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Abstract

Battlefield retinal laser injury is an infrequent but potentially devastating cause of
irreversible blindness. Resultant laser-induced photoreceptor death may occur by
necrosis or apoptosis, the latter which is a form of programmed cell death that may
be physiological or pathological. Though necrosis cannot be prevented, apoptosis
may be inhibited under certain conditions. Therefore, following retinal laser injury,
specific treatment aims to target apoptotic photoreceptors and may take the form

of neuroprotection or cell replacement.

The primary aim of this thesis was to construct an in vivo model in which to observe
the effects of retinal laser exposure on cone photoreceptor apoptosis. Current
methodology to determine the effects involves histological techniques and is
therefore limited to being cross-sectional. An in vivo model would permit
longitudinal study to observe the cone response to injury using clinically relevant
applications, including fundus autofluorescence imaging. Such a construct would
enable more sensitive evaluation of new therapies which would be of direct
translational relevance. The secondary aim was to investigate potential therapeutic
options for retinal laser injury by pharmacological means in the form of CNTF or cell
transplantation. To identify the possible molecular signals involved in neurotrophic
factor-induced photoreceptor cell survival, apoptotic gene expression was

investigated focusing on those genes modulated by the CNTF pathway.
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ABBREVIATIONS

AAV: adeno-associated virus

AF: autofluorescence

AMD: age-related macular degeneration
CMZ: ciliary marginal zone

CNTF: ciliary neurotrophic factor

cSLO: confocal scanning laser ophthalmoscope
ECT: Encapsulated Cell-based Technology
EGFP: enhanced green fluorescent protein
ERG: electroretinography

ES: embryonic stem

FACS: Fluorescence activated cell sorting
GFAP: Glial fibrillary acidic protein

GFP: green fluorescent protein

GS: Glutamine synthetase

IGF: insulin-like growth factor

IPSC: induced pluripotent stem cell

IR: infrared

IS: inner segments

LM: long-medium

MACS: Magnetic-activated cell sorting
MAPK: mitogen-activated protein kinase
MVL: minimum visible lesion

MSC: mesenchymal stem cell



NSC: neural stem cells

OPL: outer plexiform layer

0OS: outer segments

PNA: peanut agglutinin

RGC: retinal ganglion cell

RPE: retinal pigment epithelium

TUNEL: Terminal dUTP Nick End-Labeling
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1.1 Introduction

Retinal laser injuries represent an infrequent but potentially devastating cause of
irreversible blindness. Since its inception, the application of laser technology has
become widespread in a number of fields, including within the military and industry.
As such, there are several reports of significant ocular injuries related to its use.
These comprise anterior segment injuries or retinal burns, the latter which may
cause permanent visual loss and for which there is currently no satisfactory

treatment.

Laser energy is primarily absorbed by the retinal pigment epithelium (RPE).
However, it is damage to the photoreceptor cells that is responsible for the visual
loss incurred following exposure. Potential therapy would therefore target these
cells specifically and may take the form of neuroprotection or neural replacement.
Neuroprotection aims to minimise cell loss and therefore limit the extent of damage.
A number of compounds have been found to have neuroprotective properties.
Neural replacement would aim to restore a functioning photoreceptor population by

means such as transplantation.

1.2 Retinal anatomy

1.2.1 Morphological subdivision

The retina is a light sensitive tissue that comprises neuronal cells in addition to glia.
Following light absorption and activation of the visual cycle in the region of the outer

retina, downstream signalling continues via the inner retina before exiting the eye
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via the optic nerve. The human retina is further subdivided into a central and
peripheral retina. The central retina comprises the macula lutea, which contains
yellow pigment to filter out short wavelength light defocused due to chromatic
aberration. Together with increased photoreceptor density, this makes it an area of

greater spatial resolving power than the peripheral retina. This is further subdivided

into an area of maximal cone density, the fovea centralis.

The retina consists of ten layers, as shown in Figure 1.1, that extend from the outer

retina adjacent to the RPE to the inner retina consisting of the ganglion cell layer.
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Figure 1.1. The layers of the retina.”

" Taken from Webvision, http://webvision.med.utah.edu/
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1.2.1.1 Neuronal cells

Photoreceptors

The outer retina comprises the light-sensitive rod and cone photoreceptors. The
human retina contains 120 million rods and 6 million cones. Both types of cell
contain outer segments (OS) that interact with the RPE layer. The OS contain discs
that are composed of visual pigments (opsins) and are continually shed and
processed by the RPE. Each OS is connected via a cilium to an inner segment (IS) that
contains a high density of mitochondria. The photoreceptor cell bodies are located
in the outer nuclear layer (ONL). Processes extending from the ONL form synapses at

the outer plexiform layer (OPL).*

Bipolar cells

Bipolar cells are second order neurons that form synapses with either rods or cones
in the ONL and ganglion cells in the inner nuclear layer. They may also synapse with
horizontal cells, the latter introducing the function of lateral inhibition. There are
two types of bipolar cells, ON and OFF, which differ in function. Under scotopic
conditions, release of the neurotransmitter, glutamate, from photoreceptors, causes
hyperpolarisation of ON bipolar cells and depolarisation of OFF bipolar cells. This

situation reverses under photopic conditions.?

Rather than forming direct synaptic connections with ganglion cells, rod bipolar cells
synapse on to All amacrine cells. This causes subsequent depolarisation of cone ON

bipolar cells and hyperpolarisation of cone OFF bipolar cells, the latter mediated via
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inhibitory glycine synapses.’

Horizontal, amacrine and interplexiform cells

Horizontal cells, of which there are three types (HI, HIl and Hlll), are the laterally
interconnecting neurons of the OPL. HI cells have been shown to connect to all three
cone subtypes (S, M and L cones) whereas Hll cells connect to both rods and cones.
HIlI cells form connections to S cones only. Together with ON- and OFF-bipolar cells,
horizontal cells have a role in lateral inhibition, which they achieve via GABAergic

mediated mechanisms.*

Amacrine cells are located in the OPL, where they act as interneurons between
bipolar cells and ganglion cells. Of the approximately 40 subtypes of amacrine cells,
one particular subtype, All cells, connect rod bipolar with cone bipolar cells, and

subsequently to their respective ganglion cells.?

The function of interplexiform cells is to communicate information between the two

plexiform layers of the retina using either GABA or dopamine as a neurotransmitter.’

Retinal ganglion cells

Located at the inner retina, retinal ganglion cells (RGCs) receive input from the
photoreceptors via bipolar and amacrine cells. RGC axons form the optic nerve
which transmits to the brain, forming synapses in the thalamus, hypothalamus and

midbrain.}
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1.2.1.2 Glial cells
Muller cells

Miller cells are glial cells arranged in a scaffold network that protects the underlying
retinal architecture. In studies of the zebrafish retina following injury, Miiller cells
have been shown to undergo transdifferentiation, including into photoreceptors.6
Miuller cells terminate at the inner limiting membrane in an expansion of
“footplates” whilst the opposite ends terminate at the outer limiting membrane

comprising tight junctions between these cells and photoreceptor inner segments.

Aside from their role in providing anatomical support and in retinal histiogenesis,
Mdller cells are also responsible for maintaining water and pH homeostasis,
production of vitreal collagens, stimulating glycogenolysis, and in the removal of

extracellular K* to the vitreous.’

Astrocytes

Astrocytes comprise the other type of retinal microglia and are so-named due to
their characteristic star shape. Predominantly found in the nerve fibre layer,
astrocytes provide nutritional and metabolic support to the retinal ganglion cells.® As
they are intimately associated with retinal blood vessels, astrocytes are thought to

have a role in maintaining the blood-retinal barrier.’

Microglia

Microglia are small glial cells distributed throughout the retina from the nerve fiber
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layer to the OPL. Possessing phagocytic activity, activation of microglia under
physiological or pathological conditions can result in their release of a number of
growth factors, including brain-derived nerve factor, nerve growth factor,

neurotrophin 3, in addition to the cytokines, TNF-a and interleukin (IL)-6.%

1.2.1.3 Retinal pigment epithelium

Located in the posterior part of the eye, the RPE comprises a monolayer of polarised
epithelial cells situated between the photoreceptors and the choroidal blood supply.
The RPE has a major role in the phototransduction cascade® and in the phagocytosis
and renewal of photoreceptor outer segments.'” The RPE selectively transports ions,
fluid, nutrients, and metabolic waste products between the retina and the
choriocapillaris.13 By this action, it maintains the integrity of the outer retina by
regulating the composition of the extracellular spaces that face the RPE apical and

basolateral membranes.****

1.3 Retinal laser injury

1.3.1 Biology of optical tissue-light interaction

Light energy spans the electromagnetic spectrum between the ultraviolet [UV (100
to 400 nm)], visible [VIS (400 to 700 nm)] and infrared [IR (700 to 10000+ nm)]
bands. UV radiation is further classified as UVC (100 to 260 nm), UVB (260 to 315
nm) and UVA (315 to 400 nm) light whilst IR is subdivided into an IRA (700 to 1400
nm), IRB (1400 to 3000 nm) and IRC (3000 to 10000+ nm) range.'® These
classifications are useful for defining safety margins as individual bands possess

similar properties of tissue penetration and resultant bioeffects. The VIS band can be
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classified into short (blue), medium (green) and long (red) wavelength as each point
reflects the peak spectral absorption of the three cone photoreceptor subtypes. The
biological response to laser exposure is critically dependent on a number of factors:
the wavelength of incident light, duration of exposure, total energy delivered and
size of the optical zone. Much of the human data regarding laser safety levels has
been derived from primate research. The threshold levels for injury are related to
the ED50 values, which are produced by plotting lesion detection against retinal
irradiance as determined by ophthalmoscopy, fluorescein angiography and electron
microscopy.” The ED50 value reflects the 50% probability of producing damage
detectable by each of these techniques. Determinants for safe viewing as given by
the maximum permissible exposure (MPE) are related to the ED50 values. As the
MPE levels have been established from monkeys which have double the amount of

melanin within their RPE compared to the average Caucasian human, there is an

inherent safety margin when these values are applied to humans.*®

The optical zone is defined as the volume of tissue which absorbs incident light.
Absorption is itself dependent on propagation of light through tissue versus scatter.
The eye is most vulnerable to laser injury owing to its refractive properties and the
presence of its clear media. These factors allow for delivery of a highly focused point
of energy per unit area. Indeed, the energy density of a focused spot on the retina is
10°-fold higher than the incident point at the cornea.”® As a result of this refractive
property, light, and by extension, laser exposure, may have no effect on a structure

such as skin but may be significantly injurious to the eye.
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Light propagation by the eye is limited by the absorption characteristics of individual
tissues. The anterior and intermediate structures of the eye act to attenuate UV and
IR radiation to different degrees, thereby protecting the retina from photodamage.
UV light is absorbed by nucleotide bases and proteins and does not penetrate
beyond the cornea (UVC and UVB specific) and lens (UVB and UVA specific). IR
radiation beyond 1400 nm is absorbed by water and also does not penetrate beyond
the cornea.”® Therefore, retinal injury may only arise from visible or near-IR light as
only these radiation bands penetrate the clear media of the eye. As described in the
following section, the pathophysiology of retinal laser injury owes itself to the

mechanism of photothermal, photomechanical or photochemical damage.

1.3.2 Principles and uses of laser technology

Initially developed in 1960, laser technology has since been used in a wide range of
fields with military, medical and industrial applications. ‘Laser’ is an acronym for
‘Light Amplification by the Stimulated Emission of Radiation’. The principle behind
laser energy involves the amplification of light of a specific wavelength by a gain
medium. Energising the gain medium via an electrical current or by light at a
different wavelength enables this amplification process. At the atomic level, this
results in the excitation of an electron to a higher energy level. On return to its

resting state, this results in the release of energy in the form of a photon of light.

The first lasers produced light in pulses with milliseconds duration in the far-red
spectrum (694nm). This was followed by the development of continuous wave (CW)
lasers which emitted a continuous beam of light of which the earliest also emitted in

the red spectrum (632nm).? Since then, lasers have been developed which operate
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in all regions of the visible spectrum and in both the UV and IR spectral domains.

Within the military, lasers are used for range finding, target acquisition, guiding
“smart” weapons, and destroying electro-optical sensors. Increasingly, laser dazzlers
are being used during operations and such systems were employed on British naval
vessels with the intention to dazzle pilots of attacking aircraft during the Falklands
War.”® Hand-held laser devices are now available in a range of colours from violet to
near infra-red with powers from one to hundreds of mW, i.e. within the range to

cause retinal injury.**

1.3.3 Pathophysiology of retinal injury following laser exposure

Primary cellular injury occurs as a result of the direct absorption of laser energy. The
three major mechanisms underlying the process of cellular destruction following
laser exposure are highlighted in this section, namely photothermal,
photomechanical and photochemical injury. The cause of each type of mechanism is
broadly dependent on the pulse duration as follows: pico to nano seconds,
photomechanical; 100us to several seconds, photothermal; and in excess of 100s,
photochemical. Laser energy is primarily absorbed by melanin (Figure 1.2) within the
RPE and choroid although a small proportion (= 5%) will be absorbed by the visual

pigments of the eye.”
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Figure 1.2. Main visual pigments of the RPE and choroid. Melanin absorbs green,
yellow, red and infrared wavelengths; xanthophyll (in the macula) absorbs blue but
minimally absorbs yellow or red wavelengths; hemoglobin absorbs blue, green and
yellow with minimal red wavelength absorption.*

Absorption of photon energy by a chromophore results in either a change of
vibrational modes of the molecule (vibration transition, near IR) or in a change in the
distance between charges (electron transition, UV or visible spectrum). Increase in
the vibrational component will be experienced as increase in heat content.
Conduction of heat energy to adjacent structures, primarily the photoreceptor outer
segments, may result in their permanent structural damage. This will be manifest as
cellular vacuolation and coagulation or denaturation of protein components.?
Although the immediate site of injury following laser photocoagulation is limited to

an area including and adjacent to the irradiating beam, there will be an extension of

*Adapted from Lock, J. H. and Fong, K. C. S. Retinal Laser Photocoagulation. Med J Malaysia 2010
65(1):88-95.

11



Chapter 1

this injury due to the suprathreshold degree of damage to surrounding neurons,
even if that be partial damage. For instance, injury to only the photoreceptor outer
segment may result in loss of the entire photoreceptor. A suprathreshold injury of
sufficient energy may cause heat dissipation throughout the neural retina resulting
in damage to the retinal ganglion cell layer. Injury to this layer will not only affect
transmission of signal from this region of injury but also to retinal areas from which
RGC axons pass through this site.?” Not all laser injuries cause clinically significant or
irreversible damage. Peripheral injuries for instance, do not necessarily result in
significant visual defects and will only do so if gross retinal damage has occurred, as
opposed to the case with macular and especially foveal injuries. Laser exposures
that are near threshold can result in a reversible injury with resolution of a visual
scotoma. The reason for this is not due to the renewal of photoreceptors as this cell
type does not regenerate but is due to the proposed sliding across of viable retina to

the area of injury.?®

The key additional pigments that absorb (laser) light resulting in release of thermal
energy are haemoglobin, that is present in the retinochoroidal vasculature, and
xanthophyll, a member of the carotenoid group that is localised as a yellowish
pigment to the macula lutea.”® Although absorption by other pigments is made use
of in certain therapeutic modalities, absorption by xanthophylls is only ever

hazardous to the visual sensitive area comprising the macula.

In terms of the immediate injury that occurs following a laser pulse, cell death is
related to a lipid peroxidation process. Following absorption of laser energy, a

transient temperature rise occurs in the melanosomes of the RPE. This is thought to

12



Chapter 1

occur at the level of the melanosome membrane which comprises a lipoprotein
structure in common with most biological membranes.®® Energy absorption by
melanin within the melanosomes results in generation of free radicals which consist
of membrane components or species of superoxide. These radicals attack the lipid-
rich structures within the cytoplasmic compartment resulting in the formation of
lipid radicals. Given the highly oxygenated state of retinal cells, rapid oxygenation of
lipid radicals causes the formation of lipid peroxyl radicals.>* When the number of
radicals overwhelms the natural defensive capabilities of enzymatic scavengers such

as glutathione peroxidise and nonenzymatic scavengers such as a-tocopherol, this

causes changes in membrane permeability and resultant cell death.

In the case of retinal damage post laser, secondary neuronal injury occurs due to
toxin release from neighbouring damaged cells. This neuroinflammatory injury
involves the excessive production of proinflammatory mediators, reactive oxygen
species, nitrogen intermediates and excitotoxins which cause further damage to
injured neurons.*? Production of these metabolites is enhanced by activation of
microglial cells which, as described before, are the resident immune effector cells in
the CNS that are stimulated in response to injury.>® Naturally occurring or
experimentally-induced animal models of retinal degeneration have been shown to
elicit activation of retinal microglia. On activation, in addition to migrating from the
inner retina to the outer retina and subretinal space, these cells undergo a
conformational change from their resting state to an amoeboid configuration. Aside

from phagocytosing debris from damaged photoreceptor cells, they also release
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proinflammatory cytokines, such as IL-1B and tumor necrosis factor (TNF)-a, that can

prove lethal to neuronal cells.>**>

1.3.3.1 Photothermal injury

Uptake of laser irradiation by the highly-absorbing melanin contained within
melanosomes found in the RPE and choroid is responsible for the temperature rise
that occurs upon exposure. As explained previously, retinal damage is believed to
begin with melting of the lipoprotein membrane of the melanosomes.>® This
membrane rupture has been shown experimentally to change the melanosome from
a protective free-radical scavenger to a free-radical producer.’’” Fluorescence
spectroscopic and molecular dynamics studies of lipase derived from the fungus,
Humicola lanuginose, suggest that these reactions occur at a rate in the order of 107
to 10° 5.3 Lipofuscin, a product of the oxidation of unsaturated fatty acids which is
present in the retina as lipophilic granules, may also give rise to deleterious radicals,

derived from superoxide anions, lipids, and NADH,.>**?

A 10°C temperature rise above baseline is sufficient to cause irreversible tissue
damage, with cell death occurring by either necrosis or apoptosis. A study of
keratocytes exposed to heat injury showed that a temperature increase to 55-58°C
resulted in apoptotic cell death whilst 60-68°C caused apoptosis or necrosis and
above 72°C resulted in immediate cell death.”® These results approximate to the
effects of heat injury on all cells. A temperature rise above threshold for injury but
below 100°C causes tissue coagulation. This process is used clinically, e.g., to induce
photocoagulation in diabetic retinopathy or treat a retinal break. The effect appears

immediately as a grey-white spot which fades over time leaving a scar with

14
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hyperpigmentation of the RPE. Lasers operating in the VIS or near-IR range are most
commonly used to maximise tissue penetration. Typically, such lasers have an
irradiation of 100W/cm?, since higher irradiation approaching 1000W/cm? causes a
temperature rise above 100°C resulting in immediate tissue vaporisation.** Though
this is employed clinically during photoablative procedures, e.g., during corneal
refractive surgery or for cutting tissue in general surgery, the process is far too

damaging to be employed for retinal therapy.

1.3.3.2 Photomechanical injury

Exposure of tissue to a rapid temperature rise up to 10,000°C results in
photomechanical damage.” Injury is caused by mechanical stress as a result of
compressive or tensile forces induced by thermoelastic expansion. The effect of
tensile forces produces microcavitation bubbles which can prove lethal to cells.*®
Following photomechanical injury, the full-thickness of the retina may be subject to
damage at the ultrastructural level due to bulk-tissue displacement. This results in a
wave of energy absorption from its maximal point, usually at the RPE, extending
towards the inner retina. This mode of injury is employed in procedures such as the
peripheral iridotomy which uses a neodymium:yttrium argon garnet (Nd:YAG) laser
to ablate the iris. Due to the excessive temperature rise generated by this method of
laser application and the potential for collateral damage, it is not routinely used for
retinal treatment. However, there are instances of the Nd:YAG laser having been
used for posterior segment therapy, e.g. to dissipate preretinal haemorrhages.”’” Of
greater relevance to this thesis, there are reports of retinal injury following

accidental use of this type of laser.***°
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1.3.3.3 Photochemical injury

Photochemical or ‘photo-oxidative’ damage occurs following interaction of light
energy with a chromophore. In the human retina, endogenous chromophores
comprise the visual photopigments, melanin, lipofuscin, haem- proteins and
flavoproteins. Interaction of these proteins with light results in their excitation to a
triplet state which constitutes a reactive species.50 Low-wavelength light of 550nm
or shorter results in this type of damage due to the high-energy state of individual
photons required to drive the chemical reactions. A widely recognised example of
photochemical injury is solar retinopathy in which short wavelength VIS light of low
irradiance is absorbed by retinal chromophores. Theoretical modelling has shown
that following solar exposure, retinal cells sustain a temperature rise of 4°C which is
less than the 10°C required to produce a permanent thermal injury.”* The underlying
mechanism of damage involves the generation of reactive oxygen species. These
initiate a chain of events leading to lipid peroxidation and ultimately cell death. The
effects are particularly marked in the retina since the choroid, being the most
vascularised tissue in the human body, is highly oxygenated and thus serves as a
large reservoir for free radical formation. Also, photoreceptor outer segments have
large cell membranes which accentuate the damage resulting from lipid
peroxidation. Rodent studies of light exposure have shown that pretreatment with
free-radical scavengers and antioxidants can limit the cell death arising from photo-

oxidative stress.>?

