Wang X, Zelenski NG, Yang J, Sakai J, Brown MS, Goldstein JL (1996b)
Cleavage of sterol regulatory element binding proteins (SREBPs) by CPP32
during apoptosis. EMBO J 15:1012-1020

Weibel D, Kreutzberg GW, Schwab ME (1995) Brain-derived neurotrophic
factor (BDNF) prevents lesion-induced axonal die-back in young rat optic nerve.
Brain Research 679: 249-254.

Weleber RG, Carr RE, Murphey WH, Sheffield VC, Stone EM (1993)
Phenotypic variation including retinitis pigmentosa, pattern dystrophy, and
fundus flavimaculatus in a single family with a deletion of codon 153 or 154 of
the peripherin/RDS gene. Arch.Ophthalmol. 111:1531-1542

Wells J, Wroblewski J, Keen J, et al. (1993) Mutations in the human retinal
degeneration slow (RDS) gene can cause either retinitis pigmentosa or macular
dystrophy. Nat.Genet. 3:213-218

Wen R, Cheng T, Li Y, Cao W, Steinberg RH (1996) Alpha 2-adrenergic
agonists induce basic fibroblast growth factor expression in photoreceptors in
vivo and ameliorate light damage. J Neurosci 16: 5986-5992.

Wen R, Song Y, Cheng T, et al. (1995) Injury-induced upregulation of bFGF and
CNTF mRNAS in the rat retina. J Neurosci 15: 7377-7385.

Wertz IE, Hanley MR (1996) Diverse molecular provocation of programmed cell
death. TIBS 21:359-364

Whiteley SJ, Litchfield TM, Coffey PJ, Lund RD (1996) Improvement of the
pupillary light reflex of Royal College of Surgeons rats following RPE cell

grafts. Exp Neurol 140: 100-4.

-208 -



Wiggert B, van Veen T, Kutty G et al. (1994) An early decrease in
interphotoreceptor retinoid-binding protein gene expression in Abyssinian cats
homozygous for hereditary rod-cone degeneration. Cell and Tissue Res 278:291-
298

Williams MS, Henkart PA (1994) Apoptotic cell death induced by intracellular
proteolysis. J Immunol 153:4247-4255

Wilson KP, Black JF, Thomson JA, Kim EE, Griffith JP, Navia MA, Murcko
MA, Chambers SP, Aldape RA, Raybuck SA, Livingston DJ (1994) Structure
and mechanism of interleukin-1p converting enzyme. Nature 370:270-275
Wolter KG, Hsu YT, Smith CL, Nechushtan A, Xi XG, Youle RJ (1997)
Movement of Bax from the cytosol to mitochondria during apoptosis. J Cell Biol
139, 1281-1292

Wu D, Wallen HD, Nunez G (1997) Interaction and regulation of subcellular
localization of CED-4 by CED-9. Science 275, 11261129

Wyllie AH (1997) Clues in the p53 murder mystery. Nature 389: 237-238.
Wyllie AH, Kerr JFR, Currie AR (1980) Cell death: the significance of
apoptosis. Int Rev Cytol 68, 251-306.

Xiao M, Khaliq A, Moriarty P, McLeod D, Cranley J, Boulton M (1996) The
effect of scatter laser photocoagulation on intravitreal levels of growth factors in
the miniature pig. Current Eye Research 15: 923-931.

Xiao M, Khaliq A, Moriarty P, McLeod D, Cranley J, Boulton M (1996) The
effect of scatter laser photocoagulation on intravitreal levels of growth factors in
the miniature pig. Current Eye Research 15: 923-931.

Xu GZ, Li WW, Tso MO (1996) Apoptosis in human retinal degenerations.

Trans Am Ophthalmol Soc 94: 411-430

-209 -



Xue D, Horvitz HR (1995) Inhibition of the Caenorhabditis elegans cell-death
protease CED-3 by a CED-3 cleavage site in baculovirus p35 protein. Nature
377:248-251

Xue D, Shaham S, Horvitz HR (1996) The Caenorhabditis elegans cell-death
protein CED-3 is a cysteine protease with substrate specificities similar to those
of the human CPP32 protease. Genes Dev 10:1073-1083

Yamamoto S, Du J, Gouras P, Kjeldbye H (1993) Retinal pigment epithelial
transplants and retinal function in RCS rats. Invest Ophthalmol Vis Sci 34: 3068-
75. |

Yamin T-T, Ayala JM, Miller DK (1996) Activation of the native 45-kDa
precursor form of Interleukin-1 converting enzyme. J Biol Chem 271:13273-
13282

Yang E, Zha J, Jockel J, Boise LH, Thompson CB , Korsmeyer SJ (1995) Bad, a
heterodimeric partner for Bel-xL and Bcl-2, displaces Bax and promotes cell
death. Cell 80, 285-291

Yang J, Liu X, Bhalla K, et al., (1997) Prevention of apoptosis by Bcl-2: Release
of cytochrome ¢ from mitochondria blocked. Science 275, 1129-1132

Yasuhara N, Sahara S, Kamada S, Eguchi Y, Tsujimoto Y (1997) Evidence
against a functional site for Bcl-2 downstream of caspase cascade in preventing
apoptosis. Oncogene 15, 1921-1928

Yonehara S, Ishii A, Yonehara M (1989) A cell-killing monoclonal antibody
(anti-Fas) to a cell surface antigen co-downregulated with the receptor of tumor

necrosis factor. J Exp Med 169(5):1747-56

-210-



Yonish-Rouach E, Resnitzky D, Lotem J, Sachs L, Kimchi A, Oren M (1991)
Wild-type p53 induces apoptosis of myeloid leukaemic cells that is inhibited by
interleukin-6 Nature 352:345-7

Yuan J, Horvitz HR (1990) The Caenorhabditis elegans Genes ced-3 and ced-4
act cell autonomously to cause programmed cell death. Dev Biol 138:33-41
Yuan J, Shaham S, Ledoux S, Ellis HM, Horvitz HR (1993) The C. elegans cell
death gene ced-3 encodes a protein similar to mammalian interleukin-1p-
converting enzyme. Cell 75:641-652

Yuan Y, Miura M (1995) Programmed cell death genes and proteins. PCT
Publication WO 95/00160

Zamzami N, Brenner C, Marzo I, Susin SA , Kroemer G (1998) Subcellular and
submitochondrial mode of action of Bcl-2-like oncoproteins. Oncogene 16,
2265-2282

Zha J, Harada H, Yang E, Jockel J, Korsmeyer SJ (1996) Serine phosphorylation
of death agonist Bad in response to survival factor results in binding to 140-3-3

not Bel-xL. Cell 15, 619-628

Zhu H, Fearnhead HO, Cohen GM (1995) An ICE-like protease is a common
mediator of apoptosis induced by diverse stimuli in human monocytic THP.1
cells. FEBS Lett 374:303-308

Zhu W, Cowie A, Wasfy GW, Penn LZ, Leber, B, Andrews DW (1996) Bcl-2
mutants with restricted subcellular location reveal spatially distinct pathways for
apoptosis in different cell types. EMBO J 15, 41304141

Zoratti M , Szab, I (1995) The mitochondrial permeability transition. Biochem

Biophys Acta 1241, 139-176

-211-



Zou H, Henzel WJ, Liu X, Lutschg A, Wang X (1997) Apaf-1, a human protein
homologous to C elegans CED-4, participates in cytochrome c-dependent
activation of caspase-3. Cell 90, 405413

Zurn AD, Winkel L, Menoud A, Djabali K, Aebischer P (1996) Combined
effects of GDNF, BDNF, and CNTF on motoneuron differentiation in vitro.

Journal of Neuroscience Research 44: 133-141.

-212-



Appendix A: Techniques employed

A1 Light microscopy, immunohistochemistry and TUNEL

techniques

All specimens were fixed in either formalin or 4% paraformaldehyde for 24

to 48 hours before processing.

Processing into paraffin wax
Specimens were placed into labelled cassettes. They were loaded onto tissue
processor for overnight dehydration, ante-medium and wax infiltration using the
following standard program:
e 70% methylated spirits at room temperature for 50 minutes
e 85% methylated spirits at room temperature for 60 minutes
*  99% methylated spirits at room temperature for 60 minutes
e 100% ethanol 1 at room temperature for 90 minutes
e 100% ethanol 2 at room temperature for 120 minutes
e Equal parts ethanol and xylene at room temperature for 90 minutes
e Xylene 1 at room temperature for 90 minutes
e Xylene 2 at room temperature for 90 minutes
e Paraffin wax 1 at 60°C for 120 minutes
e Paraffin wax 2 at 60°C for 120 minutes
e Paraffin wax 3 at 60°C for 60 minutes
Specimens were transferred to molten wax in the embedding station. They were
placed in a suitable sized embedding mould, correctly orientated, and along with their

reference label transferred to the cold stage to allow the wax to solidify.
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APES coating of microscope slides for immunohistochemistry (Maddox

and Jenkins, 1987)

e Immerse rack of clean microscope slides in 2% aminopropyltriethoxysilane (Sigma
A3648) in acetone for 10 seconds.

e Wash slides in 3 different pots of acetone for a total of 10-15 minutes.

e Air dry in incubator overnight

Dewaxing and rehydration of sections

e Place slide staining rack in dewaxing xylene 1 for 10 minutes

e Transfer to dewaxing xylenes 2 and 3 for a further 10 minutes each.

e Transfer to 1:1 xylene and absolute alcohol for 2 - 5 minutes

e Transfer through descending concentrations of methylated spirit to water spending
over 2 minutes in each.

e Wash in tap water for over 5 minutes

e Rinse in distilled water before performing staining technique.
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Mayer's haematoxylin and eosin (Mayer, 1903)

Solutions required:

Haematoxylin Solution:
Haematoxylin lg
Sodium iodate 02¢g

Aluminium potassium sulphate 50g

Citric acid lg
Chloral hydrate 50g
Distilled water 1000 ml

Dissolve haematoxylin, iodate and alum in water overnight. Add citric acid

and chloral hydrate and boil for 5 minutes. Cool and filter before use.