1.4 Mechanisms of cell death

Cell death may occur by physiological or pathological means and by programmed or
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non-programmed mechanisms. The classification described in this section relates to
these modes of cell death. In broad terms, these are defined as necrosis versus
apoptosis. Critical to these mechanisms is the potential for treatment at appropriate
points in the pathway, in order to inhibit cell loss. This is especially the case for

intervention in apoptosis, a form of programmed cell death (PCD), wherein

neuroprotective therapies have shown promise.

1.4.1 Necrosis

Necrosis is a form of uncontrolled cell death that results from a disturbance in ionic
homeostasis. The central events behind necrosis are a rapid loss of plasma
membrane integrity and bioenergetic failure. These are caused by a chain of events
involving increased mitochondrial production of reactive oxygen species, channel-
mediated calcium uptake, impaired ATP production, and activation of non-apoptotic
proteases. Disruption of ion channels and diminished ATP levels result in distension
of cells and organelles. There is subsequent membrane rupture with release of
lysozomal enzymes causing non-specific inflammation in the surrounding tissue.”
Necrosis is immuno-stimulant whereby molecules, e.g., high mobility group protein
B1 (HMGB1) and hepatoma-derived growth factor (HDGF) may be released by dying
cells thus initiating an immune response or activating wound repair.>*> The

characteristic features of necrosis are summarised as follows®:

1. Energy independent mechanism;
2. Involves the loss of plasma membrane integrity — additional morphological
changes include swelling of cellular organelles and presence of an electron-

lucent cytoplasm;
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3. Results in random DNA degradation products;
4. Stimulation of the immune system;

5. Initiation of cell growth and repair.

1.4.2 Apoptosis

As a form of PCD, apoptosis is classified according to cytological morphology and
specific molecular signalling. In vivo, apoptotic cells lose connection with adjacent
cells, reduce in size and show evidence of chromatin condensation. DNA undergoes
fragmentation by an endogenous endonuclease into internucleosomal fragments of
180-200 base pairs (bp) or multiples of this.>” This regular spacing is exploited for the
identification of apoptosis using techniques such as agarose gel electrophoresis or

Terminal dUTP Nick End-Labeling (TUNEL).

Integrity of the cell membrane is maintained by transglutaminase activity which
results in cross-linkage of membrane proteins. Resultant apoptotic bodies are
rapidly recognised and digested by phagocytes thus avoiding the inflammatory

response that is seen following necrosis.”®*°

Apoptosis is immuno-suppresive
whereby molecules, e.g., lysophosphatidylcholine, are secreted to inhibit an immune
response, and others, e.g., phosphatidylserine, are exposed on the cell membrane to

60,61

facilitate phagocytic recognition and engulfment. In contrast to necrosis,

apoptosis is characterised by the following features™®:

1. Energy dependent mechanism;
2. Maintenance of plasma membrane integrity;

3. Formation of organised DNA degradation products;
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4. Inhibition of the immune system;

5. Cell elimination.

The principal pathways of this form of PCD involve two groups of proteins, the
caspases (Cysteinyl aspartic acid-proteases) and the Bcl-2 (B-cell lymphoma protein-
2) extended family. Bcl-2 is the first apoptotic gene to have been cloned and has a

principal role in cell survival.®?

Possessing a single transmembrane domain, Bcl-2 is
localised to the outer mitochondrial, nuclear and endoplasmic reticulum membrane.
The caspases constitute the initiator and effector molecules in the apoptotic
pathway and their activation is common to most cell-death programmes. Apoptosis
occurs by either the extrinsic or intrinsic pathway (Figure 1.3). The extrinsic pathway
involves caspase-8, which is activated on binding of the death-receptor superfamily
(e.g., TNF or CD95) to their cell membrane receptors.®® Binding results in formation
of a death-inducing signalling complex (DISC) which recruits procaspase-8 via the
adaptor molecule, Fas-associated death domain protein (FADD), resulting in
caspase-8 activation.®® This cycle can be blocked by the caspase homologue, cellular
FLIP.®> The intrinsic pathway involves caspase-9 activation, which occurs at the
mitochondrial membrane, following activation of a pro-apoptotic member of the
Bcl-2 family, including Bax, Bad, Bim and Bid. Pro- and anti-apoptotic Bc/-2 family
members compete for release of cytochrome c exit from the mitochondria. On its
release, cytochrome c¢ binds with the protein co-factor, Apaf-1, and other proteins,
including procaspase-9, to form the apoptosome, resulting in caspase-9

66,67

activation. These initiator caspases (caspase-8 and -9) stimulate a set of

downstream effector caspases (caspase-3, -6 and -7) that subsequently cleave

19



Chapter 1

proteins in different cell compartments. This cleavage is responsible for the
characteristic morphological events occurring in apoptosis in the form of apoptotic
bodies. Caspase-3 activity is blocked by the inhibitors-of-apoptosis (IAP) proteins,

which themselves are inhibited by SMAC / DIABLO.®®

INTRINSIC EXTRINSIC
CD9Y5, TRAIL ———>

Mitochondrial stress Ligation

|

FADD

/— Procaspase-8

Mitochondrion

Bcl-2 Bid

L/ tBl;d

Cytochrome ¢

/ DISC complex

Active caspase-8

Procaspase-3
Procaspase-3

Apoptosome
complex

> Active caspase-9

Procaspase-9

Active caspase-3 Caspase cascad > APOPTOSIS

Figure 1.3. Schematic of events in apoptosis involving the intrinsic and extrinsic
pathway.

The extrinsic pathway involves triggering of the cell surface death receptors, CD95
and TNF-related apoptosis-inducing ligand (TRAIL). This results in activation of the
initiator, caspase-8, following its recruitment to a receptor-ligand complex (DISC)
through the adaptor molecule Fas-associated death domain protein (FADD). The
intrinsic pathway involves release of mitochondrial proteins, such as cytochrome c,
from the inter-mitochondrial membrane space, under the control of Bcl-2 family
members. On release, cytochrome c¢ binds to apoptotic protease-activating factor 1
(Apaf-1), which results in formation of the Apaf-1—caspase-9 apoptosome complex
and activation of the initiator caspase-9. The activated initiator caspases-8 and -9
then activate the effector caspases -3, -6 and -7, resulting in the characteristic
apoptosis phenotype.

! Adapted from MacFarlane, M. and Williams, A. C. Apoptosis and disease: a life or death decision.
EMBO Rep 2004 Jul;5(7):674-8.
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1.4.3 Autophagy

Autophagy is a form of cell death involving the disposal of intracellular organelles.
The course of events is similar in organisms from yeasts to mammals. Macrophagy
constitutes the main process during autophagy which involves membrane
engulfment with sequestration of cytoplasmic fragments within double membrane
vesicles known as autophagosomes. Subsequent processing of such
autophagosomes is divided into four steps: packaging; formation; docking and
fusion; and breakdown.®® Induction of autophagy is controlled by the nutrient
sensing mammalian target of rapamycin (mTOR) kinase (Figure 1.4). Overlaps in
signal transduction pathways occur whereby the phosphoinositide 3-kinase (P13-K)
and mTOR pathways can influence shared intermediates, such as p70S6K, indicating
that autophagy and apoptosis are indeed coordinated events. Autophagy can be
induced pharmacologically by inhibiting negative regulators such as TOR with
rapamycin. Conversely, autophagy can be inhibited pharmacologically, for instance
by targeting the class Ill PI3K involved in autophagosome formation with 3-

methyladenine.”®

21



Chapter 1

m ) ol
Insulin
& |

Plasma
membrane
Insulin receptor
Bcl-2

A
1
!
-
- v Class v

X/ et 1 PI3K |
TOR . ‘ !

Class ||| /' complex \

PI3K \ N

p70$6K
Y 4
Atg
protelns Lysosome
Lysosomal
/ hydrolase Autolysosome
’

. Q Macroautophagy
—_—

Cytoplasm

Phagophore Autophagosome

Figure 1.4. Pathways involved in autophagy.*A class Ill PI3K is required for activation
of autophagy. TOR activity is regulated through feedback loops to prevent
insufficient or excessive autophagy. p70S6 kinase, which is a substrate of TOR, may
act to limit TOR activity, ensuring basal levels of autophagy. PI3K and TOR act to
inhibit autophagy.

1.4.4 Necroptosis

Nectroptosis is differentiated from necrosis as a form of PCD with specific signal

transduction pathways (Figure

1.5). Until recently, necrosis was thought to be a purely accidental, uncontrolled
form of cell death. However, a number of molecular cues have been identified
indicating that the process may be initiated as a deliberate mechanism, in the form

of necroptosis. This is explained by the death domain receptors (e.g., TNFR1,

! Adapted from Mizushima, N., et al. Autophagy fights disease through cellular self-digestion. Nature
2008 Feb 28;451(7182):1069-75.
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Fas/CD95 and TRAIL-R) and Toll-like receptors (e.g., TLR3 and TLR4) that have been
shown to initiate necrosis, particularly in the presence of caspase inhibitors.
Receptor-interacting protein kinase 1 (RIP-1) and its homolog, RIP-3, have been
shown to be integral to TNFR1-, Fas/CD95-, TRAILR- and TLR3-mediated cell

death.””? Necroptosis, at the biochemical level, is therefore described as a process

that can be prevented by inhibition of RIP-1/RIP-3.”>"*
FasL TNF
N
Fas TNFR1
RIP-1 RIP-1 \
\ / PLA,

/

Autophagy

Mitochondrion

I

Cell death Oxidative stress

Figure 1.5. Cascade of events in death-receptor induced necroptosis.*BIockage of
caspase activity results in death receptor activation which drives necroptosis
through the upregulation of PLA, activity that subsequently causes oxidative stress.
RIP-1 kinase is also activated causing necroptosis via direct action on mitochondrial
function. PLA,, phospholipase A,.

! Adapted from Tait, S. W. and Green, D. R. Caspase-independent cell death: leaving the set without
the final cut. Oncogene 2008 Oct 27;27(50):6452-61.
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1.5 Neuroprotection

Neuroprotective therapy is aimed at inhibiting the secondary cell death that occurs
following an insult, whether the cause is due to an ischaemic, mechanical, or
radiation injury. In neuronal cells, it has been shown that an insult will result in loss
not only of the primarily injured cells but also of neighbouring cells due to a change
in the extracellular environment.”® This change may occur as a result of increased
neurotransmitter release or decreased reuptake, the release of endogenous
destructive mediators, or due to alterations in synaptic binding. Due to the delayed
nature of such secondary injury, this provides a window of opportunity for
therapeutic intervention aimed at targeting these processes. As an example,
Alzheimer’s disease is characterised by increased activity of glutamate, the major
excitatory neurotransmitter in the brain. Increased glutamate activity in this disease
leads to sustained activation of N-methyl-D-aspartate (NMDA) receptors, impairing
neuronal function. Memantine, a non-competitive NMDA antagonist, has been
shown to have potential neuroprotectant properties by protecting neurons from

glutamate-mediated excitotoxicity.”®

Aside from neuro-excitatory factors such as glutamate, a number of mediators have
been indentified that may cause secondary neuronal death. These include free
radical formation, nitric oxide, lipid peroxidation products, and eicosanoids.
However, all mediators will involve a common downstream pathway to cause cell
death, namely PCD. Neuroprotection would be aimed at inhibiting PCD, where this

occurs via the process of apoptosis.
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1.5.1 Neurotrophic factors

Cell-cell communication is established through the production and release of
intracellular signalling molecules. These take the form of peptide hormones,
cytokines and growth factors. Peptide hormones are produced by endocrine cells
and secreted into the bloodstream to reach their target organs. Cytokines and
growth factors, which can have overlapping functions, are produced by different cell
types not limited to the nervous system. Cytokines and growth factors differ
primarily in that cytokine production may be induced whilst growth factor
production is constitutive.”’ Cytokines are a group of polypeptides or glycoproteins
that may be produced in response to an immune or inflammatory response.’®
Cytokines constitute a variety of families including the neurotrophins, neuropoietins,
interleukins, and tumour necrosis factors (TNFs). Neurotrophic factors are a group of
proteins that regulate development, survival and function of neurons. Their

classification in mammalian systems is summarised in Table 1.1:
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Neurotrophins (NTs)

Nerve growth factor (NGF)

Brain-derived neurotrophic factor (BDNF)
NT-3

NT-4

NT-5

Neuropoietic cytokines (neurokines)

Ciliary neurotrophic factor (CNTF)
Leukaemia inhibitory factor (LIF)
Cardiotrophin-1 (CT-1)
Neuropoietin

Oncostatin M

Glial cell line-derived neurotrophic factor (GDNF)
family

GDNF

Neurturin
Osteogenic protein-1
Artemin

Persephin

Insulin-like growth factor (IGF)

IGF-1
IGF-2

Fibroblast growth factors (FGFs)

FGF-1 through to 23

Hepatocyte growth factor

Neuregulin (NRG)

Proteins involved in synapse formation

Agrin, laminin 2, and ARIA (ACh-inducing activity)

Angiogenesis growth factor

Pigment epithelium-derived factor

Platelet-derived growth factor

Ligands for epidermal growth factor receptor family
(p185erbB2, p160erbB3, p180erbB4)

Table 1.1. Classification of neurotrophic factors.”

' Adapted from Jain, K. K. The handbook of neuroprotection. New York: Humana Press; 2011. p. 25.
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1.5.1.1 Actions

Neurotrophic factors are released by the cells that manufacture them although not
all are secreted. For instance, CNTF and FGF do not have the N-terminal signal
sequence necessary for secretion. It is possible that both these molecules are
released by an alternative mechanism or on disruption of the cell. Each neurotrophic
factor can produce different phenotypic actions, a property known as ‘pleiotropism’.
A single neurotrophic factor may be responsible for differentiation, survival or
repair. This property may be explained by the environment in which the result is
seen (e.g., the central versus peripheral nervous system), the timing of release and
effect, and the receptor type, as certain receptors can produce variable responses to

d.””®% NGF, for example, can activate non-neuronal cells such as

the same ligan
cardiovascular and endocrine cells, whilst CNTF can stimulate glial cell

proliferation.®!

1.5.1.2 Neurotrophins (NTs)

NGF, which was first described In 1951, remains the prototypic neurotrophin.82
However, since then, four others have been described in mammalian systems:
BDNF, NT-3, NT-4, and NT-5. NTs share at least 50% sequence homology and all are
generated as pre-pro-NT precursors with an approximate length of 240-260 amino
acids. After further processing, these are secreted into the extracellular space as
homodimeric proteins with a monomer length of 118-129 amino acids.®® NT
expression is regulated during development and in response to neuronal electrical
activity and follows a variable course with age. For instance, during the perinatal

stage in mammals, NT-3 expression is high and is primarily localised to the
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hippocampus, neocortex, and cerebellum.®* In contrast, BDNF expression is low in
the perinatal stage but increases rapidly following birth, localising to the

hippocampus, neocortex, amygdala and cerebellum.®®

NTs activate two types of receptors: the tropomyosin-related kinase (Trk) family of
receptor tyrosine kinases (TrkA, TrkB, and TrkC) and the p75 neurotrophin receptor
(p75NTR), the latter a member of the TNF receptor superfamily (Figure 1.6). Via
these receptors, NTs activate various signalling pathways, including those mediated
by Ras and members of the cdc-42/ras/rho G-protein families, and the mitogen-
activated protein kinase (MAPK), phosphatidylinositol 3-kinase, and Jun kinase
cascades.®® P75NTR binds all NTs whereas NGF binds selectively to TrkA, NT-3 to

TrkC, and both BDNF and NT-4/5 to TrkB.

I I I
TrkA TrkB TrkC

[ .

.
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............... q P .
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Figure 1.6. Neurotrophin family and receptor composition. All neurotrophins bind to
the p75NTR whereas NGF binds selectively to TrkA, NT-3 to TrkC, and both BDNF and
NT-4/5 to TrkB.”

! Adapted from von Bohlen und Halbach, O. Involvement of BDNF in age-dependent alterations in the
hippocampus. Front Aging Neurosci 2010;2.

28



Chapter 1

1.5.1.3 Neuropoietic cytokines (neurokines)

The neurotrophic cytokines belong to the IL-6 family of cytokines and include ciliary
neurotrophic factor (CNTF), leukaemia inhibitory factor (LIF), cardiotrophin-1 (CT-1),
neuropoietin and oncostatin M. CNTF will be discussed in greater detail later. LIF has
diverse actions, including its role in neuronal differentiation, bone resorption and
the stimulation of hepatic acute-phase responses.87 LIF is present in the CNS in very
small amounts whereas in peripheral nerves, Schwann cells are the primary source
of this cytokine.88 LIF is involved in regulating the inflammatory response by the
immune, nervous and endocrine systems.89 Following axotomy, LIF is retrogradely
transported to the spinal cord motor neurons and to dorsal root ganglia. Due to the
structure of LIF and the CNTF-receptor complex, it is probable that CNTF-responsive

cells also respond to LIF.%®

CT-1 is expressed at high levels in embryonic limb buds. It has been shown to
improve survival of cultured fetal motor neurons and to prevent neuronal
degeneration following axotomy of the neonatal sciatic nerve.”® Unlike CNTF and LIF,
to which CT-1 has weak homology, CT-1 does not require a glycophosphatidylinositol
(GPI) component to mediate its action. CT-1 has been shown to bind to the LIF

receptor in human and mouse cell lines.”*

1.5.1.4 Glial cell line-derived neurotrophic factor (GDNF) family

The GDNF family, consisting of GDNF, neurturin, osteogenic protein-1, artemin and
persephin, are distant members of the transforming growth factor-beta (TGF-B)
superfamily. GDNF has pleiotropic actions exemplified by the fact that GDNF-

knockout mice are born without kidneys and deficient in enteric neurons.”® GDNF is
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expressed in limb buds, Schwann cells, and cultured embryonic myotubes, from
where it is retrogradely transported to motor neuron perikarya.”® Persephin, which
is approximately 40% homologous at the amino acid level to GDNF and neurturin, is
generated in skeletal muscle and in the spinal cord.?® It has been shown to improve
the survival of ventral midbrain dopaminergic neurons and motor neurons in culture
and in vivo after sciatic nerve axotomy and ureteric bud branching.95 The GDNF
receptor complex comprises two components: a non-transmembrane component,
the GDNF receptor-a (GDNFR-a), which resembles the CNTFR-a (ciliary neurotrophic
factor receptor-a) in its GPI-linked cell attachment; and a transmembrane tyrosine
kinase component, c-Ret (Figure 1.7).96 GDNF family ligands activate intracellular
signalling via the receptor tyrosine kinase Ret, unlike other members of the TGF-B

superfamily which signal through the receptor serine-threonine kinases.

30



Chapter 1
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Figure 1.7. Receptor interaction with the GDNF ligand family. Following initial
binding to GPI-linked GDNFRa receptors, GDNF family ligands activate the
transmembrane Ret tyrosine kinase (RET). Respectively, GDNF binds to GFRal,
neurtur*in (NRTN) to GFRa2, artemin (ARTN) to GFRa3 and persephin (PSPN) to
GFRod4.

1.5.1.5 |Insulin-like growth factors (IGFs)

The IGF family, which comprises IGF-1 and IGF-2, are polypeptide hormones which
share homology to each other and to insulin. The IGFs are distributed throughout
the body with a serum concentration 1000 times greater than that of insulin.®’ IGF-1
is an anabolic factor that stimulates DNA synthesis, cell proliferation, and has been
shown to improve regeneration but not survival of cultured sensory neurons.’® The

actions of both IGF-1 and IGF-2 are mediated via the IGF-1 receptor (IGFR-1), a

*Adapted from Saarma, M. GDNF - a stranger in the TGF-beta superfamily? Eur J Biochem 2000
Dec;267(24):6968-71.
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tyrosine kinase receptor belonging to the insulin receptor family. IGFR-1 activates
mitogenesis via an almost identical pathway to that involving insulin, whereas the
IGFR-2 pathway differs completely. Receptor binding results in activation of the PI3-
K pathway and downstream phosphorylations. Subsequent involvement of the
phosphokinase B and mTOR pathways leads to activation of a large number of

transcription factors.”

1.5.1.6 Fibroblast growth factors (FGFs)

FGFs are polypeptide growth factors with diverse functions and comprise 23

100

members of which 10 are expressed in the developing CNS.” Human FGFs are

structurally related proteins sharing 30-60% homology and contain 150 to 300

101

amino acids.”~ FGFs are essential for perinatal development and in the postnatal

stage, exhibit homeostatic functions in response to injury or in regulating the

electrical excitability of neurons amongst other cells. 02

1.5.1.7 Other neurotrophic factors

Several other neurotrophic families are summarised in Table 1.1. These include less
frequently distributed or more recently discovered molecules. One such example is
hepatocyte growth factor, a pleiotropic factor which stimulates cell migration in
addition to promoting cell survival and differentiation. This factor has been shown to
have a synergistic action with NGF in stimulating axonal outgrowth of sensory

neurons.®
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1.5.2 Ciliary neurotrophic factor

Ciliary neurotrophic factor (CNTF) is an endogenously occurring protein with a
molecular mass of approximately 22 kDa. It is a member of the neuropoietic
cytokine family, and is structurally and functionally related to its counterparts,
leukaemia inhibitory factor, cardiotrophin-1 and IL-6. Initially identified as an agent
that enhances survival of embryonic chick ciliary ganglion neurons, it has since been

104,105

purified to homogeneity from sciatic nerves. Although not causally related to

neurological disease, CNTF deficiency is found in 2-3 % of the human population due

106

to a frameshift mutation in exon 2.7> CNTF has a role in CNS development and

injury, and supports survival of retinal, hippocampal, striatal and sensory
neurons.’® % CNTF knockout mice develop a progressive loss of motor neurons
whereas CNTFR-a knockout mice do not survive postnatally due to severe motor

neuron defects.*'*?

In terms of its use as a neuroprotective therapy in the eye,
delivery of the agent is via the intraocular route directly into the vitreal or subretinal

space, as the blood-retinal barrier restricts access from the bloodstream to the

neural retina.

1.5.2.1 CNTF receptor signalling

The CNTF receptor tripartite complex is composed of the following components

which constitute members of the class | hematopoietin receptor family:

1. A CNTFR-a subunit;
2. AnIL-6 receptor gp-130b subunit;

3. ALIF receptor—P (LIFR-B) subunit of the LIF receptor.
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A characteristic feature of this receptor family is the presence of a cytokine binding
domain (CBD).* The latter is composed of two fibronectin Il domains bridged by a
proline-rich residue. The C-terminal fibronectin lll domain is composed of a
conserved WSXWS sequence whereas the N-terminal domain is characterised by the
presence of two disulfide bridges. Cytokine binding occurs at the boundary of either
fibronectin domain."**

CNTF activates signalling by inducing heterodimerisation of its a-receptor
components, the gp130 subunit and the LIFR-p subunit, respectively.'*.
Dimerisation of the a-receptor components results in activation of receptor-
associated tyrosine kinases and subsequent downstream janus kinases (JAK) and
tyrosine kinases (Tyk). Activation of JAK and Tyk enzymes initiates phosphorylation
of intracellular signalling molecules, including the MAPK pathway, NFkB and STAT

18 Induction of JAK-Tyk kinases by

family of transcription factors (Figure 1.8).
LIF/CNTF cytokine family members results in varied responses according to cell type.
This is due to activation of distinct patterns of JAK-Tyk phosphorylation with
transduction of cell-specific second messenger cascades.*” Of the STAT family, CNTF
preferentially activates STAT-3. Upon activation, STAT-3 dimerises with itself or
other STAT proteins (e.g. STAT-1). The resultant complex translocates to the nucleus

where it binds to a DNA sequence found in the promoters of genes responsive to

CNTF, inducing transcriptional activity.118

As the CNTFR-a subunit lacks a transmembrane or cytoplasmic domain, it is
anchored to the plasmalemma by a glycophosphatidylinositol (GPI) linkage. Via

phospholipase C-mediated cleavage, the CNTFR-a subunit can be released from the
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119 The latter hybridises with CNTF to form a

plasma membrane as a soluble protein.
CNTF—CNTFR-a complex in a 1:1 ratio, which further forms a hexameric complex,
consisting of CNTF, CNTFR-a, gp130 and LIFR-B in a 2:2:1:1 ratio.** Soluble CNTFR-a
has been detected at high levels in human cerebrospinal fluid and serum and
enhances signalling capabilities in cells which are otherwise unresponsive to CNTF

121122 The CNTFR-a subunit has been localised to tissues outside of the CNS,

alone.
including skeletal muscle where it is highly expressed, with lower expression in the
adrenal gland, skin, liver, kidney, lung, bone marrow and testis.>**” via the CNTF
receptor-mediated signalling pathway, exogenous CNTF has been shown to activate
the immediate-early gene, tis-11, in celiac ganglion neurons, peripheral and central
neurons (septal, hippocampal, spinal cord), in addition to non-neuronal cells from

skeletal muscle and the adrenal gland.'***?®
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Figure 1.8. Signalling via the IL-6/LIF/CNTF receptor superfamily. The receptors are
composed of two subunits: a subunit with ligand specificity towards CNTF,
interleukin-6 (IL-6), leukaemia inhibitory factor (LIF), cardiotrophin-1 (CT-1) or
oncostatin M (OSM) and a gp130 subunit, common to all family members. Receptor
activation leads to activation of the Janus-activated kinase—signal transducer and

activator of transcription (Jak—STAT) and the mitogen-activated protein kinase
(MAPK) pathways.*

1.5.2.2 Biological interactions of CNTF

The Muller cell hypothesis of neuroprotection

The Miller cell is a primary target for the action of CNTF. CNTF is expressed by
Miller cells and other glial cells of the retina.’* CNTF expression is upregulated in
response to stressors such as mechanical injury or light damage.*>*! Direct

activation of the Jak/STAT and MAPK pathways by increased CNTF expression in

! Adapted from Bauer, S., et al. The neuropoietic cytokine family in development, plasticity, disease
and injury. Nat Rev Neurosci 2007 Mar;8(3):221-32.
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Miller cells has been shown to improve photoreceptor survival in light-damaged

108132133 | contrast to the neuroprotective

and neurodegenerative disease models.
property on photoreceptors following intravitreal CNTF, one study showed that this
effect was lost if CNTF was given in conjunction with a MAPK/ERK inhibitor. It was
also seen that knockdown of STAT-3 expression significantly reduced Miiller glia
proliferation in the CNTF-injected undamaged retina. CNTF has been shown to
control proliferation and differentiation of progenitor cell populations in the
developing mammalian retina via the activation of the Jak/STAT, MAPK, and Akt

signalling pathways. %1313

Although the precise mechanism of Miller-cell mediated protection of
photoreceptors following CNTF delivery is unknown since photoreceptors
themselves lack CNTF receptors, it may involve the release of specific survival

factors.™®

Similarly, the Miller cell hypothesis of neuroprotection may have a role in
RGC survival following CNTF delivery. In a similar way to that proposed in
photoreceptors, enhanced RGC viability may be mediated by the release of RGC-

specific survival factors. 29140144

While Miiller glia possess a limited ability to proliferate in the damaged mammalian
retina, the action of CNTF has been shown to induce Miiller glia proliferation.™* This
proliferation is likely to be related to STAT-3 expression analogous to the activation
of STAT-3 as occurs in the CNTF-dependent control of stem and neuronal progenitor
proliferation in the developing CNS.*® Increased proliferation of Mdller glial cells
would enhance the production of endogenous neurotrophic factors (e.g. CNTF) that

attenuate photoreceptor damage.
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A recent study examined the ameliorating effect of electrical stimulation (ES) on

1.1 ES was found to

photoreceptor degeneration in a rat photic injury mode
stimulate production of the neurotrophins, BDNF and CNTF, in Miiller cells cultured
with light-reared photoreceptor cells, enhancing their survival. Additionally, ES had

an inhibitory effect on the secretion of the proinflammatory cytokines, IL-18 and

TNF-a in microglia.

Effect on photoreceptors

The direct interaction between CNTF and photoreceptors is debated with certain

reports showing the presence of the CNTFR-a on outer segments whilst others argue

against this. 139148

There is nevertheless much evidence to support the protective
effect of CNTF on rod and cone photoreceptors. Although the exact mechanism of
neuroprotective action on photoreceptors is unknown, a number of hypotheses
have been proposed, including: 1) a direct action on photoreceptors to inhibit
apoptosis; 2) the activation of Miller cells to produce photoreceptor survival
factors™®; 3) the enhanced metabolism of circulating glutamate via increased

synthesis of glutamate transporters to reduce its toxic effects**’; 4) the increased

resistance to toxic metabolites.*°

LIF, a cytokine related to CNTF, has been shown to
have a direct effect on photoreceptors. Intravitreal LIF did not protect
photoreceptors in photoreceptor-specific gp130 KO mice but did improve

151

photoreceptor survival in Miiller cell-specific gp130 KO mice.”" It is possible that

CNTF may act in a similar way to LIF. The protective effect of CNTF on photoreceptor
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cells in vitro has been demonstrated in previous studies and the proposed

mechanism involves activation of the PI3K or CREB1/ATF1 signalling pathway.>**>?

Initial in vivo studies found that CNTF protected normal albino rat retinas from the
damaging effects of constant light. Following intravitreal injection of CNTF at a
concentration of 1 pg/ul, albino Sprague-Dawley rats were placed into constant
fluorescent light at an illuminance of 115-200 footcandles. After one week in
constant light, CNTF-injected eyes showed greater ONL thickness with preservation

of normal morphology in surviving photoreceptors.™

A protective effect on
photoreceptor survival was also seen between one to four weeks following
intravitreal CNTF injection (500ng/ul) in Pde6brd1/rd, nr/nr, and rhodopsin Q344ter
mutant mice carrying naturally-occurring retinal degenerations. In a feline model
of rod-cone dystrophy, repeated intravitreal injections of a human CNTF analogue
from postnatal day 10, significantly prolonged photoreceptor survival and reduced

16 However, certain models did not show a

the presence of apoptotic cells.
protective effect following intravitreal CNTF which may be explained by the

bioavailability of the agent and response according to species/strain differences.’

Prolonged delivery of CNTF in retinal degeneration models has been achieved using
recombinant virus gene therapy. Delivery of CNTF with a recombinant adenovirus
delayed photoreceptor degeneration and increased the amplitude of scotopic ERGs
in PrphZRdZ/RdZ mice.’*® Intravitreal injection of an adeno-associated virus (AAV)
carrying CNTF with a green fluorescent protein (GFP) marker slowed photoreceptor
degeneration in early postnatal PrphZRdZ/RdZ mice and in adult P23H and S334ter

159

rhodopsin transgenic rats. The postulated mechanism for photoreceptor
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protection following intravitreal injection was due to diffusion of secreted CNTF
across the retina with protection of photoreceptors occurring indirectly via
activation of retinal ganglion, Miiller, and other non-photoreceptor cells.'*

Importantly, this report showed either unchanged or reduced ERG amplitudes in

eyes administered with rAAV.CNTF.GFP.

Encapsulated cell-based technology (ECT) is another technique that has been
employed to provide a sustained release of agent. To date, the ECT implants contain
human RPE cells that have been transfected with the CNTF gene to produce CNTF
protein in situ. Use of this semi-permeable membrane allows controlled and
sustained diffusion of CNTF without eliciting an immune reaction against the inert
membrane by the host eye. Animal studies showed that CNTF-secreting cells in the
form of ECT delayed photoreceptor degeneration in the rcd1 dog, which carries a

b.**° Human

rapidly progressive retinal degeneration due to a stop mutation in Pde6
CNTF trials involving use of ECT have shown promising results. A Phase | clinical trial
of CNTF delivered by ECT for retinal degeneration found that CNTF was safe for the
human retina even with severely compromised photoreceptors.’®® Although
determination of clinical efficacy was not a primary outcome of the trial, of seven
eyes for which visual acuity could be measured by conventional means, three eyes
reached and maintained improved acuities of 10-15 letters at six months post-
implantation. More recently, a Phase 2 clinical trial in humans has employed
encapsulated cell intraocular implants to deliver CNTF for the treatment of

162

geographic atrophy in age-related macular degeneration (ARMD).”™ This trial
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showed that CNTF delivered by the ECT implant slowed the progression of vision loss

in geographic atrophy.

As stated earlier in this section, a potentially negative property of CNTF which has
been reported is the suppression of both photopic (cone-dominated) and scotopic
(rod-dominated) ERG responses following its intraocular delivery. This effect follows

163

a dose-dependent response.” " The continuous release of CNTF has been shown to

164,165

reduce ERG amplitudes in normal mice and rabbits. A single bolus intravitreal

injection of CNTF has been associated with a transient reduction of ERG amplitude in

166 This effect, which was evident at one week following delivery,

normal rats.
resolved with return to normal ERG amplitude by three weeks post-injection.
Therefore, CNTF is associated with ERG alterations but whether these correlate to a
negative functional effect is open to question. Although most cases of inherited
retinal degeneration are associated with suppression of ERG, this is not always the
case. For instance, reduced or absent ERG amplitudes, as seen in Duchenne

167,168 Experimental evidence to

muscular dystrophy, have minimal effect on vision.
support the functional effect of CNTF has been reported in rat eyes injected with
AAV-CNTF. At therapeutic doses that provided protection from constant light
damage, no ERG suppression was seen in AAV-CNTF injected eyes, although at

higher doses, both ERG amplitudes and optokinetic responses were decreased.'®

CNTF has been shown to stimulate the regeneration of cone outer segments in mice
carrying a retinal degeneration which involves secondary cone loss.'” In this study,
S334ter mice received an intravitreal injection of CNTF protein either as bolus or in

the form of ECT to provide long-term delivery. CNTF-treated eyes showed a greater
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density of PNA-positive or red/green (RG) opsin-positive cells and greater cone b-
wave amplitude than control eyes. The precise mechanism of secondary cone loss in
such retinal degenerations is unclear although the following hypotheses have been

proposedm:

1) Release of toxic byproducts following rod degeneration;

2) Loss of purported “rod-derived cone viability factors” (RACVFs);'"?

3) Loss of structural support due to rod degeneration;

4) Altered cone morphology with new and abnormal synaptic connections;

5) Alterations in RPE and Miiller cells following loss of rods.

A point of note in models of CNTF injection is the neuroprotective effect on
photoreceptors which arises as a result of the mechanical injury itself. Previous
studies have shown that stress to either the eye or brain can induce a low level of

108131173 |y one study to investigate the effects of a variety of

neuroprotection.
stress-mediated, conditioning stimuli, Injection of control solutions demonstrated a
small increase in STAT-3 expression.'® This factor needs to be taken into account in

analyses involving inter-eye comparisons between CNTF treatment and saline

vehicles.

Effect on retinal ganglion cells (RGCs)

174

CNTF receptors have been localised to RGCs.””™ In vitro studies on neuronal

populations which include RGCs, have shown that CNTF can promote neurite

175
h.

growt Following axotomisation, RGCs grow only local sproutings rather than

regeneration of complete axonal extensions. Although this is primarily due to the
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failure of mature neurons to regrow axons, an additional contributory factor is the
formation of a gliotic scar which acts as a mechanical and biological barrier.
Intravitreal CNTF has been shown to promote RGC survival and axonal regrowth
following axotomisation of RGCs whilst repeated administration of CNTF can cause

140,176,177
2 More

axon regeneration via a peripheral nerve graft or into the optic nerve.
sustained expression of CNTF using an AAV-CNTF-GFP vector was shown to protect
25% of the adult rat RGC population at seven weeks after peripheral nerve
transplantation with axon regeneration reaching as far as the optic chiasm.'*
Regeneration of RGCs also occurs following intravitreal injection of lens-derived B/y-
crystallins or release of these proteins from the injured lens or introduction of the

178,179

yeast wall extract zymosan into the vitreous body. The underlying mechanism

for the protection of RGCs is due to generation of CNTF from retinal astrocytes. In
terms of pathways, neuroprotection of RGCs in rodents has been shown to result

180-182

from STAT-3 activation in Miller glial cells. This was confirmed in vitro in

dissociated cell cultures of adult rat retinas showing that CNTF stimulated axon
outgrowth of mature RGCs via the Jak/STAT-3 and PI3K/Akt-signalling pathway.*®* In
vivo, this study showed that the mode of RGC survival following intravitreal CNTF
involved the MAPK/ERK-signalling pathway, since the concurrent use of MAPK/ERK
pathway inhibitors significantly reduced the neurite growth-promoting effects of

exogenous CNTF.'#®
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Effect on RPE

Expression of CNTF has been localised to the RPE, in addition to the presence of the
CNTFRa, LIFRB and gp130 receptors on the apical membrane of RPE, indicating that
this cell type can respond to CNTF and related cytokines.™®* Following retinal injury,
CNTF expression is increased and a contribution to this may arise from increased
production by the RPE. The subsequent activation of the Jak/STAT-3 pathway may
result in secretion of growth factors, cytokines, and neurotrophic factors to the
subretinal space, with the release of these factors acting in conjunction with Miller
cell secretion to provide a protective effect for photoreceptors. Human RPE cell lines
have been shown to secrete a host of neurotrophic factors such as CNTF, LIF, GDNF,
BDNF, and BNGF.'®® Activation of the CNTF receptor can cause alterations in RPE cell
physiology, with an increase in RPE cell survival, a change in the polarised secretion
of neurotrophic factors and cytokines, and an increase in fluid absorption across the
RPE. In conjunction, these homeostatic functions serve to maintain the health of the

neuroretina, RPE, and choriocapillaris.
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1.6 Photoreceptor transplantation

Due to its well-defined characteristics and the ability to provide objective measures
of function, the eye represents a unique model to observe the effects of neural
degeneration and repair. Similar to other neural tissue, the retina has a limited
regenerative capacity, particularly so following injury. Indeed, reparative
mechanisms following retinal injury in higher vertebrates can have a deleterious
effect on function. For example, damaging effects to neural tissue may occur
following retinal detachment due to the development of proliferative
vitreoretinopathy or in exudative ARMD which may be accompanied by the

8 Therefore, the absence of endogenous

formation of a fibrovascular scar.
mechanisms to replace lost retinal neurons, and in particular photoreceptors,
requires restoration of new cells by transplantation. Retinal repair via cell
transplantation has been investigated during the course of the last century with the
vast majority of work having been conducted in animal models. However, not all
animal studies serve as adequate models for human disease, due to inter-species
biological variability and due to the lack of an appropriate model for certain

diseases, especially the absence of a lower vertebrate model of macular

degeneration.

In all cases, the aim of transplantation experiments has been to restore viable cells
into the subretinal space. Under normal circumstances, the retina and RPE are
closely apposed with maintenance of a potential space between both structures
dependent on diffusion gradients across cells. If compromised, this space may

accumulate fluid with resultant separation of neural retina from the RPE. This space

45



Chapter 1

is exploited in transplantation studies as it provides a plane in which to deliver donor
cells in order to replace photoreceptors on one side or RPE on the other. Recent
human trials involving subretinal implantation of a photosensitive electronic chip in
cases of photoreceptor degeneration have confirmed the proof-of-principle
concepts that: a) the subretinal space provides a viable plane in which to deliver
treatment modalities; and b) direct stimulation of inner retinal neurons can establish
an electrical pathway and therefore restore a visual signal in the absence of

187188 Transplantation success in animal models is

functioning photoreceptors.
dependent on a number of factors related to both the host and donor. In particular,
donor cells are required to originate from a source that will provide sufficient
numbers to enhance transplantation efficiency. This factor, in the light of
transplantation studies, is described in more detail in the following sections. In order
to broadly classify donor cell types according to stage of maturation, the following
terms will be used to refer to cells with a range of self-renewing and differentiation
potential: a “progenitor” is a generic term to describe a cell that has not undergone

|II

terminal differentiation; a “stem cell” is a form of progenitor cell that is capable of
both self-renewal and generation of any germ cell line; a “precursor” is a form of

progenitor cell downstream of a stem cell that is normally unipotent and has

therefore lost its stem cell multipotency.

1.6.1 Donor cells

A primary issue in transplantation biology is the choice of donor material and with
regards suitable donor cell selection, the key factor that determines survivability is

the stage of maturation. Early retinal transplantation studies used what was
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determined to be the most appropriate donors at an early stage of development in
the form of embryonic retinal tissue. With the more recent identification of stem
cells in both CNS and non-neural tissue, this specialised niche of pluripotent cells has
been employed as retinal donor material. Promising results have been seen in
animal models using embryonic stem (ES) cells as donors. However, a major concern
with the use of ES cells is the potential for tumorigenesis. With respect to retinal
transplantation, another risk is that ES cells may give rise to non-neural lineages.
Also, the use of non-neural stem cells has lost favour due to the concept of fusion
occurring between donor and host cells rather than actual transdifferentiation of

189

donor cells.”” Additionally, different stem cell sources have been shown to result in

a variable degree of differentiation towards retinal and RPE cells.

1.6.1.1 Embryonic stem cells

Photoreceptor and RPE development begins in the embryonic stage and continues
into the early postnatal phase. In the human retina, for instance, photoreceptor
development begins at approximately 13 weeks, although the retina is not
completely developed until 3—4 months after birth with formation of the macula.
Beyond this stage, the neural retina, comprising the RPE and photoreceptors, has
almost negligible regenerative capacity. For this reason, the most logical source of
donor cells is the embryonic retina. ES cells are derived from the blastocyst stage
which occurs between fertilisation and implantation. The blastocyst contains an
inner cell mass of approximately 100 cells which are an abundant supply of
pluripotent stem cells. This pluripotent capacity allows ES cells to form any of the

three germ cell lines - ectoderm, mesoderm and endoderm — and therefore produce
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any cell which forms the organism. Although the duration between pluripotency and
designated differentiation is relatively short-lived, under optimal conditions, stem
cells can be cultured to produce a line of self-renewing stem cell progeny which
allows the potential to derive any type of cell in vitro. An example related to ocular
biology is a recent study which showed the ability to grow an optic cup from

cultured mouse ES cells.'®®

This optic cup formation demonstrated generation of
stratified neural retinal tissue showing Rx (or Rax) expression, in a regulated manner

mimicking in vivo development.