Eosin solution:

Eosin yellowish 5¢g
Sodium acetate 82¢g
Distilled water 990 ml
Acetic acid 6 ml

Adjusted topH 4.6 - 5

Method:

e Sections for dewaxing and rehydration (see above)

e Stain in haematoxylin for 5 - 30 minutes depending upon ambient conditions and
age of solution.

e Wash in tap water for over 10 minutes.
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Differentiate between cytoplasmic and nuclear staining by exposure to acid alcohol
for a few seconds.

Wash in water until sections are blue.

Check, microscopically, that only nuclei are stained.

Repeat haematoxylin staining and/or acid alcohol differentiation until result is
achieved.

Wash in tap water.

Stain in eosin for 2 - 5 minutes.

Rinse in water and differentiate in 70% alcohol until connective tissue and
cytoplasmic staining exhibits more than one shade of red.

Dehydrate, "clear" and mount.
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Periodic acid schiff (PAS) staining (McManus, 1946)

Schiff's reagent:

e 400 ml of distilled water

¢ Boil, remove from heat then add basic fuchsin 2 g

e When solution reaches 50'C add 40 ml of 1 N hydrochloric acid
e When solution reaches 24'C add 4 g of sodium metabisulphite

e Leave solution overnight.

e C(Clear solution using 4g.of activated charcoal

e Filtered

e Store at 4'C.

¢ Bring to room temperature for use.

PAS Staining Method:

e Sections for dewaxing and rehydration (see above)

e Oxidise in periodic acid for 10 minutes

e Wash in water.

e Wash in distilled water.

e React with Schiff's reagent for 5 minutes at room temperature

e Wash in running water for 15 minutes

e Stain nuclei in Mayer's haematoxylin and differentiate as required.
e Wash in water.

e Dehydrate, "clear" and mount.
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Trypsin Pretreatment (Curran and Gregory, 1977; Mepham et al., 1979;

Ordonez et al., 1988)

Trypsin solution

Trypsin 0.05¢g

Calcium chloride 005¢g

0.2M tris 14 ml
0.1IN HCl 16 ml
Distilled water 20 ml
Adjust to pH 7.8

Method:

e Sections for dewaxing and rehydration (see above)

e If performing peroxidase method block endogenous peroxidase activity with
0.5% hydrogen peroxide for 25 minutes

e Wash in water for 10 minutes

e Equilibrate sections in tris buffer pH 7.8 at 37°C for 10 minutes

e Expose to trypsin solution at 37°C for 10 minutes

e Wash in cold running water for 10 minutes

e Perform immunohistochemical technique.

-218-



Streptavidin biotin complex peroxidase method (Guesdon et al., 1979,

Bains and Miliar, 1988)

Streptavidin biotin peroxidase complex (Dako K0377)

PBS buffer pH 7.3 S5ml
Reagent A 45ul
Reagent B 45ul
Method:

Sections for dewaxing and rehydration (see above)

Block endogenous peroxidase activity with 0.5% hydrogen peroxide for 25
minutes

Wash in water for 10 minutes

Pretreatment if required

Wash in PBS pH 7.3 for 10 minutes

Marvel 5% in PBS block for 20 minutes

Primary antibody at appropriate concentration and time

Wash in PBS pH 7.3 for 10 minutes

Secondary biotinylated antibody depending on primary antibody for 45 minutes
Wash in PBS pH 7.3 for 10 minutes

Tertiary Streptavidin biotin peroxidase complex (see above) in PBS pH 7.3 for
45 minutes

Wash in PBS pH 7.3 for 10 minutes

Peroxidase demonstration with either diaminobenzidine (DAB) in brown, or

AEC inred
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Diaminobenzidine (DAB) demonstration (Graham and Karnovsky, 1966)

DAB Solution:

0.2 M tris 12.5 ml

0.1 N hydrochloric acid 20 ml

distilled water 17.5ml
adjust pH to 7.6

DAB 0.3 gm
Method:

e Filter DAB solution

e Add 0.5 ml of 3% hydrogen peroxide before use

e Incubate sections in substrate solution at room temperature

e Timing of incubation depends on primary antibody and section
e Wash sections in water for 10 minutes

e Counterstain sections if required

e Wash in water

e Dehydrate, "clear" and mount
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Aminoethyl carbazole (AEC) demonstration (Graham et al, 1965)

AEC Solution:
0.1 N acetic acid 10.5 ml
0.1 M sodium acetate 39.5 ml

adjust pH to 5.2

Aminoethyl carbazole 15 mg
Dimethyl formamide 3ml
Method:

e Filter AEC solution

e Add 0.5 ml of 3% hydrogen peroxide before use

e Incubate sections in substrate solution at room temperature

e Timing of incubation depends on primary antibody and section
e Wash sections in water for 10 minutes

e Counterstain sections if required

e Wash in water

e Mount in aqueous mountant

e  When dry mount directly in DPX from xylene
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TUNEL (Terminal deoxynucleotidyl transferase, Uridine triphosphate,
Nick End Labeling) technique
A modified TUNEL technique was used to detect double strand breaks in

DNA. This technique is based on that described by Nakamura and colleagues

(Nakamura et al., 1995) but dAdenosine triphosphate replaces dUridine triphosphate.

Method:

e Dewaxed with xylene and rehydrated through a graded series of alcohol (see
above)

e Endogenous peroxidase activity was blocked by 0.5% hydrogen peroxide for 25
minutes in the dark at room temperature

e Treated with 20 ng/ml of proteinase K in phosphate buffered saline (PBS) at
room temperature for 15 minutes

e Wash in PBS for 10 minutes

e Buffered with terminal deoxynucleotidyl transferase (TdT) buffer for 10 minutes

e Labeling reaction with 10 mM of dAdenosine triphosphate (dATP), 0.4 mM of
biotin 14 dATP and TdT for 60 minutes at 37 °C

e The positively labelled cells were demonstrated by a standard biotin-streptavidin

peroxidase method visualised by diaminobenzidine (DAB)
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A2 Transmission electron microscopy

Tissue samples destined for examination by transmission electron
microscopy were fixed in a mixture of 1% paraformaldehyde and 3% glutaraldehyde
buffered to pH 7.4 with 0.1M sodium cacodylate-HCI for periods of 1 to 3 days.
Processing and embedding in Araldite resin
e Thorough rinse in 0.1M sodium cacodylate buffer
e Osmicated for 2 hours with an 1% aqueous solution of osmium tetroxide
e Dehydrate in 50% alcohol for 10 minutes
e Dehydrate in 70% alcohol for 10 minutes
e Dehydrate in 90% alcohol for 10 minutes
e Dehydrate in 95% alcohol for 10 minutes
e Dehydrate in 100% alcohol for 10 minutes
e Dehydrate in 100% alcohol for 10 minutes
e Dehydrate in 100% alcohol for 10 minutes
e Propylene oxide for 20 minutes
e Propylene oxide for 20 minutes
e Left in a 50:50 mixture of propylene oxide and araldite for 12 hours
e Transfer to 100% araldite for 4 to 6 hours

¢ Transfer to embedding moulds at 60°C for 12 hours
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Section cutting, staining and photography

Semithin and ultrathin sections were cut using a Leica ultracut S microtome
(Leica, Milton Keynes, UK) fitted with the appropriate type of diamond knife
(diatome, TAAB laboratories, Aldermaston, UK).

Semithin sections were stained with a mixture of 1% borax and 0.5%
toluidine blue dissolved in 50% ethanol at 60°C for 20 seconds. After rinsing with
50% ethanol, sections were dried on a hot plate and mounted in DPX medium.

Ultrathin sections for TEM were contrasted by sequential immersion in
saturated uranyl acetate in 50% ethanol followed by 5 minutes in Reynold's lead
citrate prior to examination in a JEOL 1010 TEM (JEOL (UK) Ltd, Welwyn Garden
City, UK) operating at 80kV. Images were recorded onto Kodak 4489 electron image
film and printed on Ilford multigrade paper.

Unless otherwise stated, all fixatives, solvents, resins, grids and stains EM
film and Ilford photographic paper were obtained from Agar Scientific Limited,

Stansted, UK.

224 -



A3 Electroretinogram and clinical examination

The subject was anaesthetised and mydriasis achieved by tropicamide 1% eye
drops. Topical anaesthesia was also instilled. A superior limbal suture was placed in
each eye to maintain the ocular position. The subject was then placed on a sliding
table attached to the ganzfeld stimulator (Figure A3a, A3b and A3c). ERG-Jet or
custom made corneal electrodes were used for electroretinography (ERG). Platinum
Iridium sub-dermal ground and reference electrodes were attached at crown and at
one centimetre behind lateral canthus respectively. The ganzfeld was custom built,
with a 50 cm bowl, using a Grass PS22C photic stimulator. Light intensity was
controlled by PS22C electronics and neutral density filters, giving a maximum
'white' intensity of 12.5 cd.s/m*. Photopic background intensity was 21 cd/m?.
Signals were amplified by a factor of 2000 to 50000 times, bandpass 0.5Hz to
3.0KHz, and recorded on PC based data acquisition system (CH Electronics,
England). (Figure A3d)

The recording protocol, based on the human recommendations for
ERG by International Society for Clinical Electrophysiology of Vision (ISCEV)
standard (Marmor and Zrenner, 1995), consisted of 20 minutes dark adaptation,
followed by an intensity series of discrete 'white' stimuli, ranging from 0.003 to 12.5
cd.s/m?, (inter-flash interval 1 to 15 seconds), 2 and 30 Hz (1.5 cd.s/m?) stimulation,
then 8 minutes of light adaptation followed by 2 and 30 Hz (3.0 cd.s/m?) photopic
stimuli.