Although much of the work on stem cell technology has been conducted on mouse
ES cells, it is important to realise that different molecular cues operate in human ES
cells. Maintenance of an in vitro mouse ES cell line capable of self-renewal involves
the following factors: 1) LIF via the STAT-3 signalling pathway; 2) bone
morphogenetic protein (BMP)*'; and 3) the canonical Wnt signalling pathway.'*?
Conversely, human ES cells are able to self-replicate in the absence of LIF or STAT-3

193195 1 view of

whereas BMP stimulates them to produce endodermic progeny.
these fundamental differences, it is necessary to regard human ES cell technology as

a separate field to that derived from animal models.

1.6.1.2 Embryonic neural stem cells

Embryonic neural stem cells (NSCs) are an additional source of progenitor cell which
provide some benefit over ES cells. Embryonic NSCs are differentiated towards
neural cells and do not show tumorigenicity following transplantation. Also, the lack

of an MHC class | or class Il receptor on embryonic NSCs offers a significant degree
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of immune privilege thus reducing the risk of rejection or graft versus host

disease.

1)

2)

3)

19 Embryonic NSCs have a number of unique properties that include:

Species-specific variation — as an example, murine progenitors divide for
extended periods while rat progenitors originating from the developing
striatum may undergo a period of senescence at approximately one month in
culture.*”’

Spatial variation - embryonic NSCs generate different types of cells
depending on their site of origin. Spinal cord cells give rise to spinal cord
progeny.198 Cultured basal forebrain stem cells produce more GABA (y-amino
butyric acid)-containing neurons, indicative of their basal-specific region,
than dorsal stem cell neurons.'® Neurospheres derived from the CNS
express region-specific markers, indicating that their originating stem cells
were regionally specified.?*

Temporal variation - embryonic NSCs exhibit different behaviour depending
on their stage of maturation. Murine forebrain embryonic NSCs proliferate in
the presence of FGF but not epidermal growth factor whereas this situation
is reversed at later stages of development.”®® Embryonic NSCs give rise to
interneurons and projection neurons whereas their adult derivatives

202

generate interneurons only.”~ Embryonic NSC cell activity decreases with

age. 20

1.6.1.3 Retinal progenitor cells

In vertebrates, the bilateral evagination of the diencephalon in the early neurula

marks the earliest morphological sign of ocular development. Formation of the optic
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vesicles results from the continued evagination of the optic primordia. Extension of
the optic vesicles towards the overlying, non-neural surface ectoderm results in
formation of the lens and cornea. The subsequent invagination of the lens placode
and optic vesicle gives rise to a lens vesicle and a double-layered optic cup that
defines the final shape of the eye. The inner layer of the optic cup generates the

294 The presence of surface

neural retina whilst the outer layer forms the RPE.
ectoderm is critical to development of neural retina, as confirmed by explant studies
showing that the neural retina failed to differentiate in the absence of surface
ectoderm.’® Similarly, this role is confirmed by the finding that 180° rotation of the

amphibian optic cup such that the presumptive RPE abuts the surface ectoderm

results in it forming a secondary neural retina.’%

During the period of close apposition with the surface ectoderm, the earliest defined
transcription factor expressed by the presumptive neural retina is the paired-like

207

homeobox gene Chx10.”" Although not essential for determining retinal cell fate,

Chx10 plays a major role in regulating cell proliferation as evidenced by mutant
Chx10 mice which show reduced proliferation of retinal progenitor cells (RPCs).**®
This transcription factor is critical for normal ocular development and human
mutations in Chx10 have been shown to cause microphthalmia, cataracts and iris

209 Although at an early stage RPCs express the transcription factor

abnormalities.
Six3, they continue to express Chx10 at a later stage along with, Crx, Rx, Pax6, and

Otx2.21°

A major role in the development of the neural retina is provided by the FGF family.

Presumptive frog and chick RPE have been shown to transdifferentiate towards
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neural retina in the presence of FGF in culture conditions.”** Additionally, culture of
chick optic vesicles in the presence of FGF-2 neutralising antibodies causes inhibition

212 |n terms of RPC derivation, human ESCs have been

of neural retinal development.
shown to differentiate towards RPCs with high efficiency in the presence of noggin,
dkk1l and IGF-1."* Similarly, murine ESCs are able to generate RPCs using a

combination of dkk1, lefty (a nodal antagonist), fetal calf serum, and activin,

although noggin was not found to be effective in this derivation.'*

The temporal sequence of retinal histiogenesis is generally conserved across species

and is summarised as follows:

RGCs and horizontal cells develop first, followed by cones, amacrine cells, rods,
bipolar cells, and finally Mdller cells in overlapping phases. This chronological
sequence is reflected in the type of progenitor cells from which they are derived.
One colony of RPCs is responsible for early retinal cell development whilst another
forms retinal cells at late stages of the embryonic period and in the postnatal

21> These early and late RPCs co-exist as a distinct population, each with a

phase.
time-ordered activation. Early RPCs generate neurons whereas late progenitors are

generally directed towards producing glial cells.*® However, a degree of plasticity
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exists within these subtypes as evidenced by the derivation of early-born RGCs from

late RPCs in vitro.?*’

1.6.1.4 Adult neural stem cells

It is a well-established fact that glial cells, which constitute the predominant cell
within the CNS, continue to proliferate beyond the postnatal stage into adult life.
Although glial proliferation and migration primarily occurs following degeneration, it
has been shown to occur in oligodendrocyte precursors following demyelination

218 As discussed

restoring a functional population of myelinated nerve sheaths.
earlier, proliferation and migration of retinal glial cells occurs in response to a

variety of insults, such as in proliferative vitreoretinopathy.

However, a key advance in stem cell biology has come from recent work showing
that a degree of regenerative capacity is also found in a number of adult neuronal
tissues. The most widely reported of these areas, or “niches”, are located in the
subventricular zone (SVZ) of the lateral walls of the lateral ventricles of the brain and
the subgranular zone (SGZ) of the dentate gyrus, within the hippocampus.219 These
niches contain adult neural stem cells (NSCs) of astroglial morphology, which under
normal conditions, give rise to neuronal precursors, or “neuroblasts”. SVZ-derived
neuroblasts reach their target area, the olfactory bulb, via a long migratory route
whilst SGZ-derived neuroblasts extend a short distance of a few millimetres to reach
the granular cell layer of the dentate gyrus. In keeping with the classical definition of
stem cells, adult NSCs derived from the SVZ and SGZ show common properties with
their ancestral cell of origin, the embryonic stem cell. They retain the capacity of
self-renewal, which they exhibit over the course of the lifespan of the organism.
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Also, under in vitro conditions, they demonstrate their multipotentiality through the

generation of neurons, astrocytes, and oligodendrocytes.220

The pluripotent nature of adult NSCs was demonstrated in an in vitro study showing
that SGZ-derived adult NSCs could be expanded as neurospheres to generate all
germ layers in chimeric chick and mouse embryos.??! Similarly, SGZ-derived adult
NSCs could generate cells of haematopoietic lineage when transplanted into the
bone marrow of irradiated mice??? and into muscle cells in vitro and in vivo.*> The
pluripotentiality of SVZ-derived adult NSCs has not been studied in great depth
although they have been shown to demonstrate similar properties to their SGZ-
derived counterparts when transplanted in the rostral migratory stream of the rat

brain.2%2

The potential to derive retinal neurons from SGZ-derived NSCs has been explored in
a rat mechanical injury model.??* This study showed engraftment of NSCs in injured
adult retinas with differentiation into neuronal lineage and establishment of graft-
host contacts with the formation of synapse-like structures. However, the NSCs
failed to differentiate into retina-specific phenotypes as evidenced by the absence of

HPC-1, calbindin, and rhodopsin expression.

1.6.1.5 Mesencymal stem cells

A key factor in the generation of retinal neurons from adult stem cells is the
production of sufficient cell numbers. Given the relative paucity of adult NSC
sources, another possibility for the generation of neural cells that has been explored
is via the transdifferentiation of non-neural cells. Mesenchymal stem cells (MSCs),

are one such example that have been reported to differentiate into neurons**> and
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226,227

specifically, retinal neurons, both in vitro and in vivo. MSCs have been shown

to express photoreceptor proteins following subretinal injection and in the in vitro
setting, the latter through the expression of rhodopsin in cultured rat MSCs.??®%%
However, other studies have disputed the potential of MSCs to differentiate into
neural retinal cells and, moreover, have demonstrated their transdifferentiation
towards glial components.230 Additionally, although certain reports have shown
successful integration of MSCs into host retina, the integration rate is limited to
small numbers. Integration of MSCs has been demonstrated in the setting of retinal
laser injury,” ischaemia,?! and following injection into the RCS rat tail-vein of bone

marrow-derived MSCs.?*?

The main benefit of MSCs appears to derive from a trophic response on host cells.
Both the subretinal®*® and intravenous®** administrations of MSCs have been shown
to delay photoreceptor loss and preserve function in animal models of retinal
degeneration. A role for the neuroprotective property of MSCs was evidenced by the

upregulation of CNTF expression following their intravenous delivery.??

1.6.1.6 Induced pluripotent stem cells

A major breakthrough in stem cell technology has come from the discovery that ESC-
like cells, termed “induced pluripotent stem cells” (iPSCs), could be generated from
mouse fibroblasts by the simultaneous induction of four genes: Klf4, Sox2, c-Myc,
and Oct4.2* This was successfully repeated using human fibroblasts to generate

human iPSCs.?**

Although iPSCs share properties with ESCs such as the capability of self-renewal,

pluripotency, morphology, and gene expression, they do differ in important
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respects. ESCs are derived from the blastocyst stage prior to separation of the soma
and germ cell lineages whereas iPSCs are derived from somatic cells. Unlike the
germ cell which passes on its genetic material to the next generation and is
therefore immortalised, the life of the somatic cell is finite as it ends with the death
of the organism. Due to this, mutations in the germ cell are subject to evolutionary
selective pressures, including natural selection, whereas somatic cells escape these

potentially beneficial forces.?*®

The genomic integrity between ESCs and iPSCs may
differ as a result, with iPSCs acquiring genetic alterations at a number of phases.
The reprogramming required to generate iPSCs from a limited number of
transcription factors has also been shown to be responsible for the introduction of

237,238 The

copy number variations (CNV) on passage, which may induce mutations.
observation that human iPSCs contain de novo mutations that are not present in
ESCs in addition to the detection of CNVs indicates the inherent genomic instability

239 rurther differences are seen in that

and tumorigenic potential of these cells.
human iPSCs differentiate to neural lineages at a much lower rate compared to ESCs
irrespective of their origin whilst reduced survival of RPE cells derived from iPSCs has
also been shown.*

Importantly, the recent finding that retinal cells could be derived from human iPSCs

241 The culture of iPSCs

paves the way for future therapeutics using this technology.
in the presence of recombinant Dkk-1, a Wnt antagonist, and recombinant Lefty A, a
Nodal antagonist, generated the production of RPE cells as well as the induced

expression of markers of retinal progenitor cells. The further addition of taurine and

retinoic acid generated cells with positive expression of photoreceptor markers as
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seen in the majority of human cell lines. ES cells and iPSCs have also been shown to
differentiate into optic vesicle- and optic cup-like structures exhibiting a degree of

. . 190,242-244
lamination.

The potential for the aforementioned techniques not only lies in
obviating the need for embryonic sources, an understandably controversial area, but

also means that patient-specific therapies may be devised with derivation of iPSCs

from autologous sources thereby reducing the risk of immune rejection.

1.6.1.7 Cilliary-derived stem cells

In ananmniotes, a highly specialised area located at the anterior retina, termed the
“ciliary marginal zone” (CMZ), provides a continual source of retinal progenitors and
multipotent cells that generate all types of neurons throughout the life of the
organism.** In the adult mammalian retina, the area of the CMZ is much reduced in
size and is localised to the pars plana, a flat sheet of cells connecting the ciliary body
and the retina. This latter CMZ is believed to remain a vestigial source of stem cells
with an extremely limited capacity to undergo cell proliferation and to regenerate

neuronal cells.?%*%

These cells have been shown to form clonogenic neurospheres
in vitro in keeping with stem cell characteristics and to divide with the addition of
FGF-2°*" as well as the ability to generate progeny that express retinal cell
markers.?*® Additionally, these cells have been shown to express several markers
seen in NSCs including Nestin and LeX/SSEA-1°*® and low levels of pan-neuronal
markers such as beta-lll-tubulin. Conversely, the stem cell nature of these cells has

been disputed by other authors who have instead found that these cells originate

from differentiated pigmented ciliary epithelial cells whilst demonstrating ectopic
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upregulation of pan-neuronal markers.?*® This study found that the ciliary epithelial

cells did not form retinal neurons or glia, in vitro or in vivo.

Recent work has demonstrated the finding of a novel mammalian retinal stem cell
niche in the planoretinal junction that is adjacent to the vestigial CMZ.*° Cells
derived from this area were shown to migrate bidirectionally into the pars plana and
the retina. These progenitor cells demonstrated neurogenic activity through the
generation of RGCs as evidenced by the increased numbers of Atoh7""“-expressing

cells in this region, the latter providing a marker of RGC specification.

1.6.1.8 Miiller glial cells

Following injury or degeneration, Miller cells undergo reactive gliosis, characterised
by their proliferation and migration and associated with morphological and

220251 As 3 result, Miiller cells are capable of dedifferentiation

molecular changes.
and of generating retinal progenitors with some cells even giving rise to retinal
neurons. The process of neurogenesis derived from Miiller cells is particularly well-
preserved in fish which is able to repair large areas of retinal damage whilst in higher

625225 However, in vitro studies

order animals, this capacity is almost negligible.
have shown the capacity to increase Miiller cell proliferation with the addition of
exogenous growth factors?>® and the characterisation of Miiller cells outside of their
natural environment has led to the suggestion that they exhibit stem cell-like
properties when cultured in sphere aggregates. This is further evidenced by the fact

that reactivated Miller cells can be used to derive retinal neurons, astrocytes, and

oligodendrocytes.?*®

57



Chapter 1

Injury to RGCs and amacrine cells from N-methyl-D-aspartate (NMDA)-mediated
excitotoxicity can result in transdifferentiation of Miller cells into other retinal cell

145,257 pecent work has shown that human Miiller cells can be used

types in chickens.
to derive rod photoreceptors which exhibit similar electrical properties to their
normal adult rod counterparts as confirmed by patch-clamp recordings.258 This
property may be related to the expression in Miuller cells of the transcription factor,
paired homeobox gene 6 (PAX-6), which is critical in eye development. PAX-6
positive Miller cells give rise to neural progenitor cells that originate in the inner
nuclear layer. Following migration of these cells from the inner to the outer nuclear
layer, PAX-6 becomes downregulated whilst another transcription factor, cone-rod
homeobox gene (CRX), that is responsible for photoreceptor specification, is
upregulated.® Conversely, other studies have found that Miiller cells are unable to
generate photoreceptors in the injured mouse retina, instead resulting in a non-
proliferative gliosis.”>® The suggested hypothesis was that the blockade of DNA

synthesis during the S-phase of the cell cycle prevented the transdifferentiation of

Miiller cells into photoreceptors in the mammalian retina.

1.6.2 Photoreceptor transplantation studies

A number of therapeutic approaches have been explored to replace lost
photoreceptors involving the transplantation of embryonic stem cells, progenitor
cells, total retina, neural retinal cells, and photoreceptors. The aim has been to
restore photoreceptors that form functional connections between the donor cells
and host inner retinal neurons thereby re-establishing the retinal circuitry. The first

described report of successful transplantation of ocular tissue per se was almost a
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260

century ago and conducted in the spotted rat,”> whilst the earliest description of

retinal transplantation, in 1959, followed the transplantation of fetal rat retinas into

%51 A broad range of studies were conducted by one group over 40

maternal eyes.
years to investigate different treatment modalities in animal models of retinal
degeneration, including the use of rodent fetal retina®®?*®, human RPE cells?®”®

269,270

and human neural progenitor cells. These landmark studies, amongst others,

have formed the basis of retinal transplantation research as discussed in the

following section.

1.6.2.1 Barriers to photoreceptor integration

Rosette formation

A major obstacle to successful integration of transplanted cells is the formation of
retinal rosettes. As their name suggests, these aggregrates of retinal cells form a
characteristic rosette-like histotypic pattern. Rosettes occur in vivo in retinal
malignancies and are a hallmark feature in retinoblastoma. They may also be seen in
developmental disorders such as retinal dysplasia, and occasionally occur in retinal
detachment. The precise mechanism of formation is unknown. In terms of rosette
formation in experimental conditions, they are more commonly seen following
transplantation from embryonic sources. Although their formation follows that of
normal retinal development, the retinal layers are inverted, with photoreceptor
outer segments aligned toward the centre of the rosette and synaptic connections

toward the exterior.?’**’*

Rosettes are able to form connections with host neurons, although these synapses

are limited in number and do not demonstrate the presence of functional
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responses.?’”>?”” Aside from this limited synaptic formation, a further mechanical

effect is the obstruction of other cellular interaction between donor and host tissue.
This may be due to the physical barrier of the outer limiting membrane of the

rosette that inhibits interaction between the donor photoreceptors and the RPE.>’®

281 Additionally, the membrane and rosette structure itself may affect cell adhesion
that is critical to the normal migration and integration of cells in retinal
development. An associated issue with rosette development is the risk of

tumour/teratoma formation with murine experiments involving ESC donors showing

tumour formation within weeks following transplantation.

Retinal architecture

The normal outer retina presents a challenge for donor cell integration due to the
presence of the outer limiting membrane and the distance required for extension of
the inner fibre towards a synapse in the outer plexiform layer. It may also be the
case that the adult retinal environment is unable to provide the biological cues
required for retinal neuronal development. Some groups have developed methods
to disrupt the outer limiting membrane by genetic®®? or pharmacological means.??
Certain functional disorders affecting the photoreceptors do not result in loss of
photoreceptors in which case it may be difficult for the donor cell to traverse the
outer retina. However, loss of the photoreceptor layer, as may occur in certain
inherited degenerations or following a laser injury, may provide a more suitable
environment for cell replacement as the long-distance connectivity is not required to

achieve functional integration. Certain groups have developed a pharmacological
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model to induce degeneration of the photoreceptor layer using a biodegradable

implant.®®

Immune rejection

The transplantation of embryonic retina has been shown to result in long-term
survival of the graft in part due to the relative immunoprivileged status of the
subretinal space. However, immune rejection can occur due to general host
mechanisms following introduction of antigen or specifically due to compromise of
the blood—retina barrier. Techniques to surmount this problem are being developed

in the way of stem cells that show reduced human leukocyte antigen expression.285

1.6.2.2 Embryonic and postnatal retinal cell transplantation

The key factor in transplantation medicine is the restoration of function following
introduction of the donor cell, tissue, or organ. With respect to photoreceptor
transplantation, successful transfer of donor material, irrespective of source or stage
of maturation, is characterised by the process of integration. An integrated

photoreceptor is defined as having the following characteristics:

1. The ability to survive in the transplanted host;
2. The formation of direct contact between its outer segment and the RPE;
3. The development of synaptic connections with the inner retinal neurons.

Fetal retinal tissue has been shown to survive after transplantation in studies of

261,286-291 292-295

mice, rats, rabbits, monkeys , and more recently, humans. Increased

survival, differentiation and integration of donor cells were observed when using
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donors before embryonic day 15, indicating that progenitor cells within the
embryonic tissue donors had a significant role in retinal transplantation.?®®%%
However, even adult photoreceptors could integrate into the ONL of normal mouse

retina at two weeks post transplantation although the long-term survival of such

transplants is not expected.”®

Photoreceptor-sorted transplantation

Cone integration occurred following transplantation of FACS-sorted embryonic
donor tissue from CRX-GFP mice that express GFP in all photoreceptor progenitors.
Successful integration was shown in two genetic models of Leber’s congenital

rd8/rd8

amaurosis (Crbl and Gucy2e'/' mice) and was highest in the cone-deficient

Gucy2e'/ “retina.>®

The survival of donor cells with evidence of preserved morphology and laminar
organisation of the host retina has been shown in a number of reports. However,
the key factor that has limited functional restoration has been the demonstration of
successful integration of donor cells. A proof of concept study relating the stage of
maturation of donor cells to integration efficiency demonstrated that rod precursor
integration was related to the temporal expression of the transcription factor, Nr/

(specific for post-mitotic rod precursors and persisting in adult rods).>®

This study
identified the optimal ontogenetic stage of donor cells for transplantation by
showing that successfully integrated rod photoreceptors were derived from post-

mitotic rod precursors (postnatal 1 to 7 days) and not from proliferating progenitor

cells. The establishment of downstream synaptic connections by these integrated
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cells was demonstrated by the generation of positive functional responses. The Nrl-
GFP*"* mouse model has also been used in a recent study showing functional rescue

** sorted rod

in retinal degeneration. Following transplantation of Nrl-GFP
precursors into Gnat1”" mice that lack rod transducin, transplanted mice could elicit
light-evoked responses in the brain and demonstrated visual improvements in dark-
adapted optokinetic and water maze testing in mesopic conditions.*®* One criticism
of this paper however is that these responses can all be generated from residual
cones which are fully functional in this mouse model. It is unclear why the

researchers did not present pupillometry data, which has a much stronger input

from rods compared to cones.