Both the cats and dogs were examined by direct ophthalmoscopy and
slit-lamp biomicroscopy when required. In order to prevent bleaching of the retina,
clinical examination is usually carried out with the animal under anaesthesia after the

intravitreal injection or the electroretinography had been performed
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Figure A3a: Custom built ganzfeld Figure A3b: Subject secured in sliding
with sliding table table before placement of electrodes

Figure A3c: Subject in position within  Figure A3d: The ERG recording

the ganzfeld ready for recording machine. From left, monitor connected
to the infra-red camera within the
ganzfeld to monitor the position and
condition of the subject, the Grass
stimulator and amplifier, and the PC
based data acquisition system
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Appendix B: Publications and Presentations

B1 Published articles

e NHYV Chong, RA Alexander, L. Waters, KC Barnett, AC Bird, PJ Luthert.
Repeated intravitreal injections of ciliary neurotrophic factor lead to long-
term photoreceptor cells survival in hereditary retinal degeneration.
Investigative Ophthalmology & Visual Science 1999; 40: 1298-1305

e NHYV Chong, RA Alexander, KC Barnett, AC Bird, PJ Luthert. An
immunohistochemical study of an autosomal dominant feline rod / cone
dysplasia (Rdy cats). Experimental Eye Research 1999; 68(1); 51-7

e NHYV Chong, AC Bird. Current and future management of inherited outer
retinal dystrophies. British Journal of Ophthalmology, 1999, 83; 120-22.

e PJ Luthert, NHV Chong. Photoreceptor rescue. Eye 1998; 12: 591-596.

B2 Oral and poster presentations with printed abstracts

e NHYV Chong, L Waters, CR Hogg, KC Barnett, AC Bird, GE Holder, PJ Luthert.
Axokine suppresses electroretinogram temporarily in retinal degeneration.
Investigative Ophthalmology & Visual Science (Supple) 2000 Vol 41, 4726
5889

e NHYV Chong, RA Alexander, AS Kwan, PJ Luthert. Caspases inhibitors do not
consistently slow photoreceptor cell loss in retinal degeneration. Investigative
Ophthalmology & Visual Science (Supple) 1999 Vol 40, 3789 S717.

e NHYV Chong, AC Bird, PJ Luthert. Apoptosis manipulation as a therapeutic
approach to retinal degeneration. Oral Presentation in the RCOphth Annual

Congress 1999
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NHYV Chong, RA Alexander, L Waters, KC Barnett, AC Bird, PJ Luthert. CNTF
analogue, but not BDNF, delays photoreceptor cell death in retinal
degeneration. Investigative Ophthalmology & Visual Science (Supple) 1998
Vol 39, 2689

NHYV Chong, L Waters, KC Barnett, AC Bird, PJ Luthert. Axokine delays
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Science (Supple) 1997 Vol 38, 1445

NHYV Chong, AC Bird, KC Barnett, PJ Luthert. Apoptosis in a feline model of
retinal dystrophy (Rdy). Poster Presentation in the RCOphth Annual Congress
1997

PJ Luthert, NHV Chong, L Waters, CR Hogg, KC Barnett, AC Bird, GE Holder.
Pathological and electrophysiological features of a recessive canine cone-rod
dystrophy Investigative Ophthalmology & Visual Science (Supple) 2000 Vol
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PERSPECTIVE

Management of inherited outer retinal dystrophies: present and

future

N H Victor Chong, Alan C Bird

The inherited outer retinal dystrophies comprise a large
number of disorders characterised by a slow and
progressive retinal degeneration. They have been arbitrar-
ily divided into macular dystrophies, retinitis pigmentosa
(RP), and cone/rod dystrophies on the basis of their
phenotype. They are the result of mutations in genes that
are presumed to express in either the photoreceptor cells or
the retinal pigment epithelium.' Retinitis pigmentosa is
believed to affect about one in 3500 of the population,’ and
the prevalence of remaining dystrophies is probably
similar. The mode of inheritance can be autosomal domi-
nant, autosomal recessive, X linked recessive,’ or digenic.* *

With few exceptions such as ,f lipoproteinaemia® ’ and
Refsum disease,” there is no treatment by which the
primary disorder can be modified. Some symptomatic
relief may be derived from cataract extraction,’ and
carbonic anhydrase inhibition if there is macular oedema.'
Vitamin A supplementation may slow the progression
although this has been the subject of controversy.'' '?
Although there is no treatment by which the primary
disorder can be manipulated, the patients can expect a rea-
sonable account of visual prognosis, accurate genetic
counselling, and support for rehabilitation. In addition,
those affected are also keen to know the progress in
research for a cure particularly as they have become
progressively more aware of the potential for treatment
through the various self help associations such as the Brit-
ish Retinitis Pigmentosa Society, the internet, and the
press.

Researchers around the world are working on different
potential therapeutic approaches to the problem. These are
based on the possibility of modulaton of cell death by
growth factors, transfecting the photoreceptor or retinal
pigment epithelial cell with functioning genes, transplant-
ing photoreceptor or retinal pigment epithelial cells into
the subretinal space, or the use of electronic devices to
stimulate the retina.

Apoptosis and its manipulation

In some disorders in both humans and animals there is
increasing evidence that the metabolic defect consequent
upon the mutaton causes cell death by apoptosis. This
accounts for cone loss in patients with RP due to
rhodopsin mutation.” This is also illustrated by loss of
photoreceptors in the RCS (Royal College of Surgeons) rat
in which the primary defect is in the retinal pigment
epithelium. '

Apoptosis, or programmed cell death, is a genetically
encoded potental of all cells, and is an essential part of
embryonic development, cell turnover, and of removal of
cells infected by virus or harbouring mutations.” '
Morphologically, it is characterised by disintegration of the
nucleolus and generalised condensation of the chromatin.
This is due to incision of nuclear DNA by an endogenous

nuclease into short chains in multiples of 180 base pairs. In
contrast with necrosis the process affects isolated cells with
healthy neighbouring cells and in the absence of acute
inflammation.

The observation that apoptosis may be manipulated by
growth factors suggested an alternative therapeutic ap-
proach. The first indication that this may be viable was the
demonstration that injection of basic fibroblast growth fac-
tor (bFGF) into the eye resulted in long term survival of
photoreceptors in the RCS rat.'” A potential disadvantage
of bFGF is its lack of specificity since it influences many
cell types. For instance, in the rabbit it can cause cataract
and proliferative vitreoretinopathy.'® Neurotrophins, in-
cluding brain derived neurotrophic factor (BDNF), nerve
growth factor (NGF), and neurotrophin 4/5 (NT4/5)
appear to be more attractive since they have a relatively
specific influence on neural tissue.” They are present in
the CNS, and play important roles in neural development,
differentiation, and survival.' Another important neuro-
trophic factor is the ciliary neurotrophic factor (CNTF)
which is closely related to interleukin 6. There is an
increasing body of experimental work that illustrates the
potential value of this approach. Intravitreal injections of
BDNF, CNTF, or bFGF transiently protect the retina
from pressure induced ischaemic injury.?’ Both BDNF and
CNTF protect the retina from light damage in albino rats
and mice.”? ? BDNF also promotes the regrowth of outer
segments of photoreceptors in a feline retinal detachment
model.* CNTF delays photoreceptor degeneration in rd
(retinal degeneration) mice,” transgenic rhodopsin
Q344ter mutant mice,” and Rdy (retinal dystrophy) cats.”

This form of treatment of retinal degeneration has the
advantage that it may be effective in disease with unknown
genetic mutation. It is unfortunate that the effect of the
neurotrophic factors is relatively short lived, lasting only
about a month in animals?” # although the effect may be
much longer in humans. Repeated monthly intravitreal
injections would present ergonomic difficulties, and inevi-
tably be accompanied by attendant risks such as retinal
detachment and endophthalmitis. Biological and bio-
chemical slow delivery systems are being developed that
may overcome these problems.*

Gene therapy

In most recessive and some dominant diseases, cell
dysfunction is due to lack of functioning genes, and the
objective of therapy is the replacement of the defective
gene with genes that express normally.

In the retinal degeneration slow (rds) mice, transfection
of the fertilised ovum with the appropriate wild type (nor-
mal) gene results in photoreceptor cell rescue.”’ However,
insertion of genes into non-dividing photoreceptor cells in
human is a much greater challenge. There are two general
approaches by which genes can be introduced into the eye,
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ex vivo or in vivo. In the ex vivo techniques, the genes are
introduced in vitro into retinal cells, retinal pigment
epithelial (RPE) cells, or fibroblasts. The transfected cells
are then injected into the eye. In vivo, or direct gene trans-
fer, genes are introduced into the cells in situ using a vec-
tor. The most commonly used gene vectors are the replica-
tion defective herpes simplex virus, the replication
defective adenovirus, adeno-associated virus (AAV), and
retrovirus. Each has advantages and disadvantages.

Herpes virus can carry a large gene insert (up to 36 kb).
However, it rapidly undergoes latency after infection
restrictirig the long term expression of the transgenes. This
drawback can be overcome by using one of the latency
promoters as the helper for transgene expression so it
remains active in latency. A cytotoxic response may occur
in the target cells that would reduce the longevity of
expression.?® Furthermore, the wild type herpes virus car-
ries a significant morbidity in humans. The adenovirus is a
relatively safe virus. However, it induces an immune
response that prevents reinfection by the same virus, and
cytotoxic effect on the target cells reducing expression
longevity.”” The current capacity for a gene insert is
relatively small (about 8 kb), but with development of new
packaging cell lines, a larger insert might be achieved.
However, transfection efficiency in general is low in that
only a small proportion of cells are transfected and expres-
sion is brief. The AAV is an attractive alternative as it is not
associated with any pathological response in humans. The
recombinant AAV vectors have no virally encoded proteins
and hence less immunogenicity. They can infect a variety
of cells, and are more efficient in transducing photorecep-
tors than adenovirus. Wild type AAV integrates into chro-
mosome 19, while recombinant AAV may integrate
randomly. The latter has the potential risk of disrupting
essential genes or causing malignant transformation of the
target cells, although there is little evidence of this to date.
Chromosomal integration may serve to prolong expres-
sion. The maximum size of insert is only 4.7 kb, and it is
difficult to prepare high titres without contamination of
helper adenovirus.” Retrovirus can only infect dividing
cells, which restricts its use in the retina.

The most promising observation to date is the reported
delay of photoreceptor cell death in the rd mice (b-PDE
defect) by the use of subretinal injection of a recombinant
replication defective adenovirus that contains the murine
cDNA for the wide type b-PDE. It is reported that these
injections result in b-PDE transcription, and increased
PDE activity, although the rescue only lasted for 6 weeks.*
In all these observations, there must always be doubt as to
whether the therapeutic effect is due to the expression of
the gene or to injury with the attendant release of growth
factors or the immune response to the viral vectors.

On the other hand, in most dominant diseases it is likely
that the abnormal gene product produces disease. An anti-
sense protein would be required to negate the influence of
the abnormal gene. However, antisense molecules are
often too big to discriminate wild type and mutant mRNA
in point mutation, as seen in much autosomal dominant
RP.' * Recently, ribozymes present new promises. They
can bind and digest targeted mRNA. Specifically designed
ribozymes can discriminate between the mutant and wild
type sequences of mRNA associated with autosomal domi-
nant RP.» Furthermore, using an AAV vector, ribozymes
rescue photoreceptor cells in the transgenic rhodopsin
P23H mutant rats.*

Gene therapy could also be used to deliver neurotrophic
factor.” These approaches can also be combined by
reintroduction of genetic modified host cells expressing the
neurotrophic factors. The longevity of expression remains
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the problem, but with ex vivo transfection there is a wide
scope for manipulation of expression.

Retinal cell transplantation

The ultimate goal of transplantation is to replace lost pho-
toreceptors with healthy ones, which would have the
capacity to re-establish the appropriate cellular connec-
tions at the outer plexiform layer. Cell survival appears to
be related to donor age. Transplanted fetal tissue appears
to survive and differentiate, but fails to show normal orien-
tation in the retina.** Enzymatic dissociated adult photore-
ceptor cells can be transplanted by injection into the sub-
retinal space. Such photoreceptors survive and appear to
have synaptic terminals but their outer segments degener-
ate almost completely.”” * However, the functional at-
tributes of these cells have not been tested since the
visually directed behaviour of these animals was not
assessed. There is also some evidence to suggest that cones
survived longer following transplantation in the rd
mouse.” This might reflect the influence of trophic factors.

Despite the paucity of evidence that this technique may
be useful, mechanically dissociated fetal retina of 14-18
weeks’ gestation have been grafted in 12 patients with
advanced RP. The preoperative visual acuity was percep-
tion of light or worse. No rejection or complications were
reported. Five patients had reported subjective improve-
ment of vision.>® However, it is impossible to exclude the
placebo effect or the influence of injury. Furthermore, no
improvement of vision was found in two patients
transplanted with a sheet of adult photoreceptors har-
vested by vibratome.*

Another strategy is the transplantation of RPE cells. In
the RCS rat, the RPE failed to phagocytose photoreceptor
outer segment material. This accumulation of outer
segment material results in photoreceptor cell death.'
Transplantation of healthy RPE cells into subretinal space
delayed photoreceptor loss and retinal function, as
measured by electroretinogram and pupillary light reflex, is
restored following RPE cell grafts in the RCS rats.*™*
However, this may have limited relevance to most human
forms of retinal dystrophy, although it may have a role in
slowing the progress of age related macular degeneraton.
The results of human fetal RPE transplantation in 13
patients with age related macular degeneraton were
recently reported.* No visual improvement was observed
but the graft was reported to survive in most of the
patients.

Artificial vision

It is well known that stimulation of the appropriate area of
the visual cortex causes a visual sensation. Some scientists
are working on devices that can detect visual signals, and
stimulate the visual cortex directly. Thus, no viable eye tis-
sue are required, but the signal bypasses the sophisticated
coding of the visual system, and the sensations are likely to
be complex depending upon the functional attributes of
the cell stimulated. This renders the potential success of
this approach problematic.

There has been extensive media coverage of the artificial
retinal implant for blind people. The concept is based on
the fact that in RP, the photoreceptors are damaged but the
inner retina remains relatively healthy. Electrical stimula-
tion of the inner surface of rabbit retina was the first dem-
onstration of the possibilities of retinal implants.* These
experiments were later carried out in humans. Subse-
quently, intraocular electrodes coupled with an optically
isolated, constant current generator were used to deliver
the pulses. This was performed in five patients with bare or
no perception of light (three had RP, one had age related
macular degeneration, and one unspecified retinal
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dystrophy from birth). Stimulation elicited a visual percep-
tion of a spot that was retinotopically correct in four
subjects who had had previously useful vision. One subject
resolved two simultaneous spots giving a visual acuity of
about 1/60.* However, the methods for permanent
implantation of such devices, and their connection with the
outside world may pose major technical problems.
Furthermore, the number of stimulating electrodes and
the visual field covered are likely to be very limited. Even if
these problems are resolved, it is unlikely to simulate foveal
function without the presence of photoreceptors.

Conclusion
We are still a long way from the cure of retinitis
pigmentosa, although it is encouraging to the patients and
their carers that there is a worldwide effort to devise new
methods of management. Although none of the techniques
appear to be very effective for long term modification of
the course of the disorder, the vast majority of retinal dys-
trophies are slowly progressive, and many patients retain
good visual function for a large part of their lives. A small
change in the metabolic environment of the retina may
have a great influence on the dynamics of the degeneration.
In the short term (5-10 years), the use of growth factor
is possibly the most promising approach, although in the
long term it may not be the best solution. Transplantation
might be useful to preserve central vision while the
artificial retinal implant might be useful to maintain visual
field. Gene therapy might ultimately be the best treatment,
but currently it is an immature genie yet to deliver its
promises.
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An autosomal dominant, early onset feline model of rod/cone dysplasia has been described. The clinical
features, light and electron microscopy, and the electrophysiology were documented. We have now
examined in more detail the histopathological and immunohistochemical changes during the early phase
of the disease using antibodies against opsin, synaptophysin, glial fibrillary acidic protein (GFAP) and an
epithelial marker (MNF118). We have also demonstrated programmed cell death by a modified TUNEL
(Terminal deoxynucleotidyl transferase, Uridine triphosphate, Nick End Labelling) technique.

In the Rdy cats, there was significant photoreceptor degeneration between 5 and 17 weeks of age. The
TUNEL-labeled cell and pyknotic cell counts in the outer nuclear layer peaked at around 9 weeks of age.
Accumulation of opsin in the entire outer nuclear layer of the retina was noted with opsin-
immunolabeled rod neurite sprouting. There was a reduction in synaptophysin immunoreactivity in the
outer plexiform layer. The Muller cells were activated and expressed GFAP. No significant change of

| immunolabeling of MNF118 was found. These findings closely parallel those seen in human RP.

© 1999 Academic Press

| Key words: animal model; retinal degeneration; immunohistochemistry; apoptosis.

1. Introduction

Retinitis pigmentosa (RP) is a group of hereditary
retinal degeneration characterised by poor night vision
and restricted visual fields (Bird, 1995). It has a
prevalence of about 1 in 3500 (Berson, 1993) and is
one of the leading causes of working age blindness in
the developed world (Evans et al., 1996). There is
currently no effective treatment.
An autosomal dominant early onset feline model of
retinal degeneration has been described previously
| (Barnett and Curtis, 1985; Curtis, Barnett and Leon,
1987; Leon and Curtis, 1990; Leon, Hussain and
Curtis, 1991). Clinically, affected kittens slow dilated
pupils and sluggish pupillary light reflexes from 2
; weeks of age. Vision is impaired and an intermittent
' rotatory nystagmus develops between 4 and 6 weeks
t[ of age. The first signs of fundal abnormalities are
|
|

present at 8 to 12 weeks with increased tapetal
reflexes. This is accompanied by progressive attenu-
ation of retinal vessels and optic atrophy.

In order to further characterize this model of retinal
degeneration, in the current investigation, the im-
munohistochemical changes in the retina and photo-
receptor cell death are studied using markers of
apoptosis.

* Corresponding author: Dr Victor Chong, Department of Path-
ology, Institute of Ophthalmology, University College London, Bath
Street, London EC1V 9EL, England, UK.
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2. Materials and Methods

Affected kittens (n = 32) aged between 10 days to
17-5 weeks were examined with normal littermates (n
= 8) aged at 10 days to 13-5 weeks for comparison.
The animals were bred and studied under the
regulation of the United Kingdom Animals (Scientific
Procedures) Act 1986 and all animal procedures
adhered to the ARVO resolution for the Care and Use
of Animals in Vision Research. All animals were killed
with an overdose of systemic phenobarbitone, both
eyes were enucleated immediately but only one eye
per animal was used in this study. After 24-48 h of
immersion fixation in 10%, formol saline, the inferior-
nasal quadrant was embedded in paraffin wax for
immunohistochemistry and TUNEL labeling whilst the
superio-nasal quadrant was embedded in Araldite
resin using standard protocols.