Paracrine effect

Almost all studies on retinal transplantation have been conducted in animal models
with a much higher proportion of rods than cones. For instance, the mouse retina
comprises almost 97% of rods as a proportion of its photoreceptors. For this reason,
it could be argued that most murine studies have been observing primarily the
effects of rod transplantation. Despite this, studies show relatively low numbers of
successfully transplanted rod photoreceptors (less than 1000 cells on average). Over
the last two decades, a series of studies showed successful integration of fetal retina

303-310 However, the

into degenerate host retina with restoration of visual function.
number of integrated donor cells was relatively low, in part due to the formation of

rosettes of photoreceptors from the transplant. For this reason, the functional

rescue of vision is suggested to be due in part to a paracrine effect, as evidenced by
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studies confirming this following the subretinal injection of wild-type (WT) and

human neural progenitor cells in Royal College of Surgeons (RCS) rats.?*°

A recent study suggested the presence of a paracrine neuroprotective effect on

residual host cones following the transplantation of photoreceptors or total neural

311 This work

retina in the P23H rat, a model of dominant retinitis pigmentosa (RP).
showed that following transplantation, a significantly greater improvement in
functional effect was observed than the effect on cell counting, suggesting that cone
survival was dependent on preservation of cone function. A similar effect of host

312,313
> and

cone rescue has been observed after photoreceptor sheet transplantation
retinal sheet transplantation in rd mice.>!* Conversely, other rat models of retinal
degeneration have shown no cone rescue effect after transplantation of retinal

sheets,31>318

Embryonic and early postnatal donors have been shown to result in a visual

297,319,320

improvement in light-damaged rat retinas with demonstration of synaptic

connections occurring between transplanted embryonic retina and host retina.3*3%
A typically used animal model of retinal degeneration, akin to the equivalent
phenotype in humans causing RP, is the rd mouse which has a mutation in the gene
encoding the B-subunit of rod photoreceptor cyclic GMP phosphodiesterase,
resulting in the rapid loss of rods from the retina shortly after birth whereas the
inner retina remains. Following transplantation of dissociated early postnatal mice
retinas into the subretinal space of rd mice, donor cells were shown to survive and

326,327

integrate into the host retina. Although an improvement in behavioural

function®”® and a positive electrophysiological response®?® were shown, due to the
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low number of integrated cells compared to the theoretical number that would be
required to achieve this, the responses were thought to be due to a rescue effect of
the host retina. The possibility of a trophic effect was further argued in studies that
also saw the occurrence of rosette formation following transplantation. The
development of photoreceptor rosettes in the rd mouse was reduced by the
transplantation of flat sheets of embryonic retina that also resulted in an
improvement in retinal function.*** Interestingly, a greater functional improvement

was seen in eyes with a disorganised retina than a more regular retinal structure and

a further suggestion was that this improvement was due to a trophic effect.

Clinical translation

In 1995, the first human trial of photoreceptor restoration using the aforementioned
principles, involved the subretinal transplantation of dissociated human embryonic
retinas in patients with RP and AMD. Aside from demonstrating the technique to be
safe and feasible, the results showed a significant improvement in visual acuity up to
six months post procedure.®*® A post-mortem was conducted of one patient with
AMD from this study who had received subretinal transplantation of

3! The areas of

microaggregates and retinal sheets from a 16-week old foetus.
microaggregate transplantation showed rosette formation with incomplete
photoreceptor differentiation. The region of retinal sheet transplantation showed
good integration but also with incomplete photoreceptor differentiation. The poor

photoreceptor differentiation may have been related to the underlying disorder

affecting the RPE. A separate case has also been reported of a patient with RP who
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underwent subretinal transplantation of full-thickness sheets of embryonic retina
and RPE.**? Although this patient reported a subjective improvement in vision at the
six year examination®%, scanning laser microperimetry did not show a parallel result.
Whilst microperimetry testing demonstrated increased detection of the target at the
edges of the grafted area, there was no improvement overlying the graft, indicating
that the visual improvement may have been due to a trophic mechanism. A similar
hypothesis for a trophic effect is suggested for the improvement of retinal function
seen in the areas surrounding but not overlying the photosensitive subretinal

implant that has been subject to clinical trial in patients with Rp.3¥

1.6.2.3 Stem cell transplantation

Embryonic stem cells

The transplantation of neurons derived from ESCs in other regions of the CNS has
shown some promising results. In animal models of Parkinson’s disease, successful
integration into the brain and partial restoration of function has been shown

following transplantation of dopaminergic neurons generated from mouse, monkey,

334,335

and human ESCs. ESC-derived oligodendrocytes have been shown to partially

repair neuronal damage following spinal cord trauma and in mouse models of spinal

cord demyelination.>**3%

With respect to retinal transplantation, there is plentiful data to suggest that ES cells

can produce retinal cells and RPE. Following transplantation of ES cells, a particular

320,338 Cq|| fusion

issue that has generated interest is the phenomenon of cell fusion.
may explain the results of certain transplantation experiments and allows host cells

to acquire some of the characteristics of the donor cells, e.g. gene expression or
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morphology. ES cells have even been shown to integrate into host retina following
intravitreal injection. One study showed that at 5 days post intravitreal delivery,
integration was absent whereas at 30 days, a proportion of cells towards the inner
retina had formed synapses with host inner retinal neurons at the inner plexiform
layer. Other ES cells had acquired ganglion cell-like characteristics whilst others that
had not integrated, had formed teratomas.®* Intravitreal injection of ES cells
pretreated with retinoic acid to enhance neural differentiation has been performed

in rd host mice.3*

Results at six weeks post transplantation showed the formation of
a cellular network on the retinal surface expressing neural and glial markers but not

those of oligodendrocytes. Some of these cells had migrated towards the inner

plexiform layer but not further than the inner nuclear layer.

Neural stem cells

Transplantation of cells targeted towards retinal cell fate, e.g. NSCs, has been shown
to enhance integration efficiency. Human NSCs pretreated with transforming growth
factor and injected intravitreally into rats were seen to migrate and differentiate

341 The plasticity of NSCs towards generating retinal

into opsin-positive retinal cells.
progeny has been shown in a number of studies. An additional major benefit of NSCs
is their lack of causing tumour and rosette formation. The subretinal transplantation
of rat embryonic forebrain-derived NSCs resulted in retinal cell formation®** whilst

another study using neonatal brain-derived NSCs generated neuronal and astrocytic

cells in normal and retinal degenerate mice.>*
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Adult NSCs have been used as donors in transplantation experiments. Hippocampal-
derived adult NSCs were shown to develop immature retinal cell characteristics

344

following transplantation into neonatal or damaged host eyes. Integration

occurred after transplantation into a host with mechanical injury®*, ischaemic

37 Intravitreal injection of

retinal injury346, or in a genetic dystrophic retina.
hippocampal-derived adult NSCs into adult RCS rats with RPE and retinal

degeneration demonstrated appropriate integration and synapse formation,

although retinal cell expression of HPC-1 and rhodopsin was limited.**’

Retinal progenitors and induced pluripotent stem cells

Improved differentiation towards retinal cell lineage is seen following
transplantation of stem cells derived from retina. RPCs have been shown to
integrate with host retinas in a mouse model of Leber’s congenital amaurosis caused
by a mutation in the Aip/1 gene that results in photoreceptor degeneration.”** The

Brazilian opossum serves as an ideal model for studying retinogenesis as it is born in

348

an immature state.”™ This model was used as a host for subretinal transplantation

349

of neonatal murine brain progenitor cells cultured as neurospheres.”™ Results

showed donor cell integration into younger retinas with expression of retinal cell

markers, including calciretinin and recoverin.

Recent work found that transplantation of mouse iPSC-derived retinal progenitors

into rhodopsin knockout mice showed an increase in the ERG b-wave by 95 uV.35°

Subretinal transplantation of embryonic retinal stem cells in the presence of

epidermal growth factor showed better integration in injured or diseased hosts*'’*>*
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than in normal hosts.>*? In a comparison between stem or stem-like cells derived
from the limbal epithelium, ciliary epithelium, and retina, better integration was
seen following transplantation of neural ciliary and retinal stem cells than of limbal

333 Results showed appropriate localisation of staining for opsin,

epithelium.
amacrine and bipolar cell markers. Following transplantation of human ESC-derived
photoreceptor precursors into CRX knockout mice that have no ERG response, a
small photopic ERG response could be elicited, correlating with the number of

integrated photoreceptor precursor cells.?*®

Forebrain-derived progenitor cells
sustained photoreceptors for prolonged periods and slowed the deterioration of
visual function following transplantation into Ush2a mice, a model of retinal

34 This effect was

degeneration resulting in a deletion of the Usherin protein.
hypothesised to be due to a trophic role of the donor cells or their phagocytic role in

removing shed outer segment material.

1.6.2.4 Retinal pigment epithelial cell transplantation

The aim of RPE transplant studies has been to observe the effect in conditions
affecting the RPE primarily, such as ARMD or certain types of RP. Transplantation of
RPE is more straightforward than its neuronal counterparts as it does not require the
same degree of neural connectivity or synapse formation. Embryonic RPE delivered
subretinally in the form of sheets or dissociated cells has been shown to prevent

395359 Abnormal changes in photoreceptor

photoreceptor loss in the RCS rat.
morphology and metabolic function were reversed with restoration of vision,

suggesting a rescue effect following RPE transplantation. Transplantation of gelatin-

embedded sheets of human RPE with fetal retina into light-damaged minipigs
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showed an improvement in multifocal ERG, although the transplant showed only
glial with no photoreceptor differentiation, suggesting a rescue effect of host

retina.>®

Translational work to investigate the effect of RPE transplantation has been
conducted in patients with RPE degenerations. Subretinal transplants of human fetal
RPE (13-20 weeks of gestational age) were shown to survive following
transplantation in patients with dry ARMD demonstrating the feasibility of this

approach even though there was no visual improvement. ***°%*

RPE cell lines are a specific source of donor cells but carry an associated risk of

362

tumorigenicity and immune rejection.”™ One approach therefore, has been to use

363-365 366

autologous adult RPE or iris pigment epithelial cells™". Although these studies
have shown a visual improvement following transplantation, it must be appreciated
that these cells are derived from an already diseased organ often carrying an RPE
gene defect. An alternative technique that has been performed over the last decade
with mixed results involves the autologous translocation of an RPE-choroid complex.
Although a recent review of 130 patients with exudative ARMD that received an
RPE-choroid graft showed maintenance of vision for up to seven years post
procedure, the results were confounded by factors such as variations in follow-up
duration and vision testing.*®’

Another approach to reduce the risk of tumorigenicity and non-specificity of

368,369 4r iPSCs that have a

primitive ES cells has been to derive RPE from ES cells
committed fate and are less likely to differentiate into non-neural cells or form

tumours. ESC-derived RPE cells have been shown to rescue visual function in
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370,371 372

dystrophic RCS rats and in RPE65 knockout mice.””” On the basis of these

findings, a Phase | clinical trial has been conducted by Advanced Cell Technology
(ACT; Santa Monica, CA) to transplant dissociated human ESC-derived RPE cells to

patients with ARMD and Stargardt’s disease, the results of which are awaited.>”
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CHAPTER 2

MATERIALS AND METHODS

72



Chapter 2

2.1 Animals

2.1.1

Mouse strains

All animal experiments were performed in accordance with the Association for

Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in

Ophthalmic and Vision Research and UK Home Office guidelines. All animals were

kept in a 12 h light (<100 lux)/12 h dark cycle, with food and water available ad

libitum. Adult mice were defined as at least six weeks old. For WT mice, the C57BI/6

model was provided by the Biomedical Sciences division of the University of Oxford

whilst the following mice models were obtained from external suppliers:

1)

2)

3)

4)

B6.Cg-Tg(OPN1LW-EGFP)85933Hue/Mmmh transgenic mice (referred to
herein as Opn1-EGFP) in which enhanced green fluorescent protein (EGFP)
expression is restricted to medium wavelength-sensitive cones (M cones).
Tg(CAG-dsRed*MST)1Nagy/Tg(CAG-dsRed*MST)1INagy  transgenic  mice
(referred to herein as dsRed) in which all tissues of homozygotes fluoresce
red. Mice hemizygous for the transgene express red fluorescent protein less
intensely than homozygotes. This strain also carries the retinal degeneration
Pde6b™™ (referred to herein as rd1) mutation.

OPN4”" GNAT1” CNGA3” transgenic mice [referred to herein as TKO (triple
knockout)], which lack melanopsin and functional rods/cones and therefore
have no significant pupil-light reflex, circadian photoentrainment or masking
responses.

Tg(Nrl-I-EGFP)Asw/Tg(Nrl-I-EGFP)Asw transgenic mice (referred to herein as

Nrl.GFP) in which EGFP expression is restricted to rod photoreceptors.
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5) BALB/c mice which are tyrosinase-deficient albino strains with depigmented
RPE cells.
6) C3H/He mice (referred to herein as C3H) which carry the retinal

brdl/rd

degeneration Pde6 mutation.

Intercrosses were setup between OPN1-EGFP and dsRed mice to establish an F2
generation (referred to herein as OPN1-EGFP-dsRed) with GFP-expressing M cones,

a ubiquitous dsRed reporter and an rd1 mutation.

2.1.2 Anaesthetics and mydriatics

Mice were anaesthetised by a single intraperitoneal injection containing a mixture of
medetomidine (Dormitor 1 mg/mL; Pfizer, Sandwich, UK), ketamine (Ketaset 100
mg/mL; Fort Dodge, Southampton, UK) and sterile water at a ratio of 1:0.6:84 for P1
pups and 5:3:42 for adult mice. Pupil dilatation was achieved with tropicamide
(Mydriaticum 1%; Bausch & Lomb, Kingston-on-Thames, UK) and phenylephrine

(phenylephrine hydrochloride 2.5%; Bausch & Lomb) eye drops.

2.2 Laser experiments

2.2.1 Retinal laser photocoagulation

Mice were anaesthetised by intraperitoneal injection of 1 mg/kg medetomidine
(Dormitor 1 mg/mL; Pfizer, Sandwich, UK) and 60 mg/kg ketamine (Ketaset 100
mg/mL; Fort Dodge, Southampton, UK). Mice were anaesthetised as described
previously (see 2.1.2 Anaesthetics and mydriatics). Pupil dilatation was achieved
with tropicamide (Mydriaticum 1%; Bausch & Lomb, Kingston-on-Thames, UK) and

phenylephrine (phenylephrine hydrochloride 2.5%; Bausch & Lomb) eye drops.
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Preliminary experiments identified the optimal settings required to create a
threshold injury in the experimental set up, that resulted in a consistent window of
GFP-positive cone loss visible by in vivo imaging. A frequency-doubled 532 nm
Nd:YAG laser (Novus Spectra, Lumenis, USA) mounted on a slit lamp biomicroscope
(Haag-Streit, Switzerland) was applied directly through a flat contact lens (9mm
circular cover glass, VWR, UK) with the aid of a coupling medium (Viscotears,
Novartis, Switzerland) to the retinas of recipient mice for in vivo study, histological

confirmation of injury and molecular analysis.

2.2.2 Intravitreal injection

For in vivo study, human ciliary neurotrophic factor (CNTF) (Peprotech, UK) was
delivered by intravitreal injection into the left eye, whereas a sterile PBS sham
injection was made into the right eye of OPN1-EGFP mice to control for the release
of endogenous growth factors as a result of generalised eye injury. In both cases, 1pl
injections were performed after confocal scanning laser ophthalmoscope (cSLO)
imaging (within 30 minutes of retinal laser injury) using a similar technique to that
described in greater depth in section 2.3.2. However, on visualisation of the bevel of
the needle in the subretinal space, the tip was advanced to perforate the retina and

enter the vitreous cavity, wherein the substance was delivered.

2.2.3 Invivo imaging

The effects of laser injury on mice retinas and following subretinal transplantation
were observed using the 488 nm autofluorescence (AF), 790 nm, and 820nm

reflectance modes of a Spectralis HRA cSLO (Heidelberg Engineering, Heidelberg,
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Germany). A custom-made 3.2 mm diameter polymethyl methacrylate (PMMA)
contact lens was used for all recordings (Cantor and Nissel, Brackley, UK), with
lubricating eyedrops (Hypromellose BPC 0.3 %; Martindale Pharmaceuticals,
Romford, UK) as coupling fluid. All images were recorded in a standardised manner
by initially focusing on and centralising the optic disc in the reflectance mode. This
mode was used to localise the outer retina as indicated by areas of high reflectivity.
At this point, the AF and 790nm modes were used to image the photoreceptor layer.
For quantitative analysis, non-normalized images were recorded with a detector

sensitivity of 95 in all cases.

2.3 Photoreceptor precursor cell transplantation

2.3.1 Dissociation of retinal cells

Dissociated cells were prepared from embryonic (E15) and early postnatal (P1) mice.
Mice were sacrificed by cervical dislocation and neural retinas dissected free from
surrounding tissues in warm media. Cells were dissociated using a papain-based kit
(Worthington Biochemical, Lorne Laboratories UK) and either suspended in media
for culture/transplantation experiments or fixed in 4% paraformaldehyde (PFA) for
immunocytochemistry. For transplantation experiments, cells were re-suspended at
a concentration of 2x10° cells/ul in Neurobasal A media with the following additives:
L-glutamine (0.08 mM), penicillin (100 U/mL), streptomycin (100 U/mL), B27

supplement (2%), and N2 supplement (1%, all Invitrogen Ltd., Paisley, UK).
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2.3.2 Subretinal transplantation

Intraocular surgery was performed under direct visualisation using an operating
microscope. Following anaesthesia of recipient mice, a 1.5 cm, 34-gauge hypodermic
needle (Hamilton, Switzerland) was loaded with cells before penetrating the sclera
tangentially. Once the bevelled tip was seen to enter the subretinal space as guided
by the overlying retinal vessels, the needle was advanced slowly and directed
posteriorly to prevent penetration of the retina. Cell suspensions (2ul per eye for
adults and 1 pl for P1 pups) were injected in a controlled fashion to produce a
consistent retinal detachment in the superior and/or inferior hemisphere. The
needle was removed from the eye slowly leading to a self-sealing tunnel thereby

preventing the reflux of cells.

2.3.3 Pupillometry

An infrared-digital camera was used to assess the pupil light reflex (PLR) in un-
anaesthetised mice that had been dark adapted for at least 1 hour. PLR recordings
were taken from the right (unoperated) eye whilst the left (operated) eye was
exposed to a 100ms duration white light with an illumination intensity of 9000 Lux,
emitted from a 100-W xenon arc lamp (LOTOriel) via a light guide. A Ganzfeld sphere
was used to ensure reproducible and directionally independent full field retinal
illumination. The light exposure was synchronised with the image capture using an
electronic shutter. Each left eye was stimulated for 24 seconds with capture of 254
frames of the eye at 10 Hz. Imagel) software was subsequently used to analyse the

pupil area at each frame.
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2.3.4 Behavioural light aversion (BLA)

BLA was assessed using a light-/dark-chamber apparatus. The latter consisted of a 26
X 26 x 26 cm cube that was divided in half into a light “front” chamber and a dark
“back” chamber. A central divider had a 4 x 5 cm opening midway to allow transition
of the test animal. Before each test, the chamber was dismantled to enable
thorough cleaning with 70% (vol/vol) ethanol. White light illumination was provided
by background room lighting and a Philips Energy Light (Philips, Guildford, UK)
suspended 0.45 m above the front chamber (irradiance at floor level 1200 Lux). A

video camera (Logitech, Switzerland) was suspended directly above the whole arena.

All animals were light adapted for at least one hour and each animal was naive to
the test so as to exclude variable responses due to learning or anxiety-related
behaviour. In order to start the test, the animal was held in the palm rather than by
the tail, to reduce potential anxiolytic effects, and was lowered into the front
chamber with the head facing the front in opposite direction to the dark chamber.
The lid was replaced immediately and each trial lasted 24 minutes. Analysis was
conducted offline using ANY-maze software (Stoelting, USA) for automated
measurement of tracking. A transition between chambers was accepted if at least
the front half of the animal crossed chambers. Animals that did not cross chambers

during the first five minutes of the trial were excluded from analysis.