Photoreceptor Cell Counts

Photoreceptor cell counts were performed in 1 xm
thick toluidine blue stained Araldite resin sections. A
random location near the centre of the section was
picked at low magnification. The section was then
moved 550 ym from the random spot. An eye-piece
graticule (Graticules Ltd, Tonbridge, England) was
employed to obtain a retinal strip of 25 xm wide. The
number of photoreceptor cells within this strip was
counted. The section was then moved 250 ym toward
to the centre, and another retinal strip of 25 ym wide
was counted. This was repeated twice to obtain a total

© 1999 Academic Press
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FiG. 1. (A) Pyknotic cell count in the nuclear layer (Mean +s.p.); (B) TUNEL-labeled cell count in the outer nuclear layer
(Mean +SD); (C) Photoreceptor cell count (Mean +s.p.) per 1 mm of retina in the Rdy cats.

of 4 readings. A total of 100 gm of retinal width was
counted. The number of photoreceptor cells counted
was then multiplied by 10 and expressed as the
number of cells per 1 mm of retina.

Demonstration of Programmed Cell Death

The pyknotic appearance and the presence of double

- strand breaks in DNA suggest programmed cell death

(PCD). In this study, we examine these two aspects of
PCD in the Rdy cats. A modified TUNEL (Terminal
deoxynucleotidyl transferase, Uridine triphosphate,
Nick End Labeling) technique was used to detect
double strand breaks in DNA. This technique is based
on that described by Nakamura and colleagues
(Nakamura, Sakai and Hotchi, 1995), but dAdenosine
triphosphate replaces dUridine triphosphate. Briefly,
the tissue sections were dewaxed with xylene and
rehydrated through a graded series of alcohol. En-

dogenous peroxidase activity was blocked by 0-5%
hydrogen peroxide for 25 minutes in the dark at room
temperature. Tissue sections were treated with
20 ug ml™* of proteinase K in phosphate buffered
saline (PBS) at room temperature for 15 minutes
followed by PBS wash. They were buffered with
terminal deoxynucleotidyl transferase (TdT) buffer for
10 minutes followed by labeling reaction with 10 mm
of dAdenosine triphosphate (dATP), 0-4 mMm of biotin
14 dATP and TdT for 60 minutes at 37°C. The
positively labeled cells were demonstrated by a
standard biotin-streptavidin peroxidase method visua-
lised by diaminobenzidine (DAB). TUNEL-labeled cells
were counted in the entire tissue section. The result
was expressed as the number of TUNEL-labeled cell per
1 mm of retina.

Pyknotic cells were counted in 1 #m thick toluidine
blue stained Araldite resin sections. The result was
expressed as the number of pyknotic cells per 1 mm of
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FIG. 2. Opsin immunolabeling. (A) Normal cat at 13 5 weeks x 400; (B) Rdy cat at 13 5 weeks x 400; (C) Rdy cat at 13 5

weeks x 1000; (D) Rdy cat at 13 5 weeks x 1000.

retina. TUNEL-labeled and pyknotic cell were counted
by two independent observers and the mean values
were calculated.

Immunohistochemistry

The distribution of opsin (antiserum courtesy of Dr
D. Bok), synaptophysin, glial fibrillary acidic protein
(GFAP) immunoreactivity, and binding ofan epithelial
marker MNP 118 was investigated using a standard
biotin-streptavidin peroxidase method (all antibodies,
unless otherwise stated, were obtained from Dako Ltd,

England). Antigen retrieval pre-treatment with trypsin
was performed prior to all primary antibody incu-
bations (Ordonez, Manning and Brookes, 1988).
Appropriate positive and negative controls were used
throughout.

3. Results

A small number of TUNEL-labeled cells and pyknotic
cells was found in the outer nuclear layer of both
normal and affected animals before 5 weeks ofage and
no significant difference was observed at these time
points. In the affected animals, the number of TUNEL-
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FIG. 3. Synaptophysin and glial fibrillary acidic protein (GFAP) immunolabeling x 400. (A) Normal cat at 13 5 weeks with
synaptophysin immunolabeling: (B) Rdy cat at 13 5 weeks with synaptophysin immunolabeling; (C) Normal cat at 13 5 weeks
with GFAP immunolabeling; (D) Rdy cat at 13 5 weeks with GFAP immunolabeling.

labeled cells and pyknotic cells increased and peaked
around 9— 0 weeks of age but none were seen in the
controls after 5 weeks. The results of pyknotic cell
count and TUNEL positive cell count of the outer
nuclear layer (photoreceptors) are summarised in Figs
1(A) and 1(B) respectively.There were no significant
differences between the normal and affected animals
in the inner nuclear layer and ganglion cell layer of
the retina (data not shown). Inter-observer variability
was less than 10% for both the pyknotic cell and
TUNEL counting. Photoreceptor cell counts showed

significant cell loss between 5 and 17 weeks [Fig.
1(O)].

Between 5 and 17 weeks, there was about 700
photoreceptor cells were lost per mm of retina, which
was equivalent to an average cell loss of 8-3 cells per
day per mm. Over the same period oftime, the average
TUNEL positive cell count was about 2 5 cells per mm.
Hence, the estimated time for the cells to be TUNEL
positive was about 8 hr. Using similar calculation, the
estimated time for the cells to appear pyknotic
morphologically was about 12 hr.
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Immunohistochemical staining of opsin was almost
entirely restricted to the rod outer segments (ROS) in
the normal controls [Fig. 2(A)]. In the Rdy cats, opsin
was present in both rod outer and inner segments and
there was also accumulation of opsin in the outer
nuclear layer and within the presumed photoreceptor
cell synaptic terminals in the outer plexiform layer
[Fig. 2(B). Some of the rods had sprouted opsin-
positive neurites extending towards the ganglion cell
layer [Fig. 2(C)] and some had branches [Fig. 2(D)].

Synaptophysin is a synaptic vesicle protein. In the
controls, immunolabeling with anti-synaptophysin
was largely restricted to the outer and inner plexiform
layers [Fig. 3(A)]. In the Rdy cats, the immunolabeling
of the outer plexiform layer reduced with age and in
parallel with the reduction of photoreceptor cells. No
significant change in labeling of the inner plexiform
layer with anti-synaptophysin was seen [Fig. 3(B)].

GFAP was expressed predominantly by the astro-
cytes in the normal controls [Fig. 3(C)]. In the Rdy
cats, markedly increased immunostaining of GFAP in
Muller cells was observed at all time points [Fig. 3(D)].
Retinal pigment epithelial cell changes were not seen
(data not shown).

4. Discussion

PCD is a genetically encoded potential of all cells,
and is an essential part of embryonic development, cell
turnover and of removal of cells infected by virus or
harbouring mutations (Raff, 1992). It is characterised
morphologically by disintegration of the nucleolus and
generalised condensation of the chromatin, associated
with cleavage by an endogenous nuclease of nuclear
DNA into short chains of nucleosomes in multiples of
180 base pairs (Gavrieli, Sherman and Ben-Sasson,
1992). Condensed nuclei then fragment, giving rise to
apoptotic bodies. In contrast to necrosis, the process
affects individual cells within a tissue, neighbouring
cells remain healthy, and it takes place in the absence
of acute inflammation,

In all models of hereditary retinal dystrophy
examined to date, including human RP, cell loss is
through the process of PCD (Chang et al., 1993;
Portera-Cailliau et al., 1994; Tso et al., 1994). The
TUNEL technique has been used to demonstrate PCD
in the retinal degeneration (rd), retinal degeneration
slow (rds), transgenic Q344ter rhodopsin mutant mice
(Chang, Hao and Wong 1993 ; Portera-Cailliau et al.,
1994), RCS rats (Tso et al., 1994) and in human RP
(Li and Milam, 1995). It labels the 3’ ends of DNA
fragments in nuclei going through the process of PCD
in situ (Gavrieli, Sherman and Ben-Sasson, 1992;
Nakamura, Sakai and Hotchi, 1995). This technique
is more sensitive than the agarose gel electrophoretic
analysis of genomic DNA for internucleosomal DNA
cleavage (Tso et al., 1994). The nuclei of these cells
are, however, TUNEL-labeled for only a short period of
time, about 8 h in this model.
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It is believed that TUNEL-labeled cells represent an
early stage of PCD. This is followed by the con-
densation of the cytoplasm and nuclear chromatin. In
this study, TUNEL-labeled cell counts generally mir-
rored the pyknotic cell count. It seems, however, that
the TUNEL-labeled cell count peaked slightly earlier at
9 weeks as compared to 10 weeks for pyknotic cell
count. There were also fewer TUNEL-labeled cells than
pyknotic cells.

Although the photoreceptor degeneration starts at
about 5 weeks, the maximal photoreceptor loss was
between 9 to 13 weeks. PCD was maximal at the onset
of maximal cell loss, consistent with our findings. This
indicates that PCD is the main mode of cell death in
this model of retinal degeneration. As the photo-
receptor degeneration presents early, this would be a
useful model for the study of PCD manipulation and
therapeutic intervention.

Opsin immunolabeling is normally largely restricted
to the rod outer segments (ROS). In the Rdy cats, opsin
was also present in the rod inner segments and around
the cell perikarya. Similar findings have previously
been observed in rodent models of retinal degeneration
including the rd mice, rds mice, RCS rats and mice
with human P23H rhodopsin transgene (Ishiguro,
1987; Nir et al., 1989; Nir and Papermaster, 1989;
Roof, Adamian and Hayes, 1994) as well as in human
retinitis pigmentosa (Li, Kljavin and Milam, 1995).