2.3.5 Calcium imaging

Under dim red light, neural retinas were dissected free from surrounding tissue in

cold Ringer’s solution containing (in mM) 119 NaCl, 2.5 KCI, 1 KH,PQ4, 1.3 MgCl,, 2.5
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CaCly, 26.2 NaHCOs, and 11 D-glucose, equilibrated with 95% 0,/5% CO, (pH 7.4).
Retinas were nicked at four equidistant points, flat-mounted onto a 13mm cover slip
photoreceptor side-up where they were held taut under a nylon-strung platinum
wire harp and transferred to the stage of an upright microscope (Olympus BX). After
loading with 10 uM Fura 2-AM (Molecular Probes) in Ringer’s solution (0.5% DMSO;
0.1% pluronic acid dispersant) for 45 minutes at 30°C, retinas were washed in
Ringer’s solution for 5 minutes. The fluorescent dye was excited alternately at
340nm and 380nm for 400 and 250 ms of exposure, respectively, via a
monochromator (Cairn Research Ltd, UK). The ratio of the emissions at those
wavelengths directly correlated to the amount of intracellular calcium. Emission at
510nm was captured with an intensified CCD camera (IPentamax, Princeton
Instruments) and images were acquired at 2 second intervals. Drugs were applied by
micro-pipette  injection into the bathing solution. DCPG ((S)-3,4-
dicarboxyphenylglycine) (20uM; final concentration in bath), CPPG ((RS)-alpha-
cyclopropyl-4-phosphonophenylglycine) (100uM) were supplied by Tocris (UK), and

KCl (100uM) was supplied by Sigma (UK).

2.4 Invitro characterisation of cone photoreceptors

2.4.1 Retinal cell culture and cell counts

Following papain dissociation, retinal cells were cultured in 24-well plates at 5x10°
cells/well in the following media: 1) Neurobasal A, L-glutamine (0.08 mM) containing
penicillin (100 U/mL), streptomycin (100 U/mL), B27 supplement (2%), and N2

supplement (1%, all Invitrogen Ltd., Paisley, UK); or 2) Dulbecco's Modified Eagle
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Medium (DMEM) containing 10% fetal bovine serum, , L-glutamine (0.08 mM),
penicillin (100 U/mL), streptomycin (100 U/mL). Media changes were carried out
every 48 hours and with minimal disturbance of adherent cells. Experiments were
performed in triplicate and cell counting was conducted at five areas per well,
centrally and at four cardinal points, in order to derive an average. Images were
captured using a fluorescent camera (Leica, Microsystems GmbH, Germany) and

analysed off-line.

2.4.2 Fluorescence activated cell sorting (FACS)

Papain-dissociated retinas were suspended in Neurobasal A media at 37°C at <1x10’
cells/ml. The GFP positive cone population was isolated by FACS (Beckman Coulter
MoFloTM XPD) at 37°C. FACS gates for any given sample were determined using
stage-matched WT control cell suspensions. The sorted cells were resuspended in
either RNAlater for mRNA analysis or warm media for culture experiments. Flow-
sorted cells were isolated after centrifugation at 300g for 10min and cell viability

was determined based on Trypan Blue staining.

2.4.3 Magnetic-activated cell sorting (MACS)

Dissociated retinal cells (up to 5 x 107) were suspended in 500ul Neurobasal A media
at 37°C. To prepare the magnetic beads, Dynabeads Protein G (Invitrogen, UK) were
rotated on a daisy wheel for 5 minutes at room temperature (RT) from which 50ul
were transferred to a 1.5ml tube. These were washed three times with PBS/0.02%
Tween-20 by using a magnet to separate the beads and the supernatant. 20ul rat

anti-mouse CD73 (Lot no. 550738, BD Pharmingen, UK) (0.5mg/ml) was added to the
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beads in 480ul PBS/0.02% Tween-20 and rotated on a daisy wheel for 1 hour at RT.
The mixture was washed twice with PBS/0.02% Tween-20 and then once with
Neurobasal A media, using a magnet to separate beads from supernatant, thereby
removing any unbound antibody. The supernatant was discarded and 500ul
Neurobasal A media containing dissociated cells added to the antibody/bead
complex before rotating on a daisy wheel for 2 hours at RT. The mixture was washed
3 times with 500ul Neurobasal A media by using a magnet to separate the antigen
(potentially rods in this case)/antibody/beads complex from the supernatant
(potentially containing all retinal cells minus rods). The supernatant washes from
each step were pooled together into a separate 2ml tube, centrifuged at 300g for 5
minutes and the resultant pellet suspended in 500ul for RNA analysis. The remaining
cells attached to the beads were removed by adding 500ul of elution buffer (50mM
glycine, pH 2.8), incubating at RT for 2 minutes, followed by centrifuging at 300g for

5 minutes and suspending the resultant pellet in 500ul for RNA analysis.

2.5 Polymerase chain reaction (PCR)

2.5.1 Principles of PCR

The principle of PCR is to exponentially amplify a DNA product and is based on the
mechanism of DNA replication that occurs in vivo. Double-stranded DNA (dsDNA) is
denatured to single-stranded DNA (ssDNA) and duplicated, with repetition of this
process throughout the course of the reaction. There are three steps to a PCR

reaction (Figure 2.1) as follows:
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1. Denaturation at 94°C — during this stage, dsDNA melts open to ssDNA, and all
enzymatic reactions stop (i.e. the extension from a previous cycle);

2. Annealing at 50-65°C — at this temperature, annealing of primers to ssDNA
takes place. Oligonucleotides used as primers usually consist of relatively
short sequences (15-25 nucleotides) complementary to recognition sites in
the target DNA. The annealing temperature is typically 3-5°C below the
melting temperature (T,,) of the primers used. Adequate binding results in
the formation of strong ionic bonds between the ssDNA template and
primer, allowing the polymerase to attach and begin copying the template in
the next step;

3. Elongation at 72°C - during this step a heat-stable DNA polymerase
synthesises a new DNA strand complementary to the DNA template strand
resulting in a duplication of the starting target material. This occurs in the
presence of MgCl, by the addition of dNTPs in the 5' to 3' direction. With
extension of the primers by a few bases, this strengthens the ionic bonds to

the template, reducing the chance of unbinding.
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1. Denaturation

5 >3'
+
= .

3

2. Annealing

3. Elongation

5 S’E

Figure 2.1. Schematic drawing of the PCR cycle showing the key steps: (1)
Denaturation (2) Annealing (3) Elongation. The primers (red arrows) anneal to the
DNA template (blue lines) and are extended by the DNA polymerase (light green
circles) to give shorter DNA products (green lines), which themselves are used as
templates in the proceeding PCR cycles.
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At the end of each cycle, the newly synthesised DNA strands serve as the template in
the next cycle. Since both strands are duplicated during PCR, there is an exponential
increase of the number of copies of the gene. Therefore, assuming 100% efficiency

during each cycle, after 40 PCR cycles there will be a 2*°-fold amplification.

2.5.2 Methodology of conventional PCR

Tissue isolation and DNA preparation

DNA samples were required for genotyping animals and were obtained from tissue
pieces from the ears of adult mice or from the tail tips of P1 pups. Tissue samples
were immersed in 100um 50mM NaOH and kept on a heat block at 95°C for 1 hour.
Following this, samples were vortexed and centrifuged at 13000rpm for 2 minutes
with subsequent addition of 10ul 1M Tris-HCl buffer and repeat centrifuge at

13000rpm for 2 minutes. The resultant suspension was immediately stored on ice.

PCR amplification of DNA

Individual DNA samples (2ul) were amplified in a reaction mixture containing 12.5ul
Immomix Red, 1.25ul each of forward and reverse primer (each at 10uM), and 8ul
RNase-free water. Initiation of PCR reactions was conducted in incubating tubes at
94°C for 10 minutes (a pre-PCR thermal requirement to activate the Immomix Red).
Thereafter, samples were amplified while avoiding saturation using an appropriate
(normally 30 to 40) number of cycles that had been previously determined for each
set of primers. Moreover, all of the PCR products yielded single bands corresponding

to the expected size in base pairs and had previously been sequenced to ensure
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their validity. Following an activation step at 95°C for 10 minutes, each cycle
consisted of denaturation at 95°C for 10 seconds, hybridisation (annealing
temperature) at 55°C for 30 seconds, and extension at 72°C for 30 seconds, using a
Hybaid PCR Sprint thermal cycler (Ashford, Middlesex, UK). A final extension was
performed at 72°C for 10 minutes. PCR products were visualised by gel

electrophoresis as described in Section 2.6. The sequences of primers used for

genotyping by conventional PCR are shown in Table 2.1:

Gene Forward (5' to 3') Reverse (5'to 3')

GFP CAATTAAGAGATCAGGTAGTGT AGTTCACCTTGATGCCGTTCTT

GTAAACAGCAAGAGGCTTTATTGGGAAC
Pdeb"™ TGACAATTACTCCTTTTCCCTCAGTCTG

TACCCACCCTTCCTAATTTTTCTCACGC'

CNGA3 TGCACGACTCTCCCGGAAGTACA ACCGGATAACCCGAGTCTCCAAG
Rhodopsin | GAGGGCTTCTTTGCCACACTTG AGCGGAAGTTGCTCATCGGCTT
MW opsin TCTGCTACCTCCAAGTGTGGCT GCAGTATGCGAAGACCATCACC
S opsin GTCGCCATGTTTGTGCTCTGGA GCTTGGAGTTGAAGCGGATGCT

Table 2.1. Oligonucleotides used for genotyping by conventional PCR. "Forward
primer used to detect mutant allele, "Forward primer used to detect WT allele.

2.5.3 Methodology of quantitative real time PCR (qPCR)

In conventional PCR, detection and semi-quantification of amplified products take
place at the end of the reaction following the final PCR cycle, and involve post-PCR
analysis such as gel electrophoresis and image analysis. In comparison, gPCR
measures the amount of PCR product at each cycle, whereby quantification during
the exponential phase of the reaction may be used to determine the initial amount

of target product.
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Tissue isolation and RNA preparation

For RNA samples, retinas were dissected free of all surrounding tissues under a
microscope in RNAlater (Ambion, Huntingdon, United Kingdom), before being
transferred to and homogenised in 500ul TRIzol (Invitrogen, Basel, Switzerland). The
suspension was kept at RT for 5min before addition of 100ul chloroform. The
mixture was vortexed for 15 seconds and kept at RT for 2 minutes. The suspension
was centrifuged at 10000rpm and -4°C for 15 minutes causing separation of the
sample into three phases: a top colourless aqueous phase containing RNA, an inter-
phase containing DNA and a bottom organic phase containing protein. 300ul of the
RNA-containing phase was carefully removed and transferred to a new 1.5ml tube
containing 300ul of 70% ethanol, following which total RNA was then extracted
using a Qiagen RNeasy Micro Kit, according to the manufacturer’s instructions
(Qiagen, Germany). Traces of DNA were removed by incubation with DNase | at RT.
The final step resulted in a sample of total RNA in 14ul of RNase-free water in a

1.5ml tube which was immediately placed on ice.

The concentration and purity of RNA was measured by spectrophotometry using a
NanoDrop (Thermo Scientific, USA). Purity was determined by the ratio of sample
absorbance at 260 and 280nm. A ratio of approximately 2.0 indicated good quality
RNA with much lower values indicating the possibility of protein, phenol or other

contaminants.

Reverse transcription

Oligo dT-primed complementary DNA (cDNA) was synthesised from 1ug total RNA,
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using SuperScript lll Reverse Transcriptase, according to the manufacturer’s
procedure (Invitrogen, Paisley, UK). For each reaction, a 30.5ul mixture was
prepared consisting of 5ul Oligo dT, 1ug total RNA (in 5ul water), and 20.5 RNase-
Free water. This was heated at 85°C for 15 minutes and then chilled on ice for 2
minutes. Added to each sample were 10ul 5x First Strand buffer, 5ul 0.1M DTT, 2.5ul
dNTP mixture (containing 10mM of each nucleotide), and 1ul RNAseOUT Inhibitor.
The mixture was left at RT for 2 minutes followed by the addition of 1 pl SuperScript
Ill Reverse Transcriptase and further incubation at RT for 5 minutes. After incubating
at 50°C for 1 hour, another 1 pl SuperScript 1l Reverse Transcriptase was added to
the mixture followed by further 1 hour incubation at 50°C. Upon completion, the

cDNA samples were stored at -80°C if not used immediately.

PCR primer design and gPCR conditions

The equivalent of 150ng cDNA was used to PCR amplify transcripts expressed by the
following genes implicated in apoptosis: B-cell lymphoma protein-2 (Bcl-2); Bcl-2
associated protein X (Bax); Cysteinyl aspartic acid-protease-3 (Caspase-3); cellular
oncogene FBJ murine osteosarcoma viral oncogene homolog (c-Fos); cellular
oncogene V-jun avian sarcoma virus 17 oncogene homolog (c-Jun); mitogen-
activated protein kinase-11 (Mapk-11); Mapk-12; Mapk-13; Mapk-14; and signal
transducer and activator of transcription-3 (STAT-3) genes. In murine tissues, the
Bcl-2 gene is expressed as two isoforms, whereas the Bax gene is transcribed as a
single mRNA transcript. Being related genes, Bcl-2 and Bax encode for transcripts

that share a high sequence identity. To ensure cross-hybridisation would not occur
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during the qPCR experiments, primers for these genes were carefully designed with
specific 3’-ends, such that polymerisation would only occur to amplify a specific
product. All reactions used a SYBR® Green PCR Master Mix (Applied Biosystems,
Warrington, UK) and 5uM of each forward and reverse primers (Table 2.2). All
primer pairs were designed to span an intron of the target gene to minimise
genomic DNA (gDNA) contamination. All qPCR experiments were performed in
triplicate using a StepOnePlus real-time PCR system (Applied Biosystems, DE, USA)
with the following settings: an initial denaturation step of 95°C for 10 minutes,
followed by 40 cycles of 95°C for 30 seconds, an annealing temperature of either
55°C (all genes except Bcl-2) or 60°C (for Bcl-2) for 30 seconds, and extension at 72°C
for 30 seconds. Values obtained for the target genes were normalised to the
geometric mean of three housekeeping genes, namely acidic repeat protein (Arp),
beta-actin, and glyceraldehyde-3-phosphate dehydrogenase (Gapdh). Primer
sequences were designed using Primer3 software and standard curve analysis was

performed to ensure primer efficiencies were close to 100%.
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Gene Forward (5'to 3') Reverse (5'to 3')

Bax CATGTTTGCTGATGCCAACTTC CACAAAGATGGTCACTGTCTGC
Bcl-2 GATGACTTCTCTCGICGCTACC CGGITCAGGTACTCAGICATCC
Caspase-3 | CTCTACAGCACCTGGITACTATTCC | ACAATACACGGGATCTGITTCTTTG
c-Fos GAACCCTTTGATGACTTCTTGITTC | AAAGGAAGACGTGTAAGTAGTGCAG
c-Jun AGAACTCGGACCTTCTCACGTC TGTTCTGGCTATGCAGI TCAGC
Mapk-11 GATCATCGCTAAACTGGATGCACTAC | GAGGCAGAGACTGGATGTATGTC
Mapk-12 AGACAGTGAGATGACAGGATATGTIG | CTCTGCACTCTGTAGCTTCTGAAC
Mapk-13 GICCAGTACTTGGTGTACCAGATG GTCGACTGICTGGTTGTAATGC
Mapk-14 TCAGTTTCTCATCTACCAGATCCTC | TGTCTGGTTATAGTGCATCCAATTC
STAT-3 AAGAACGTGAACTTCTTCACTAAGC | ATATTGTCTAGCCAGACCCAGAAG
Arp GATCATCCAGCAGGTGTTTGAC GTGTACTCAGT CTCCACAGACAATG
Beta-actin | GCTGTGCTATGITGCTCTAGACTTC | CATAGAGGTCTTTACGGATGICAAC
Gapdh CTTCATTGACCTCAACTACATGGTC | GTGGTGAAGACACCAGTAGACTCC

Table 2.2. Oligonucleotides used for qPCR analysis of apoptotic gene expression.

2.6 DNA electrophoresis

Principles

Electrophoresis is a technique used to separate macromolecules - in particular
nucleic acids and proteins - of differing size, charge or conformation. When placed in
an electrical field, these molecules will migrate towards either the positive or
negative pole depending on their charge. Whilst proteins carry either positive or
negative charge, nucleic acids are negatively charged due to their phosphate
backbone and therefore migrate towards the anode. The gel is composed of the

polysaccharide, agarose, which is typically used at concentrations of 0.5 to 2%,
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depending on the size of DNA fragments. Ethidium bromide, a fluorescent dye that
intercalates between bases of DNA and RNA and is thus used to stain nucleic acids, is
added to the agarose gel mixture before it sets. A loading buffer, which is denser
than the agarose, is added to the DNA sample to allow it to sink to the bottom of the

well.

Methods

Gel electrophoresis was employed for DNA and cDNA samples. DNA or cDNA
products were separated on 2% (w/v) agarose gels with 1% (w/v) ethidium bromide
using a 1 x TBE buffer. A 1kb DNA ladder was run in parallel to provide size markers.
Samples were loaded using gel loading buffer. Gels were run at 100 volts for various
times depending on the size of the DNA bands and were photographed on a UV

transilluminator.

2.7 Histological analysis

2.7.1 Cryosections

Following sacrifice and enucleation at relevant time points, eyes were fixed in 4%
(w/v) paraformaldehyde (PFA). After corneal excision and lens extraction, remaining
eyecups were fixed in 4% PFA overnight, before being transferred to 30% (w/Vv)
sucrose for two hours and embedding in OCT compound (VWR, Lutterworth, UK).
Blocks were serially sectioned on a cryostat at 20 um thickness on to polylysine-
coated glass slides. All sections were stained with 4',6-diamidino-2-phenylindole
(DAPI) (Invitrogen, Paisley, UK) with or without prior antibody staining, and
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subsequently imaged using either an inverted fluorescence microscope (Leica

Microsystems GmbH, Wetzlar, Germany) or confocal microscope.

2.7.2 Immunohistochemistry

Principles

Immunohistochemistry (IHC) is the process used to demonstrate the presence and
location of proteins in tissue sections. IHC utilises labelled antibodies to localise
specific cell and tissue antigens that are visualised by a marker such as a fluorescent
dye, enzyme, radioactive element or colloidal gold. There are two principal

techniques to IHC that involve either of the following:

1. Direct method - this involves a labelled antibody (i.e. fluorescein
isothiocyanate (FITC) conjugated antiserum) reacting directly with the
antigen in tissue sections. Although this method uses a single antibody and is
relatively quick, it is insensitive due to little signal amplification and therefore
has been superseded by the indirect method.

2. Indirect method — this involves an unlabelled primary antibody which reacts
with tissue antigen, and a labelled secondary antibody (against the IgG of the
animal species in which the primary antibody has been raised) which reacts
with the primary antibody. The secondary antibody can be labelled with a
fluorescent dye such as FITC, rhodamine or Texas red, known as the indirect
immunofluorescence method, or with an enzyme such as peroxidase,
alkaline phosphatase or glucose oxidase, known as the indirect

immunoenzyme method.
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Methods

Retinal sections collected on polylysine-coated slides were rinsed 3 x 5 minutes with
PBS and permeabilised for 20 minutes with 0.4% Triton-X in PBS. This was followed
by a further rinse for 3 x 5 minutes with PBS and subsequent blocking for 1 hour
with PBS containing 0.1% Triton-X and 10% normal donkey or goat serum, the latter
depending on the host species of the secondary antibody. Slides were incubated
overnight at 4°C with PBS containing 0.1% Triton-X, 2% normal donkey or goat
serum, and primary antibody at the appropriate concentration. After rinsing 3 x 5
minutes with PBS-Tween 20, slides were incubated at RT with PBS containing 0.1%
Triton-X, 2% normal donkey or goat serum, and 1:200 secondary antibody. Slides
were rinsed 3 x 5 minutes with PBS-Tween 20 and counter-stained with Hoescht
33342 (Molecular Probes, UK) for 5 minutes (1:1000 in PBS). The primary antibody
was omitted from negative controls. The primary and secondary antibodies used are

summarised in Table 2.3 and Table 2.4 respectively.
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Arrestin Rabbit Millipore (AB15282) 4% PFA 1:1000
R/G opsin Rabbit Millipore (AB5405) 4% PFA 1:1000
Recoverin Rabbit Abcam (AB5585) 4% PFA 1:1000

CNGA3 Rabbit Kind gift (M.Biel) 4% PFA 1:3000

GFAP Rabbit Abcam (AB7779) 4% PFA 1:1000
GS Mouse Millipore (MAB302) 4% PFA 1:1000
GFP Chicken Abcam (AB13970) 4% PFA 1:1000

Table 2.3. Primary antibodies used for IHC. R/G, red/green; CNGA3, cyclic nucleotide
gated channel alpha 3; GFAP, glial fibrillary acidic protein; GS, glutamine synthetase;
GFP, green fluorescent protein.

Anti-Rabbit Donkey  Alexa Fluor 568 '?nggi;;’ 4%PFA  1:200
Invitrogen

Anti-Rabbit Donkey Alexa Fluor 635 (A31576) 4% PFA 1:200

Anti-Mouse Donkey Alexa Fluor 647 Invitrogen 4% PFA 1:200
(A31571)

Anti-Chicken Goat  Alexa Fluor 647 '?X;{Zi;;’ 4%PFA  1:200

Table 2.4. Secondary antibodies used for IHC.
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Lectin peanut agglutinin (PNA) staining

For lectin PNA staining, retinal sections on slides were washed with PBS before
blocking for 30 minutes with 0.5mg/ml bovine serum albumin in PBS. Slides were
again washed with PBS before incubation for 20 minutes with 1:500 lectin PNA in
PBS. The types used were either lectin PNA, Alexa Fluor 568 Conjugate (L32458,
Invitrogen, UK) or lectin PNA, Alexa Fluor 647 Conjugate (L32460, Invitrogen, UK).
The final wash steps and counter-staining with Hoescht 33342 were identical to

those described previously.