In addition to this abnormal perikaryal opsin
labeling, the transgenic rhodopsin P23H mutant
mouse has accumulation of opsin throughout the
outer plexiform layer (Roof, Adamian and Hayes,
1994). This extensive immunoreactivity was not
present in the Rdy cats but there were opsin positive
rod neurites sprouting towards the ganglion cell layer.
This phenomenon has been described in human
retinitis pigmentosa (Li, Kljavin and Milam, 1995;
Milam, Cideciyan and Jacobson, 1996) but has not
been observed in any of the rodent models of retinal
degeneration examined to date (Li, Kljavin and Milam,
1995). It has been suggested that the rapid photo-
receptor degeneration in the rodents leaves little time
for the rod to attempt making new connections, but
with slower retinal degeneration in the human, this is
a possibility, The precise mechanism of this phenom-
enon is unknown, It seems likely, however, to reflect
changes in the post-synaptic sites on horizontal or
bipolar cells. Furthermore, the significance of this
phenomenon to the pathogenesis of the disease and its
therapeutic implications remain unknown.

The reduction of synaptophysin immunolabeling in
the outer plexiform layer of the Rdy cats is also found
in other rodent models of retinal degeneration,
including the RCS rat (Sheedlo et al., 1993). No
significant changes in the inner plexiform layer were
expected as there was no significant cell death in the
inner nuclear and ganglion cell layers as compared to
normal controls, until end-stage disease (Curtis,
Barnett and Leon, 1987; Leon and Curtis, 1990). This
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finding parallels that observed in moderate human
retinitis pigmentosa, where 88 % of the inner nuclear
layer remained intact (Santos et al., 1997).

GFAP is the major component of glial intermediate
filaments found in astrocytes. In the retina, GFAP is
present only in astrocytes and Muller cells. However,
Muller cells increase GFAP expression in response to
focal or generalised retinal injury, such as laser
photocoagulation (Humphrey et al., 1993) and light
damage (Eisenfeld, Bunt Milam and Sarthy, 1984) as
well as in genetically determined retinal degeneration,
such as the RCS rats (Eisenfeld, Bunt Milam and
Sarthy, 1984), the recessive feline model of retinal
degeneration (Ekstrom et al., 1988) and human
retinitis pigmentosa (Milam and Jacobson, 1990).

There is evidence to suggest that the increase of

 GFAP expression is mediated by growth factors. In
~ focal retinal injury, there is a lag period of about 24 hr
 before a significant increase of expression is seen

(Humphrey et al., 1993) suggesting the injury does
not directly increase the transcription of the GFAP
gene. The delay suggests one or more intermediate
steps. Furthermore, the normal area adjacent to the
focal injury also has increased GFAP expression. This
would be explained by diffusion of one or more growth
factors from the site of focal injury (de Raad et al.,
1996). This hypothesis is further supported by the
increased expression of basic fibroblast growth factor
(bFGF) after retinal injury (Wen et al., 1995). Different
growth factors can also have different effects on the
Muller cells. For instance, intravitreal injection of
bFGF induces GFAP immunoreactivity in Muller cells
of normal eyes (Lewis et al.,, 1992) but intravitreal
injection of brain derived neurotrophic factor reduces
GFAP expression in a feline model of retinal de-
tachment (Lewis and Fisher, 1997).

This glial reaction might reflect attempted photo-
receptor rescue during retinal injury. However, these
activated glial cells also induce scar formation and
might even produce neurotoxins. It would be of great
interest to investigate further whether this glial
reaction is of benefit to the retina or not.

In comparison to rodent eyes, not only are cat eyes
larger in size, the well characterised visual neuro-
physiology of cats will be of value in the assessment of
pathophysiology and efficacy of novel therapeutic
agents. The findings in the Rdy cats closely parallel
those seen in human RP,
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Repeated Injections of a Ciliary
Neurotrophic Factor Analogue
Leading to Long-term
Photoreceptor Survival in
Hereditary Retinal Degeneration

N. H. Victor Clbong,"2 Robert A. Alexander,’
Lorraine Waters," Keith C. Barnett,'
Alan C. Bird,? and Philip ]. Lutbert'

Purpose. To determine whether ciliary neurotrophic fac-
tor (CNTF) or brain-derived neurotrophic factor (BDNF)
treatment leads to longterm photoreceptor survival in
hereditary retinal degeneration.

MerHODS. An autosomal dominant feline model of rod-
cone dystrophy was used throughout the study with two
normal animals. In the first experiment, intravitreal injec-
tions of a human CNTF analogue (Axokine; Regeneron
Pharmaceuticals, Tarrytown, NY) were administered to
one eye of each animal (n = 10) beginning on postnatal
day 10 and were repeated every 4 weeks. Clinical and
histopathologic ¢xaminations were performed at 5.5, 9.5,
and 13.5 weeks. In the second experiment, animals (n =
17) were randomly assigned to receive intravitreal injec-
tions of either Axokine (at half the initial dose), human
BDNF, or the vehicle for Axokine to one eye at 5.5 weeks.
The same therapy was repeated every 4 weeks in each
group. Clinical and histopathologic examinations were
performed at 9.5, 13.5, and 17.5 weeks. Photoreceptor
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survival was assessed by cell counting. Apoptotic cells
were identified by morphology and a modified TdT-dUTP
terminal nick-end labeling (TUNEL) technique. In the third
experiment, two normal animals were treated with Axo-
kine as in the first experiment. Glial fibrillary acidic pro-
tein (GFAP) immunohistochemistry was performed to as-
sess glial cell reaction.

Resuits. In the first two experiments, Axokine signifi-
cantly prolonged photoreceptor survival (P < 0.01) and
reduced the presence of apoptotic cells (P < 0.05) and
TUNEL-positive cells (P < 0.05). In the second experi-
ment, results in the the BDNF- and sham-injected eyes
were not significantly different from those in the un-
treated eyes. Minimal posterior subcapsular cataract and
mild retinal folds were found in all Axokine-treated eyes in
both dystrophic and normal animals. These complications
were milder in the second experiment when injections
were started later and at a reduced dose. GFAP immuno-
labeling was also increased in all Axokine-treated eyes.

Concrusions. Axokine, but not BDNF, delays photorecep-
tor loss in this hereditary retinal degeneration. Repeated
injections maintain the protective effect. (Invest Ophthal-
mol Vis Sci. 1999;40:1298 -1305)

etinitis pigmentosa (RP) is 4 group of hereditary disorders
Rinvolving retinal degeneration characterized by poor night
vision and restricted visual field.' It affects approximately 1 in
3500 people.? There is currently no effective treatment, and it
is one of the leading causes of working-age blindness in the
developed world.* Despite the increasing number of disease-
causing mutations that have been identified, the pathophysiol-
ogy of photoreceptor death in this group of conditions is
largely unknown.'

There is convincing evidence that the genetic defects can
lead indirectly to cell death. This is evident, for example, in
cone loss in patients with retinitis pigmentosa due to mutations
in the rhodopsin gene. which is expressed only in rods." It is
of interest that in these and other retinal degencerations pho-
toreceptor cell death occurs by apoptosis.* ™ These observa-
tions imph that therapeutic modification of the process lead-
g 10 ApopLosis or the apoptotic pathway itself may modity the
course of these disorders.
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TasLe 1. Apoptotic Cell Count and TUNEL-Positive Cell Count

5.5* 9.5 13.5
(n = 3) (n = 4) (n=3)
First experiment: Axokine-treated versus untreated eyes

Apoptotic cell count

Axokine 0.60 * 0.16 1.08 = 1.02¢ 2.16 £ 0.58

Untreated 0.70 + 0.14 592+ 298 3.30 = 2.74
TUNEL Count

Axokine 0.16 * 0.24 0.52 + 0.28% 0.74 = 0.38}

Untreated 0.64 + 0.60 2.16 £ 1.04 1.72 £ 0.64

9.5 13.5 17.5

Second experiment: Axokine versus BDNF versus vehicle versus no treatment

Apoptotic cell count

Axokinet 2.76 (1)
BDNF 5.26 (1)
Vehicle 5.5+ 1.54 (2)
Untreated 5.3 * 1.08 (9
TUNEL count
Axokinet 3.08 ()
BDNF 5.10 (1)
Vehicle 6.60 = 0.84 (2)
Untreated 6.34 + 0.64 (9

1.62 + 0.18 (2)
1.66 * 1.26 (2)
272 +0.30(2)
2.86 * 1.16 (6)

23209803
224+ 0.64 (2
3.54 = 1.16 (2)
3.16 £ 0.90 (7)

0.80 = 0.54 (3)
1.70 = 0.54 (2)
2.16 £ 0.18(2)
1.78 = 0.60 (7)

0.48 £ 0.02 (2)
1.86 + 0.44 (2)
3.74 + 2.08 (2)
2.52 * 1.54 (6)

All data are means * SD cell counts in I mm of retina with sample number in parentheses.

* Age in weeks.
1 P < 0.05, treated versus untreated eyes.

An unexpected finding was observed during the early
attempts at retinal transplantation for photoreceptor rescue.
Focal injury to the retina appears to protect nearby photore-
ceptors from degeneration. This was clearly illustrated in the
Royal College of Surgeons (RCS) rat in which mechanical injury
produced by an injection of saline into the subretinal space or
into the vitreous or even insertion of a needle without injection
led to protection of photoreceptors near the wound.'® This
protection is not restricted to genetically determined retinal
degeneration. Similar photoreceptor rescue by mechanical in-
jury was observed in lightinduced retinal damage in the rat."*
Injury-induced photoreceptor rescue extends beyond the im-
mediate vicinity of the lesion, suggesting that diffusible factors
may be involved.'®'" Because mechanical injury to the eye
increases the expression of basic fibroblast growth factor
(bFGF) and ciliary neurotrophic factor (CNTF) in the rat reti-
na,'? it is logical to assume that these agents may be responsi-
ble, at least in part, for this protection.