2.7.3 Immunocytochemistry (ICC)

Methods

The ICC protocol was similar to that used for IHC but with shorter steps and
centrifugation. Following cell dissociation, the resultant cell pellet was immediately
suspended in 2% PFA for 10 minutes at RT before centrifugation at 300g for 10
minutes. The cell pellet was permeabilised for 5 minutes with 0.4% Triton-X in PBS,
followed by centrifugation at 300g for 10 minutes and re-suspension for 15 minutes
with PBS containing 0.1% Triton-X and 10% normal donkey or goat serum. The cell
pellet was incubated for 4 hours at 4°C with PBS containing 0.1% Triton-X, 2%
normal donkey or goat serum, and primary antibody at the same concentration as
per the IHC protocol. After centrifugation at 300g for 10 minutes, the cell pellet was
incubated at RT with PBS containing 0.1% Triton-X, 2% normal donkey or goat
serum, and 1:200 secondary antibody, followed by a final centrifugation at 300g for

10 minutes. The resultant cell pellet was counter-stained with Hoescht 33342
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(Molecular Probes, UK) for 2 minutes (1:1000 in PBS) and a drop of this suspension

put on a polylysine-coated glass slide with an overlying coverslip

2.7.4 Terminal dUTP Nick End-Labeling (TUNEL) of fragmented DNA

Principles

TUNEL is a method for detecting DNA fragmentation that occurs due to apoptotic
signalling cascades, by labelling the terminal end of nucleic acids. The underlying
principle relies on the detection of characteristic nicks in the DNA that can be
identified by terminal deoxynucleotidyl transferase (TdT). TdT is an enzyme that will
catalyse the binding of dUTPs that are secondarily labelled with a marker such as

Texas Red for downstream detection and quantification.

Methods

DNA strand breaks in retinal cell nuclei were detected by TUNEL assay on retinal
sections between one to five days post laser application according to manufacturer’s
instructions (In Situ Cell Death Detection Kit, Roche, Switzerland). Sections were
further counterstained with DAPI to identify photoreceptor nuclei. Apoptotic cells
were counted from three sections of the central most area of maximal lesion

damage and the resulting numbers were averaged.

2.7.5 Confocal microscopy

Retinal sections were viewed on a confocal microscope (Zeiss LSM710).

Epifluorescence illumination was used to locate GFP- and dsRed-positive cells before
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taking a series of XY optical sections. The fluorescence of Hoechst, GFP, dsRed,
Alexa-555, Alexa-568, and Alexa-635 was sequentially excited using 350-nm UV, 488-
nm argon, and the 543-nm HeNe lasers, as appropriate. A stack was generated to
give an XY projection image, and images were processed using Volocity (Perkin-

Elmer), ImageJ, and Adobe Photoshop CS4 version 11.0.2.

2.7.6 Counts of integrated cone photoreceptors

To establish the number of integrated cone photoreceptor cells in recipient retinas,
animals that received injections were sacrificed between two to three weeks post-
cell transplantation and the eyes prepared for analysis. Cells were counted as
integrated if they displayed a whole cell body in addition to at least one of the
following structures: pedicle synapse, inner processes, and/or inner segments. The
number of integrated cones photoreceptors per eye was determined by counting all
the integrated GFP-positive cells in all serial sections through each eye. Cell counts
for individual eyes were excluded if there were GFP-positive cells present in the
vitreous, indicating accidental penetration of the retina with resultant intravitreal
injection. Also excluded were eyes with no subretinal donor mass and surgical notes
recording the presence of excessive reflux or inadvertent intravitreal injection.
Reflux of cells and accidental intravitreal injection occurred at a frequency of 1/15

and 1/25 eyes respectively.

2.7.7 Statistical analysis

Statistical analyses are presented as mean + SEM (standard error of the mean); N,

number of animals; n, number of eyes or sections examined, as appropriate. To
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determine normality of distribution, the Shapiro-Wilk test was used with a
significance threshold of 0.05. For normally distributed data, comparisons of cell
counts and gene expression between contralateral eyes were analysed using paired
two-tailed Student t-tests, with Bonferroni correction as appropriate, and a
significance threshold of 0.05. For cell counts from paired animals, a paired two-
tailed Student t-tests was used when all animals were present, otherwise an
unpaired t-test was used to compare all the data, with a significance threshold of
0.05. Data sets with more than two groups were compared using an analysis of
variance with a post hoc Bonferroni multiple comparisons test for groups of four or
less and a Tukey post hoc test for greater than four groups, with a significance
threshold of 0.05. For data that was not normally distributed, the non-parametric
Mann-Whitney was used, with a significance threshold of 0.05. All analyses were
conducted using SPSS version 19 (IBM) with charts prepared using Graphpad Prism
version 5.00 for Windows (GraphPad Software, San Diego California USA,

www.graphpad.com); *P < 0.05, **P < 0.01, ***P < 0.001.
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CHAPTER 3

DEVELOPMENT OF A MODEL TO DETECT LOSS OF
CONES FOLLOWING RETINAL LASER EXPOSURE

98



Chapter 3

3.1 Introduction

3.1.1 Aim

To develop a reproducible in vivo model of retinal laser injury that shows the effect

on cone photoreceptors.

3.1.2 Overview

The effects of laser injury on photoreceptors is well established with the loss of cells
occurring due to either the conduction of heat energy to the photoreceptor outer
segments, resulting in their permanent structural damage, or due to the loss of
supporting RPE cells following their absorption of laser energy. The precise
mechanism typically involves a rapid expansion of the RPE with the formation of gas

bubbles, which results in dissipation of energy to the surrounding structures.

Historically, retinal laser studies have been conducted using histological methods. A
number of these studies have shown that a delayed effect is seen to occur with the
expansion of injury following laser exposure. Since necrosis is an immediate cause of
cell death, the hypothesis would be that the delayed loss of photoreceptors would

involve the process of apoptosis.

In vivo imaging of retinal laser exposure has typically involved either
ophthalmoscopy or more recently, the use of devices such as the confocal scanning
laser ophthalmoscope (cSLO) or optical coherence tomography scanner. The
advantage of these methods is that they provide real-time imaging of the effects of
laser exposure and therefore allow for longitudinal study whereas histological

methods provide only cross-sectional information.
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In order to investigate the effects of laser injury on individual cells of the retina, the
optimal method is to localise a fluorophore to the cell of interest. This may take the
form of an exogenously applied agent, such as fluorescein, or the use of a reporter
that provides endogenous fluorescence, such as GFP. Using the property of
fluorescence allows detection using the aforementioned techniques, as in the case
of the cSLO that can excite and detect GFP signal using appropriate laser
wavelengths. Specifically tagging the cone photoreceptors with a GFP reporter as

seen in the OPN1-EGFP mouse, allows real-time imaging of individual cones by c¢SLO

and therefore provides the ideal model in which to study the effects of laser injury.

3.1.3 Summary of results

The findings in these studies can be summarised as follows:

1) In vivo imaging using the c¢SLO detected the loss of M cones in the OPN1-
EGFP mouse following laser injury, and the loss of this cone population
increased with time.

2) Histology confirmed an area of photoreceptor attenuation coinciding with
the site of laser injury and that the loss of photoreceptors increased with
time.

3) TUNEL assay showed the presence of apoptosis occurring in the area of laser
injury and that the proportion of apoptotic cell bodies decreased with time.

4) Analysis of gene expression following laser detected the upregulation of the
c-Fos gene with trends seen suggesting the upregulation of Bax and STAT-3

and inhibition of Bcl-2.
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3.2 Experimental design

Experiments were conducted as follows:

In vivo imaging

Adult OPN1-EGFP mice were anaesthetised by intraperitoneal injection of 1 mg/kg
medetomidine and 60 mg/kg ketamine and pupil dilatation was achieved with
tropicamide 1% and phenylephrine 2.5% eye drops. Baseline images were obtained
using the cSLO following which retinas received two to four equidistant burns
approximately two disc diameters from the edge of the optic disc. This distance
allowed for adequate imaging of GFP-positive cones without blur resulting from
being too close to the optic disc. Retinas were again imaged by c¢SLO and mice
recovered using atipamezole (1Img/kg). Mice were re-imaged at one, three, and six

weeks.

Histology and TUNEL assay

For histology and TUNEL assay, WT mice received eight burns bilaterally (16 burns in
total) in a similar distribution as described. For histology, mice were sacrificed at
one, three, and six weeks post laser injury whilst for TUNEL assay, mice were
sacrificed on consecutive days between one to five days post laser application. Eyes
were prepared for sectioning as previously described. Sections were stained with
DAPI (and by TUNEL assay as appropriate) and imaged using an inverted

fluorescence microscope.
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qPCR analysis

To investigate the effect of laser on retinal gene expression, WT mice received 20
pan-retinal burns unilaterally with the contralateral eye left untreated to serve as
control. At three days post laser exposure, a comparison was made between gene

expression (as previously described) in lasered versus non-lasered retinas.

3.3 Results

3.3.1 Invivo imaging

Threshold injury determination

Visible spectrum light fundoscopy was used to establish the settings required to
create a minimum visible lesion (MVL). At low laser energy levels, a small
homogenous patch of white developed a few seconds following laser application.
Increasing the energy level created a larger lesion with immediate blanching of the
retina (Figure 3.1). Use of even higher energy levels caused either a retinal
haemorrhage or the formation of a vaporisation bubble, indicating the rupture of

Bruch’s membrane.
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Figure 3.1. A colour photograph showing the set-up for laser application to the
mouse retina. A slit lamp was used to deliver the retinal laser burn to the
anaesthetised mouse that was placed on a platform in line with the viewing arm (A).
A colour photograph of the mouse eye with an overlying coverslip showing the
blanching effect of several retinal laser burns encircling the optic disc centrally (B). A
view of the mouse retina as observed on the slit lamp showing the white optic disc
centrally (C). A red aiming beam is seen superior to the disc which marks the point of
laser delivery. The immediate response following laser application creates a
blanching effect, as seen superior to the disc (D). The aiming beam has been moved
adjacent to this spot in order to apply another burn.

Near-infrared reflectance imaging

Using the 820nm reflectance setting following laser application enabled localisation
of the injured area which showed a discrete region that developed into an irregular
pattern at later stages (Figure 3.2). Focusing at the plane of maximal reflectance
coincided with the outer retina, and therefore allowed observation of the effects on
the photoreceptor layer using AF imaging.
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2 weeks

Figure 3.2. Reflectance and 488nm AF images post laser in the OPN1-EGFP retina.
Reflectance images 5 minutes post laser showed well-defined lesions (red circles, A)
that developed an irregular pattern at two weeks (red circles, C). Corresponding AF
images at the same plane localised to the GFP-positive cones and showed no
significant change immediately post laser (B), whereas at two weeks the lesions
were defined by areas of hyper-autofluorescence (D).

488nm AF imaging

Contrary to the loss of AF signal from GFP-positive cones that was the aim of the
model, initial qualitative experiments detected a hyper-autofluorescent 488nm
signal within the lasered area from one day post exposure (Figure 3.3). This is in
comparison to no hyper-autofluorescent areas in the non-lasered control retina

(Appendix Figure 3).
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30 min

Figure 3.3. Two representative examples demonstrating changes in
autofluorescence post laser in the OPN1-EGFP retina. Both upper (A-C) and lower
(D-F) series of images show the changes in autofluorescence occurring at 30
minutes, one day, and six weeks post laser. Immediately (i.e. 30 minutes) post laser,
the lasered area shows slight hypoautofluorescence whereas at one day, the same
area shows a marked increase in autofluorescence that persists to a lesser degree at
six weeks.

In order to test whether this hyper-autofluorescence was related to GFP, non-GFP
mice were lasered and imaged the following day. A similar pattern of hyper-
autofluorescence occurred at the same stage in adult C57BI/6, Rho'/', and rd/rd cl
mice but was absent from BALB/c mice which showed no increase in

autofluorescence in the lasered area (Figure 3.4).
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Figure 3.4. 488nm AF images of a wild type and BALB/c retina following laser
application. Multiple lesions encircling the disc show a hyperautofluorescent signal
in the wild type (far left) and rd/rd cl (middle) retina at one day post laser. However,
BALB/c mice do not show this increase in autofluorescence within the lasered area
(far right).

Near-infrared AF imaging

The area of laser injury was seen as a hypo-autofluorescent 790nm signal within the
same site. Since the latter was a consistently discrete area with well-defined
margins, images derived by the 790nm AF setting were used to delineate the lasered
region. Using Imagel software, a freehand outline of this area was transposed to the

non-normalised image taken using the 488 nm AF setting (Figure 3.5).
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Figure 3.5. Baseline 488nm and post-laser 790nm AF images in the OPN1-EGFP
retina. 790nm AF images show a series of concentric laser burns centred on the
optic disc (A). An outline of each well-demarcated burn was transposed to the
baseline 488nm AF image to derive the baseline GFP-positive cone count within the
lasered area (B). Post laser 488nm AF images from the superior (C) and inferior (D)
retina showed hyper-autofluorescent areas within lasered sites (red circles) whereas
non-lasered internal control areas (green circles) remained unchanged between
baseline and at one and two weeks post injury.

Loss of GFP-positive cones detected by AF imaging

In order to investigate the effects of different laser settings on lesion morphology,
MVLs as observed by cSLO imaging (Figure 3.6) were shown to differ according to

the following adjustments of exposure duration and spot size:

1) exposure duration — with a maximal spot size (500 um), a MVL was produced at

160 mW. On infrared (IR) reflectance imaging, the lesion area increased from 1.34 +
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0.14 to 2.53 + 0.22 disc areas (DA) at 0.5 s and 3 s, respectively (***t; = 9.31, P <

0.0001, N = 6).

2) spot size — with a fixed duration (3 s), a MVL was produced at 60 mW. The lesion
area increased from 1.10 + 0.04 to 1.36 + 0.12 DA with a spot size of 100 um and 500

um respectively (**ts =5.74, P<0.01, N = 6).

820nm 488nm 790nm

Figure 3.6. Laser dosimetry in the OPN1-EGFP retina as determined by cSLO imaging.
The top row shows a single eye receiving three sets of laser lesions performed in
triplicate. The images derived from the 820nm reflectance, 488nm, and 790nm laser
sources are shown from left to right respectively. From the inferior set of burns
going clockwise, lesion areas are seen to increase as the exposure duration is
increased with equivalent loss of GFP signal. The bottom row shows four sets of
laser lesions performed in duplicate. From the inferior set of burns going clockwise,
lesion areas are seen to increase as the spot size is increased with equivalent loss of
GFP signal although the effects on GFP signal are not as marked as with alteration of
exposure duration.
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Use of long duration, large diameter laser settings, produced lesions with the
desired effect demonstrating a loss of GFP autofluorescence as detected by 488nm

AF imaging (Figure 3.7).

Figure 3.7. Optimal laser burn morphology for evaluation of cone loss. The images
derived from the 820nm reflectance, 488nm, and 790nm laser sources at 5 minutes
after injury are shown from left to right respectively. Eight concentric laser burns are
shown centred on the optic disc, each with a width of approximately one disc
diameter. The lesions are well-demarcated with loss of GFP-positive cones within
the lesion area. The 790nm laser source has been focused towards the anterior
retina in order to show less AF change within the inner retina and ganglion cell layer
than is apparent at the level of the outer retina and RPE.

This hypo-autofluorescence persisted at all stages of follow-up, up to the six week
point. Relative to the baseline, the number of GFP-positive cones decreased to 36.3
+2.7% (***to=12.9, P<0.001, N =11) and 18.8 + 3.8% (***t,o = 12.1, P < 0.001, N
= 11) at three and six weeks post exposure, respectively. Similarly, the area of GFP-
positive cone loss increased from 0.42 + 0.19 DA to 0.94 + 0.14 DA at three and six
weeks post exposure, respectively (*t;p = 3.05, P < 0.05, N = 11). The effect of
rupture through Bruch’s membrane was characterised by changes in

autofluorescence with increased 488nm AF signal and reduced 820nm reflectance

(Figure 3.9). These eyes were excluded from analysis.
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Figure 3.8. 488nm AF images of OPN1-EGFP retinas showing cone loss. The panel
shows three representative examples (A-C) preceding and at one, three, and six
weeks post laser application, with the time course for each eye shown in separate
rows. Cone loss was more apparent from one week following laser exposure
corresponding to the lesion area, with the zone of cone loss expanding over the
ensuing weeks (within red circles).

Figure 3.9. Reflectance and 488nm AF images demonstrating the effect seen on
rupture of Bruch’s membrane post laser in the OPN1-EGFP retina. Two burns with
excessive energy causing rupture of Bruch’s membrane can be seen inferior to the
optic disc. Within each lesion, the 820nm reflectance image (left) shows the loss of
central reflectance with surrounding subretinal or choroidal haemorrhage which
also appears with loss of reflectance. The corresponding 488nm image (right) shows
bright hyper-autofluorescence within the lesion area whereas other lesions that did
not rupture Bruch’s membrane appeared as hypo-autofluorescent areas.
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3.3.2 Histology of photoreceptor loss post laser injury

Light microscopy was used to determine the site of laser injury with maximum
cytoarchitectural damage. From one week post exposure, outer nuclear layer (ONL)
attenuation was visible at the lesion centre with a loss of photoreceptor nuclei
(Figure 3.10). A segment of detached RPE could be seen at the base of the lesion in
most cases. The outer plexiform layer (OPL) was disrupted with thickening of the

inner nuclear layer (INL), presumably due to oedema, whilst the retinal ganglion cell

(RGC) layer was unaffected.

4 — r R _‘7-' & [E—
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Figure 3.10. DAPI-stained sections post retinal laser. One laser lesion is seen either
side of the optic nerve (A — green arrows). Higher magnification of both lesion areas
shows loss of the ONL with thickening of the overlying inner nuclear layer and a
segment of detached RPE at the level of the ONL (B and C — red and white arrows).
Scale bar: 50um.

In order to quantify photoreceptor density, the number of outer retinal nuclei in the
lesion area were expressed as a percentage relative to a non-lasered internal control
area of equal size at a distance of 100um from the edge of the lasered region (Figure
3.11). At one week, the number of photoreceptor nuclei present at the centre of the
lesions (124.3 + 10.4 nuclei) was less than in non-lesioned internal control areas
(200.7 £ 3.5 nuclei) (***t5 = 9.22, P < 0.0001, N = 6). This was also the case at six
weeks with less photoreceptor nuclei centrally (102.3 + 6.8 nuclei) compared to the

number in control areas (186.0 + 16.4 nuclei) (***tg = 7.65, P < 0.0001, N = 7).
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Bruch’s membrane remained intact and no subretinal neovascularisation was

evident at any time point post laser, confirming the consistency of the laser model.

Figure 3.11. DAPI-stained sections of retinal laser lesions showing the central area of
injury. Photoreceptor density was calculated by counting the number of outer
retinal nuclei in the lesion area (Box 1 in A) and expressing this as a percentage
relative to a non-lasered internal control area of equal size (Box 2 in A).
Photoreceptor loss was greater at six weeks (C) than one week (B) post injury
(arrows). Scale bar: 100 um.

Detection of photoreceptor apoptosis post laser by TUNEL assay

The greater loss of photoreceptor nuclei at six weeks compared to one week implied
another mechanism of cell death beyond necrosis might be active in the later stages
following laser exposure. To assess the contribution of apoptosis histologically,
TUNEL stain was applied (Figure 3.12) and was found to be confined to the ONL,
confirming that photoreceptor death occurred via the activation of apoptotic

pathways.
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Figure 3.12. TUNEL staining in retinal sections. A positive control detects the
presence of the TUNEL assay as indicated by the presence of Texas red staining
within the nuclear layers of the retina. A negative control is shown alongside with
absence of stain. Scale bar: 50um.

Confocal microscopy showed that TUNEL staining was located at different depths of
the ONL (Figure 3.13), reflecting rod apoptosis throughout the ONL and cone
apoptosis that was limited to the outer region of the ONL close to the external
limiting membrane, where cone nuclei typically reside. The area of maximal TUNEL
staining coincided with the loss of GFP-positive cones. The number of TUNEL-

positive cells decreased from one to five days post laser exposure (F; 1, = 8.35, P <

0.01, N =5 per time point, **P < 0.01 post-hoc, Figures 3.14, 3.15).
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Figure 3.13. TUNEL stain following laser application in the OPN1-EGFP retina. A
confocal micrograph showing the localisation of TUNEL stain predominantly to the
photoreceptor layer. Loss of GFP-positive cones coincided with the area of maximal
TUNEL staining. Scale bar: 20 um.

Figure 3.14. DAPI-stained sections with TUNEL assay post laser showing longitudinal
changes. Two representative examples (top and bottom rows) are shown to
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demonstrate the reduction in TUNEL-positive cells with time. Retinal laser lesions
show more TUNEL-positive cells (red) at day one post laser compared to fewer cells
at days three and five. Scale bar: 50 um.