A single intravitreal injection of bFGF delayed photorecep-
tor loss in the RCS rat.'* Subsequently, bFGF, CNTF, and
brain-derived neurotrophic factor (BDNF) were found to pro-
tect photoreceptors from light-induced retinal damage in the
rat'* and the mouse.'> In addition, CNTF appears to be pro-
tective in the retinal degeneration (rd) mouse and the trans-
genic mouse with the Q344ter rhodopsin mutation.'?

To date, neurotrophic factors have been shown to be
effective only in rodents in which a single injection is used for
short-term rescue. To determine whether this phenomenon is
specific to rodeots and whether these factors can achieve
long-term rescue, we studied the capacity of multiple intravit-
real injections of a human CNTF analogue (Axokine) and hu-
man BDNF 1o provide long-term protection of photoreceptors
in an autosomal dominant feline model of rod- cone dystrophy

(Rdy cats). Axokine (Regeneron Pharmaceuticals, Tarrytown,
NY) is a modified form of human CNTF to enhance its specific
activity.'®

METHODS

The Rdy cat'’>" was used throughout the study with two
normal animals. In brief, the features are those of an autosomal
dominant rod- cone dystrophy with photoreceptor degenera-
tion beginning at 5 weeks of age. The peak of apoptosis occurs
at approximately 9 weeks?!. The inner retina is relatively well
preserved until end-stage disease.

The animals were bred and studied under the regulation of
the UK Animals (Scientific Procedures) Act 1986 and all animal
procedures adhered to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

All the intravitreal injections were performed by one of
the authors (NHVC). Animals were anesthetized by a gas mix-
ture of halothane, nitrous oxide, and oxygen. A disposable
0.3-ml insulin syringe with a fixed 29-gauge needle was in-
serted 2 mm to 4 mm behind the limbus (depending on the age
of the animal) at the superotemporal quadrant and directed
toward the optic nerve. When the tip of needle reached the

midvitreous, the injection was administered in a single, swift

action. A gentle ocular massage was performed for 2 minutes
to reduce the intraocular pressure.

In the first experiment (early treatment), Axokine (5 pug in
50 ul vehicle) was injected intravitreally in one eye at postnatal
day 10 (n = 10). The other eye acted as an untreated control.
The injection was repeated every 4 weeks. After cach intravit-
real injection a 3-day course of topical prednisolone were given
to both c¢yes. Clinical (ophthalmoscopy) and histopathologic
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FiGure 1. Photoreceptor cell count (mean * SD). (A) The first experiment (Axokine versus no treat-
ment) showed significant photoreceptor rescue in Axokine-treated eyes. (B) The second experiment
(Axokine versus BDNF versus vehicle versus no treatment) showed significant photoreceptor rescue in
Axokine-treated eyes but no effect in BDNF- and vehicle-treated eyes.

examinations were performed in cats at 5.5, 9.5, and 13.5
weeks of age.

In the second experiment (delayed treatment), we inves-
tigated the effects of the Axokine (2.5 ug in 25 uf), human
BDNF (250 pg in 25 ul) or sham injection with 25 ul phos-
phate-buffered solution (PBS) at pH 8 (vehicle of Axokine) in
one eye, with the other eye untreated. Animals (n = 17) were
randomly assigned to one of the three injection groups. Only
one eye was injected, the other eye remained untreated. The
injections were started at 5.5 weeks and repeated every 4
weeks. For 5 days after each intravitreal injection, topical
prednisolone was applied to both eyes. Clinical (ophthalmos-
copy) and histopathologic examinations were performed in
cats at 9.5, 13.5, and 17.5 weeks of age.

In the third experiment, we injected a small number (n =
2) of normal animals with Axokine to evaluate complications
using identical protocol as the first experiment.

All animals were killed with an overdose of systemic
phenobarbitone. The eyes were immersed in 10% formalin in
the first experiment and in 4% paraformaldehyde with PBS in
the second and third experiments. After 24 to 48 hours of
fixation, the eyes were hemisectioned circumferentially at the

cquator. The posterior ¢yecup was then divided horizontally:

and vertically through the optic nerve head. The superonasal

quadrant was embedded in Araldite resin using a standard
protocol. Photoreceptor cell and apoptotic cell counts of the
dystrophic animals were performed in 1-pm-thick toluidine
blue-stained Araldite sections. The same portions of the eye
were counted in all cases. The inferonasal quadrant was em-
bedded in paraffin wax for the modified Terminal deoxynu-
cleotidyl transferase, Uridine triphosphate, Nick End Labeling
technique and immunohistochemistry. The same portions of
the eye were counted in all cases. The superior and inferior
quadrants were oriented in such a way that the sections
counted were only separated by the cut edge.

An antibody against glial fibrillary acidic protein (GFAP)
(Dako, UK) was used to assess Miiller cell activity using a
standard biotin-streptavidin peroxidase method. Antigen re-
trieval pretreatment with trypsin was performed before pri-
mary antibody incubation. Appropriate positive and negative
controls were used.

Photoreceptor Cell Count

A random location near the center of the section was chosen at
low magnification. The section was then moved 550 um from
the random spot. An eyepiece graticule (Graticules, Tonbridge,
UK) was used 1o obtain a 25-um-wide retinal strip. The number
of cells within this strip was counted. The section was then
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FIGURE 1.

moved 250 um toward the center, and another 25-um-wide
retinal strip was counted. This was repeated twice to obtain a
total of four readings. One hundred micrometers of retinal
width was counted. The number of photoreceptor cells
counted was then multiplied by 10 and expressed as the
number of cells per 1 mm of retina.

Identification of Apoptosis

Apoptotic cells were identified on morphologic grounds as
cells with condensed pyknotic nuclei. The whole section was
counted. The result was expressed as the number of apoptotic
cells per 1 mm of retina.

An in situ 3'-tailing reaction was used to detect double-
strand breaks in DNA.*? In this modification of the TdT-dUTP
terminal nick-end labeling (TUNEL) technique, dUTP was re-
placed with deoxyadenosine triphosphate (dATP). Sections of
rat duodenum were used as positive control specimens, and
omission of the transferase enzyme from the reaction mixture
served as a negative control. Cells in the entire section were
counted. The result was expressed as the number of TUNEL-
positive cells per 1 mm of retina.

Counts of photorcceptor cclls, apoptotic cells. and
TUNEL-positive cells were performed using the microscope
setting of X40 abjective with a X 10 eyepiece, providing a
0.5-mm diameter field. All apoptotic cell counts and TUNEL-
positive cell counts were performed independently by two

(Continued)

observers. The difference in results between the two ob-
servers was less than 10%, and the mean was taken as the
final result.

Retinal Fold Counting

The number of retinal folds was counted in each section of
each animal. The results were expressed as the number of folds
per 1 mm of retina.

Statistical Analysis

All three parameters (photoreceptor cell count, apoptotic cell
count, TUNEL-positive cell count) in each treatment group
were compared with those in the untreated group using paired
Student’s #-test at individual time points and then the groups as
a whole. All statistical analysis was performed using commer-
cial software (Excel 95; Microsoft, Redmond, WA).

RESULTS

During the study, the animals tolerated the procedure well and
appearcd 1o be pain free. Topical prednisolone was applied
prophylactically and no active inflammation was observed clin-
icallv, ¢ven in the early postoperative period.
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Cell Counts in Axokine-I'realed Versus
Untreated Eyes

In the iirst experiment, we assessed whether Axokine had a
protective effect. The results of photoreceptor cell counts, apo
ptotic positi\t cell counts, and 11°’NHL cell cotinls in the initial
experimetit are summari/ed in Table 1A and Figure 1. Photore-
ceptor e'ell counts were signilicanth’higher in the .Axokine treated
group at all time points {P - 0.02 at 5.5 weeks; P ' 0.0001 at9.5
weeks; P = 0.(K)3 at 155 weeks). Cotwerseh, aptptotic cell
counts (P = 0.01) and IINHI, cell counts {P = 0.0)) were
signilicanth' redticcd at 9.5 weeks, and the 11INHL coutit was
signilicanth lower at 1.5.5 weeks iP = 0.0-i).

Cell Counts in Axokine-I reated \ersus HDNE-
Treated \ ersus Sham Treated Versus
Untreated Eyes

After the initial success with Axokine, in the sctomi expeti
mem. we delaved the beginning ol theiap\ to 5.5 weeks and

compaictl the effects of .Axokine tat half the dosage of the

initial experiment ). human BDNH. and vehicle of Axokine. The
results of photoreceptor cell cotints, apoptoliv cell cotmts, and
11 NHL positive cell counts arc summari/ed in fable IB and
ligtire IB The difference in photoreceptor cell counts was
statistically significant in the Axokine-treated group at 13 5
(P - 0.05) and 1'',5 weeks (* = 0.02; figs. 2.\. 2B) Although
the indices ol apoptosis were tiot statisticalh signilicant in the
tintreated eyes at indiv idtial time poitits. the entire Axokine-
treated grotip had signilicatitly few er apoptotic cells tP = 0.03)
and 11'Nll.-positive cells (P - 0.006) than did the untreated
controls fhe difference between results in the BDNF- and
vehicle-treated grotips and those in the tmtrcaied eves were

not statisticalh signilic.mt in anv ol the par.imeters measured.

Other (dinieal and Histojiathologie ! imiini>s

Minimal posicnor siilx apsular i.ataracts were ecihscrveti clini-
callv and histopathologic alh in all .\\okinc ireat< 4 eyes in
dv\trophic and normal animals, fhe lens op.u itics were less

than ~ o 1 the siirlaco area of the Ien-" in all Axoknu-treated
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(il .M' inimunohisloclifmi.stn' in cat retina. t.\) I'ntrcatcd normal eye in a cat 14 weeks ol age: (K) .\xokine treated normal eye at 13

weeks ol age: <C) untreated eye of Ut/y eat at 13 weeks of age: (D) Axokine-treated eye of AVly eat at 13 weeks of age

animais. They affected the posterior siibcapsitlar area only, and
there was no extension into the nucleus of the lens. None of
the eaiaraets ohseured the fundus exatnination. hi light micros-
copy. there were more eells present posterior to the ecluator of
the letis with the associated opacities (Fig. 20. Although
quantitieation was not performed, treated anitnals in the sec-
ond experiment (delayed atid lower dose) appeared to have
fewer lens opacities.

In all .Axokine-treated eyes in dystrophic and nortiial ani-
mals, there were stnall retinal folds seen in histopathologic
analyses (Fig 21)). These folds were not detected in clinical
exatnination by ophthaltnoscopy. No vitritis or inllammatory
respotisc was obserxed either clinically or histopathologicalh
In .Axokine-treated eyes, the mean number of retinal folds per
tnillimeter of retina in the Ilirst and second experimetits was
1.802 z 0 119 and 0.388 z 0..36(), respectix eh
was stattMic.tllv signilicatit (~* = 0.000(). Neither cataract nor

IThe difference

retin.il folds were seeti in an\ of the BD.M injet ted. xchicle
injected, or untreated eves.

Although no formal quantilixation ol the <)phthalmo'>et)pic
httdmgs XXas obtainexi. the oxerall dilti rence betxxivn treatxxl

and nntreate.l exes appealed to he small

GFAP Iinmunoliistocheinisln'

In the untreated normal animals, astrocytes were immunopo-
sitive for (IF.AF (Fig. ,3A). In the Axokine treated normal ani-
mals, there xXas a marked increase of (FAF immunolabeling in
the Millier cells (Fig. 3H). In the untreated AVy cats, an increase
of IFAF immunolabeling of .Miiller cells xxas found (Fig. 30,
and there xxas a suggestion of a futiher increase of GFAP
immunolabeling of Millier cells in the Axokine-treated Rdy cats

(Fig. 3D).

D ISCUSSION

In the present studx. Axokine (a htim.m ( Nil analogue) re-
duced apoptotic cell death ol photoreceptors in the Rdy cat,
and multiple injections prox ided long-term protection How-
excr. human BDNF xxas not effectixe 1lhese results are similar
In the light damage
moxlel of fxtmal degeiuiation. both ( Nil tnd BDNF delay
Fhe inetfx <tixx iies> of BDNF

to those Ieported m the mouse moxlels

photoreceptor degem taiion '’
in this eat model max he explained b\ the laxt that xxe xxere
usitig human BDNF tn'-tx ad of feline BDNF Hoxxxxet the same
ptep.iraiion at a Mightlx loxx xr xiov (Ido /jtg) of htim.m BDNF
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promotes outer segment regeneration in an acquired feline
retinal degeneration model.>* Although we cannot exclude the
possibility that different dosages of BDNF may have an effect in
the Rdy cats, it seems unlikely, because the difference in
dosage was only 2.5-fold. It is possible that BDNF can protect
the retina from acute injury, as occurs in light damage and
retinal detachment, but that it is ineffective in hereditary reti-
nal degeneration.

The difference in response may be explained by the prob-
able existence of more than one route leading to apoptosis, the
final common pathway of retinal degeneration. The synergistic
effect of CNTF and BDNF in enhancing the rate of functional
recovery after peripheral nerve transection®* also suggests that

_ the two neurotrophic factors may act on different pathways.
Furthermore, they are known to activate different signal trans-
duction pathways.?>2¢

Cataract formation and retinal folds were relatively minor,
and have not been reported after CNTF therapy.'“'®> These
complications are unlikely to be related to surgical trauma,
because they were present only in Axokine-treated eyes. Both
complications were less severe in the second, lower dose
experiment, suggesting that the response may be dose depen-
dent. .

CNTF is known to increase expression of glial fibrillary
acidic protein (GFAP) in Miiller cells.?® It is also possible that
Axokine increases GFAP expression in the treated animals and
may therefore, directly or indirectly, constitute other compo-
nents of a glial injury response, including the release of endog-
enous growth factors.

In principle, Axokine may cause cataract formation di-
rectly or through the secondary release of other growth fac-
tors. Although the CNTF alpha receptor has not been shown in
the human lens epithelium, a direct effect cannot be excluded.
The receptors of other growth factors, including bFGF are
present in lens epithelial cells.?” Because bFGF can induce
proliferation of lens epithelial cells in vitro,?® it is therefore a
possible candidate for an intermediate agent.

Similarly, the retinal folds may also be secondary to bFGF,
because intravitreal injection of this growth factor causes ret-
inal folds with severe inflammation in the rabbit.”® This effect
is also dose dependent. The absence of inflammation in the
Rdy cats may reflect a species difference. It is, however, pos-
sible that Axokine acts on the Miiller cells, leading directly to
retinal swelling and then folds. CNTF is known to produce
swelling of astrocytes in vitro.*

Based on our data, repeated intravitreal injections of Axo-
kine, but not human BDNF, provide long-term photoreceptor
survival in hereditary feline retinal degeneration and may be a
therapy for human retinitis pigmentosa.
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Retinopathy Associated with
Enterococcus Enteropathy in the
Neonatal Rat

Shuichen Zbang,' David A. Leske,'
James R. Ubl? Franklin R. Cockerill Ill,
William L. Lanier,’ and Jonatban M. Holmes'

Purrose. Preretinal neovascularization has been previ-
ously observed in neonatal rats with spontaneously occur-
ring diarrhea. This neovascularization appears analogous
to retinopathy of prematurity (ROP), which occurs in
human neonates. A new enterococcus species, designated
Enterococcus rattus, has been isolated from the duode-
num of these rats. In the present controlled study, the
effect of the enteropathy induced by this organism on the
retinal vasculature in the neonatal rat was further investi-
gated.

Mernons. One hundred fifty newborn Sprague-Dawley
rats were randomly assigned to 6 expanded litters (n =
25). On the second day of life, animals were gavaged with
either 100 ul of E rattus suspension (1.0 X 107 colony
forming units, inoculated group, n# = 100 rats) or 100 ul
saline (control group, n = 50 rats). All rats were raised in
room air and were killed on day 13 of life. Duodenal and
blood samples were cultured. The retinal vasculature was
assessed using fluorescent microscopy and ADPase stain-
ing in a masked manner. Two additional inoculated litters
and one control litter were studied for evaluation of arte-
rial blood gases and validation of the grading method for
preretinal neovascularization.

ResuLts. One hundred percent of rats in the inoculated
group developed severe diarrhea and had duodenal cul-
tures positive for E. rafius compared with 0% in the
control group. Preretinal neovascularization similar to

From the Departments of 'Ophthalmology, *Laboratory Medicine
and Pathology. and “Anesthesiology, Mayo Clinic, Rochester, Minne-
sota.

Supported in part by the Association for Retinopathy of Prematu-
rity and Related Discases, Franklin, Michigan; Research to Prevent
Blindness, New York. New York: and the Mayo Foundation, Rochester,
Minnesota.

Submitted for publication August 27, 1993: revised December 16,
1998: accepied January 20, 1999.

Proprictary interest category: N

Reprint requests: Jonathan M. Holmes, Department of Ophthal-
mology W7 Mavo Clinic, 200 First Street SW, Rochester. MN 55905,

ROP occurred in 55% of rats in the inoculated group
compared with 2% in the control group (P = 0.001).
Retinal vascular areas were reduced in the inoculated
group (mean * SD, 89% * 5% versus 96% * 2%; P <
0.001). Rats in the inoculated group demonstrated severe
growth retardation (final weight, 9.7 % 2.2 versus 16.7 £
2.7 g, P < 0.001). Inoculated animals also experienced
acidosis (pH 7.31 = 0.06 versus 7.39 * 0.06 control, P =
0.04).

Concrusions. A previously undescribed enterococcal en-
teropathy was associated with preretinal neovasculariza-
tion similar to ROP in the neonatal rat. This supports an
independent role for factors other than inspired oxygen in
the development of ROP. ({nvest Opbthalmol Vis Sci.
1999;40:1305-1309)

Ithough hyperoxia is considered to be a major risk factor in

the development of retinopathy of prematurity (ROP) in
human neonates, the incidence of ROP is increasing despite
the judicious use of oxygen.' ROP occurs more frequently in
the sickest and smallest of premature infants.' Clinical and
experimental studies have suggested that other factors, such as
sepsis, carbon dioxide, acidosis, and postnatal growth retarda-
tion, may play a role in the pathogenesis of ROP.2~¢

The analysis of factors by retrospective clinical studies is
limited by potentially confounding variables. The use of animal
models of ROP may help evaluate the contributions of a single
factor in pathogenesis. Severe preretinal neovascularization
analogous to ROP is observed in the rat model of oxygen-
induced retinopathy (OIR) after exposure to cyclic hyperoxia
and hypoxia. Room air controls in this model do not develop
neovascularization.”

We have previously reported the observation of preretinal
neovascularization in neonatal rats with spontaneously occur-
ring diarrhea.” These rats were never exposed to hyperoxia or
hypoxia. We isolated the causative bacterium from the duode-
nal content of these rats, and it was determined to be a
previously undescribed Enterococcus by analysis of the DNA
sequence of the 16S ribosomal RNA gene.® This bacterium has
been designated Enterococcus rattus. In this report, we de-
scribe a controlled study of E. rattus gavage on the retinal
vasculature of the neonatal rat.

METHODS

All experiments were performed in accordance with the ARVO
Statement for the Use of Aninals in Ophthalmic and Vision