TUNEL count post laser
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Figure 3.15. Analysis of TUNEL count post laser. This shows a reduction in the
number of TUNEL-positive cells from one to five days post laser exposure (G). Error
bar + SEM, N =5 per time point. **P < 0.01.

3.3.3 Validation of primers

Primer sequences were designed using Primer3 software. Sequences were designed

according to the following parameters:

1) The base composition of primers to be between 40% and 50% GC;

2) The length for the PCR product of 200-250bp;

3) Oligonucleotides with lengths between 18 and 24 bases in order to increase
sequence specificity;

4) The melting temperature (Tm) tolerance was set at +/- 2.5°C thus availing

more primers that fit into the five degree range;
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5) The presence of G or C bases at the 3' end of primers (GC clamp) in order to
promote correct binding at the 3' end due to the stronger hydrogen bonding

of G and C bases.

The BLAST tool was used to check primers against the genome to assess their
specificity to the region of amplification. A dual set of primers were designed for
each gene of interest and each was checked against mRNA derived from 3 week old
C3H mice that carry the rd1 mutation thus acting as a positive control for apoptosis
activity. All primers showed positive bands of expected size on agarose gel

electrophoresis (Figure 3.16).

—
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Figure 3.16. Amplification of housekeeping and apoptosis genes in C3H retinas. PCR
products were separated on an ethidium bromide-stained agarose gel. Dual sets of
primers for each gene were separated in adjacent wells. A single and clear band was
observed in all sample lanes at the correct expected molecular size (=200bp).
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In order to normalise values against endogenous controls, the housekeeping genes,
Arp, beta-actin, and Gapdh were used as internal standards. To optimise the primer
set, the melt curve was obtained and Tm for each primer were determined. Optimal
temperatures were then calculated (i.e. 2.5°C below Tm) for maximal fluorescence
measurement during each cycle of gPCR. An example of the melt curve obtained for
the Bax gene that has a size of 365bp is shown in Figure 3.17.

Melt Curve
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Figure 3.17. Amplication of the Bax gene. Graph showing a melt curve during primer
optimisation for the Bax gene. One major peak was observed at 85.1°C that
indicated the specificity of the primers used, with no amplification of non-specific
PCR products.

To perform standard curves in order to calculate primer efficiency and ensure that
this was close to 100%, qPCR analyses were conducted to derive dilution curves for

each primer. Efficiency (E) was calculated as:
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E=100 (10'1/'\/I —1) where M is the gradient of the trendline.
Using the example for the Arp primers (Figure 3.18), the efficiency was calculated as:
E =100 (1033%.1) = 99.9%

that indicates a highly efficient primer set for qPCR analysis.
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Figure 3.18. A gPCR standard curve for Arp primers. This shows log fold serial
dilutions of cDNA from 500ng to 15.625ng. cDNA samples were derived from C3H
retinas. Three replicate samples were performed for each input quantity of cDNA.
The efficiency of Arp primers were determined using this standard curve (r = 0.998;
PCR efficiency, 99.9%). The relationship between cycle threshold (Ct) and the
absolute number of Arp genes (assuming one copy per cell) is expressed by the
equation y = —3.324x + 30.25, where y is Ct, -3.324 is the slope constant, and
30.25 is the y intercept.
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3.3.4 qPCR analysis

To analyse the mechanism of photoreceptor cell death following laser injury, further
experiments were performed to identify which molecular pathways of cell death
might be involved. In order to do this, the left eye of C57BI/6 mice received 30
retinal laser burns as previously described (Figure 3.19) whilst the contralateral eye
was not lasered. Retinas were collected for mRNA extraction and cDNA synthesis, as

previously described.

Figure 3.19. c¢SLO images showing multiple retinal laser burns prior to mRNA
analysis. The use of multiple burns reduced the dilution effect of adjacent non-
lasered retina on gene expression.

The expression of several candidate genes involved in the apoptotic pathway in 14
retinas three days after laser exposure was investigated by gPCR (Figure 3.20).
Changes in gene expression were compared between lasered versus contralateral
non-lasered eyes and the results normalised to wild type mRNA. The expression of
retinal c-Fos mRNA was increased by 2.4-fold (*tg = 3.60, P = 0.01, N = 7) relative to
the non-lasered group. A positive trend was seen for the pro-apoptotic gene, Bax,
with relative induction in the laser compared to non-laser group. Notably a negative

trend was observed for the anti-apoptopic gene, Bcl-2, in the laser-treated group
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compared to non-laser controls. However, in both these latter cases, the trends
were not statistically significant. Paradoxically, perhaps, the expression of STAT-3
tended to increase three days after laser exposure, although this trend was also not
statistically significant. Similarly, Mapk-13 showed a trend towards increased
expression whilst Mapk-12 displayed an opposite trend to reduced expression at the
same stage, although again, these were not statistically significant. No change in

trend was seen in the expression of Caspase-3, c-Jun, Mapk-11 or Mapk-14.

Fold change in gene expression (laser / no laser)
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Figure 3.20. Apoptotic gene expression determined by gqPCR in C57BL/6 retinae at
three days post laser exposure. Results showed a significant increase in the
transcriptional expression of pro-apoptotic c-Fos, and positive and negative trends
for Bax and Bcl-2 expression, respectively, in lasered eyes. Error bar £+ SEM, N = 7
mice. *P < 0.05.

3.4 Discussion

The results of this study demonstrate a reproducible animal model to study

secondary, apoptotic cone loss, following retinal laser injury. This model, which
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enabled cone loss to be followed longitudinally, may simulate a human foveal laser
injury that predominantly affects cone photoreceptors. The in vivo model described
here provides a unique method of assessing photoreceptor damage, and specifically

cone injury, post laser exposure, as it directly monitors the longitudinal effects on

cones following laser.

Although fluorescein angiography, near infrared reflectance, white light fundoscopy,
and electroretinographic techniques have been used to study the effects of laser

injury in various animal models,*”*3”’

the mainstay of investigation has relied solely
on histology. Aside from the benefits of non-invasive imaging helping to significantly
reduce the number of experimental animals required, histological techniques are
severely limited due to a number of factors, including the fact that such studies are
necessarily cross-sectional and, therefore, subject to a source of biological and

procedural error across animals and time points.378

Quantification of photoreceptor
nuclei or ONL thickness in a lasered area depends on localisation of a focal area of
injury. This is potentially inaccurate due to asymmetry of the injured area, variability
of laser exposure and selection bias. However, coupled with a longitudinal imaging
method, the approach described in this chapter provides for a more robust method
of analysis. A limitation of this in vivo study however, is that media clarity needs to
be maintained in the presence of an agent delivered via the intravitreal route. This

therefore, excludes certain opaque compounds (e.g. triamcinolone acetonide) from

investigation that may otherwise be used in routine clinical practice via this route.

In the previously described in vivo model, hypoautofluorescence of the outer retina

was observed immediately following laser with no changes in autofluorescence of
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the inner retina. Two possible mechanisms to explain the hypoautofluorescent
changes in the outer retina could be due to, firstly, the immediate damage of GFP
positive cones that would occur as a result of photothermal injury or, secondly, due
to the presence of oedema with resultant blockage of autofluorescence.’’”® The
finding that the loss of GFP fluorescence over six weeks as the lesion expanded
indicates that cones are progressively lost following an initial injury in the in vivo
model. This result is consistent with previous reports of enlargement of retinal laser

380 and

lesions in humans over time, where lesion enlargement by 42% at 32 months
103% at 1 year381 was determined by measuring the macular laser lesion diameter

following treatment for choroidal neovacularisation.

By using the TUNEL assay, the results indicate that a mechanism of photoreceptor
death occurring within the first week post injury is secondary to apoptosis. The
localisation of TUNEL staining at different depths of the ONL indicates that apoptotic
cell death occurs in both rods and cones, whereas the greater ONL loss occurring at
six weeks, which again indicates the occurrence of both rod and cone death,

correlates with the in vivo findings of progressive cone loss during this period.

In order to target this secondary cell death, neuroprotective treatment would need
to be initiated in the acute phase of injury. Since the results suggest that maximal
apoptosis occurs between one and three days post laser in line with previous reports
investigating retinal laser injury,‘:’82 this time period would provide the optimum

window for therapeutic intervention.

Bcl-2, Bax, and c-Fos have all been identified as key components in the intrinsic or

mitochondrial apoptotic pathway, with the latter being activated by toxic light
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exposure.®*33% Due to the high sequence identity that exists between Bax and Bcl-2

orthologues, qPCR primers were designed to ensure no cross-hybridisation would
occur between these genes. The three day time point was chosen to exclude
changes associated with necrosis in the immediate aftermath of laser exposure.
Previous reports have also shown that alterations in apoptotic gene expression
occur three days post laser treatment.>® Generally considered to be anti-apoptotic,
STAT-3 can also act to promote apoptosis,386 and, as such, may support the increase
in expression with laser treatment. The fact that some trends were seen which did
not quite meet levels of statistical significance may, of course, reflect the fact that
only a proportion (posterior pole) of the retina was treated with laser. This could

result in changes that are real, but diluted against background levels.
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CHAPTER 4

CNTF ATTENUATES CONE LOSS
IN VITRO AND POST LASER EXPOSURE
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4.1 Introduction

4.1.1 Aim

To investigate the effect of the neurotrophic cytokine, ciliary neurotrophic factor
(CNTF), on cone photoreceptor survival in vitro and in vivo, the latter following

retinal laser exposure.

4.1.2 Overview

CNTF is an endogenously occurring member of the neuropoietic cytokine family with
a molecular mass of approximately 22 kDa, that has a role in CNS development and
injury, and supports survival of retinal, hippocampal, striatal and sensory
neurons.’® % CNTF has been shown to control proliferation and differentiation of
progenitor cell populations in the developing mammalian retina via the activation of
the Jak/STAT, MAPK, and Akt signalling pathways.’®%**%*8 |n terms of its use as a
neuroprotective therapy in the eye, delivery of the agent is via the intraocular route,
directly into the vitreal or subretinal space, as the blood-retinal barrier restricts
access from the bloodstream to the neural retina. The intravitreal route of
administration of CNTF protein was applied to the studies described in this chapter.
Not only does this increase the bioavailability of the protein by allowing direct
access to the retina but it also ensures targeting of the Miller cells, which span the
retina with their footplates forming the inner limiting membrane. Assuming that
photoreceptor survival is dependent upon Miiller cell activity as described shortly,

then the direct action of CNTF on this cell would best be achieved by intravitreal

delivery.
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Although the general actions of CNTF are understood, its precise role in the
protection of photoreceptors is still poorly defined. For instance, it is known that
CNTF is expressed by Miiller cells and other glial cells of the retina and that the
Miller cell is believed to be a primary target for the action of CNTF.'*® CNTF has

5

been shown to induce Miiller glia proIiferation,14 which would enhance the

production of endogenous neurotrophic factors (e.g. CNTF itself) that ameliorate
photoreceptor damage. Although a few studies propose the presence of the CNTFR-

o on outer segments,**’

the majority of reports suggest that photoreceptors do not
possess a CNTF receptor, therefore leaving open the question of the precise
mechanism of Midller-cell mediated protection of photoreceptors following CNTF
delivery. Proposed mechanisms of CNTF action on photoreceptor survival have

9

included the release of specific survival factors,”®® the direct action on

149

photoreceptors to inhibit apoptosis, the reduction of circulating glutamate,”™ or the

increased resistance to toxic metabolites.*°

The molecular mechanism of CNTF action involves, upon activation, the
heterodimerisation of its tripartite receptor complex, which comprises its a-receptor

115 Resultant

components, the gp130 subunit and the LIFR-B subunit, respectively.
activation of receptor-associated tyrosine kinases (Tyk) and subsequent downstream
janus kinases initiates phosphorylation of intracellular signalling molecules, including
the MAPK pathway, NFkB and STAT family of transcription factors. Direct activation
of the Jak/STAT and MAPK pathways by increased CNTF expression in Miiller cells
has been shown to improve photoreceptor survival in light-damaged and

neurodegenerative disease models. 132133
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The primary aim of this study was to investigate the neuroprotective effect of CNTF
on cone photoreceptors. In order to establish an effective dose of CNTF in the
murine retina, the experimental studies described in this chapter were based on
previous reports of the use of intravitreal CNTF and its protective effect on
photoreceptor survival. These included the finding of greater preservation of ONL
thickness following intravitreal injection of 1 pug/ul CNTF in albino Sprague-Dawley

>4 and the protective effect on

rats when placed into constant fluorescent light
photoreceptor survival following intravitreal CNTF injection (500ng/ul) in

Pde6brd1/rd, nr/nr, and rhodopsin Q344ter mutant mice carrying naturally-occurring

retinal degenerations.™

Specifically with regard to cone photoreceptors, CNTF has been shown to stimulate
the regeneration of cone outer segments in S334ter mice that carry a retinal

70 The protective effect may have

degeneration which involves secondary cone loss.
reversed the causal factors of cone loss, that were hypothesised to include: the
release of toxic byproducts following rod degeneration; the loss of purported “rod-
derived cone viability factors” (RACVFs)'’%; the loss of structural support due to rod

degeneration; altered cone morphology with new and abnormal synaptic

connections; or alterations in RPE and Miiller cells following the loss of rods.

4.1.3 Summary of results
The findings in these studies can be summarised as follows:

1) CNTF supports the survival of GFP positive cones in vitro.
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2) CNTF attenuates the loss of GFP positive cones within the lesion area
following retinal laser exposure in vivo.

3) CNTF attenuates the loss of photoreceptors within the lesion area following
retinal laser exposure as determined by histology.

4) The molecular mechanism of action of CNTF following retinal laser exposure
involves inhibition of the pro-apoptotic Bax gene and activation of the anti-

apoptotic Bcl-2 gene.

4.2 Experimental design

Experiments were conducted as follows:

In vitro cell counting

The neuroprotective effect of CNTF on GFP positive cones was determined by adding
CNTF to cultured cells. Following papain dissociation, OPN1-EGFP retinal cell
suspensions were separated into 24-well plates with varying concentrations of CNTF
(50ng/ml, 100ng/ml, and 200ng/ml). As a comparison, the effect of another
neuroprotective agent, IGF-1, was observed at the same concentrations. Treatments
were administered daily during a complete change of media and cell counting was
performed daily using an inverted fluorescence microscope. Cell counting was
performed from five points per well (central and four cardinal points) in order to

avoid bias.
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In vivo imaging

Following intraperitoneal anaesthetic injection, baseline retinal images were
obtained from adult OPN1-EGFP mice using the cSLO. Thereafter, each retina
received two to four equidistant burns approximately two disc diameters from the
edge of the optic disc before re-imaging by cSLO. Subsequently, the left eye of each
animal received an intravitreal injection of CNTF with the contralateral eye receiving
an intravitreal sham injection of PBS. Retinas were re-imaged at one, three and six

weeks.

Histology and TUNEL assay

For histology, WT mice received eight burns bilaterally (16 burns in total) and
received an intravitreal CNTF versus contralateral PBS injection as per the previously
described method. Following this, mice were sacrificed at one, three, and six weeks
post laser. Eyes were sectioned, stained with DAPI, and imaged using an inverted

fluorescence microscope.

qPCR analysis

To investigate the effect of CNTF on retinal gene expression post laser, WT mice
received 20 pan-retinal burns bilaterally followed by an intravitreal CNTF versus
contralateral PBS injection as per the previously described method. At 3, 7, and 14
days post laser exposure, a comparison was made between gene expression in

CNTF-treated versus sham-injected retinas.

129



Chapter 5

4.3 Results

4.3.1 Invitro

CNTF was shown to enhance the survival of GFP positive cones in a dose-dependent
manner (Figure 4.1). Comparison between 50ng/ml, 100ng/ml, and 200ng/ml
showed a dose-response with the highest dose (200ng/ml) associated with most
survival of GFP positive cones at day 9 compared to PBS control (P < 0.0001, n = 12,
two-way ANOVA with Bonferroni post-hoc test, dose and time as factors, Figure 4.2).
Although 100ng/ml CNTF also led to the increased survival of cone photoreceptors
(P =0.005, n = 12, two-way ANOVA with Bonferroni post-hoc test), 50 ng/mL CNTF
did not have a significant protective effect over PBS treatment at day 9 (P =0.127, n
= 12, two-way ANOVA with Bonferroni post-hoc test). Retinal culture with the
addition of the neuropeptide, IGF-1, did not show a difference in the survival rate of
GFP positive cones when compared to the PBS-treated group (P =0.620, n = 12, two-

way ANOVA, Figure 4.3).

Figure 4.1. Cultured OPN1-EGFP cells in the presence of CNTF at day 9. Increased
survival of GFP positive cells is seen at the higher 200ng/ml CNTF dose (A/A’) than in
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the lower 50ng/ml dose (B/B’). Few surviving GFP positive cones are seen in the PBS
control plate (C/C’). Scale bar: 100 pm.
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Figure 4.2. A dose response curve showing the effect of CNTF on survival of cultured
GFP positive cones. Increased cone survival correlated with increasing CNTF dose.
PBS control was associated with the lowest rate of survival. Error bar + SEM, n = 12
per time point. ****P < 0.0001; **P < 0.01; two-way ANOVA with Bonferroni post-
hoc test (time and dose as factors).
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Figure 4.3. A dose response curve showing the effect of IGF-1 on survival of cultured
GFP positive cones. IGF-1 did not show a protective response on cone survival. Error
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bar £ SEM, n = 12 per time point. P = 0.620; two-way ANOVA with Bonferroni post-
hoc test (time and dose as factors).

4.3.2 Invivo imaging

AF imaging showed a gradual attenuation of GFP-positive cones in eyes receiving
either intravitreal CNTF or contralateral sham injection (Figure 4.4). However, at six
weeks, the lesion area was smaller in CNTF-treated (44.6 £+ 0.07%) than in sham-
injected (59.5 + 0.08%) eyes as determined by 790nm AF imaging (*t;o = 2.85, P =
0.017, N = 11, Figure 4.5). Furthermore, at three weeks after laser application,
488nm AF imaging showed that there were more surviving GFP-positive cones in
CNTF-treated eyes (54.1 + 5.15% of baseline count) than in sham-injected eyes (28.7
+ 4.4%) (**t1o = 3.81, P = 0.03, N = 11, Figure 4.6E). This difference in cone survival
persisted at the 6 week point (treated, 39.6 + 3.2% vs. sham, 18.0 + 3.8%) (**tyo =
3.53, P = 0.005, N = 11, Figure 4.6A-E). There was no significant difference in the
number of GFP-positive cones in non-lesioned internal control areas in either the
CNTF or sham-injected experiments at any time point (paired t-test, P = 0.73 and
0.43 at 3 and 6 weeks respectively), showing that the effect on cone survival was
specific for the presence of CNTF and not secondary to trophic effects due to the

intraocular injection procedure.
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Pre laser Post laser

30min 30min 3 weeks 6 weeks

CNTF

Figure 4.4. cSLO images of the OPN1-EGFP post laser injury following intravitreal
CNTF versus sham. The upper row (A-E) shows the longitudinal result from a CNTF-
treated eye and the lower row (F-J) from a sham-injected eye. A baseline 488nm AF
image for each group is shown at the far left (A and F). 820nm reflectance imaging
showed two similar, well-defined laser lesions in the superior retina of either eye
close to the optic disc (within red circles, B, G). The loss of GFP positive cones, as
detected by 488nm AF imaging, within the lasered area increased from 30 minutes
(C, H) to 6 weeks (E, J) post injury in both groups. However, there was greater
preservation of GFP positive cones within the lesion area in the CNTF-treated eye (E)
compared to the sham-injected eye (J).
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30min 3 weeks 6 weeks
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Figure 4.5. 790nm AF images post laser injury following intravitreal CNTF versus
sham-injected eyes. These images correspond to the examples in Figure 4.4 with the
upper row (A-C) showing the longitudinal result from a CNTF-treated eye and the
lower row (D-F) from a sham-injected eye. At 30 minutes post laser, a similar
hypoautofluorescent appearance was noted within the lesion area (within the red
circles) in both CNTF-treated and sham-injected eyes (A and D respectively).
However, at both the 3 and 6 week stage, the lesion area that was now marked by

an increase in autofluorescence, was smaller in CNTF-treated eyes (B and C
respectively) compared to sham-injected eyes (E and F respectively).

CNTF

Control
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Figure 4.6. High power cSLO images immediately before (“baseline”) and six weeks
following intravitreal CNTF administration versus sham-injection post laser
exposure. At six weeks, CNTF-treated eyes (A) showed greater preservation of GFP-
positive cones on 488 nm imaging within the site of injury compared to contralateral
sham-injected eyes (B). Areas of decreased reflectance seen on near-infrared
imaging immediately following laser corresponded to the lesion area. Non-lesioned
internal control areas remained unchanged between baseline and six weeks in both
treated (C) and sham-injected (D) groups. Analysis of cone survival by cSLO imaging
showing cone photoreceptor number (indicated by GFP counts), following
intravitreal CNTF versus sham-injection post laser (E). The CNTF-treated group
showed greater cone survival than sham-injected controls, equivalent to rescue of
approximately 50% of cones at six weeks post laser. Error bar £ SEM, N = 11 eyes in
each group at each timepoint. **P < 0.01 for both groups.
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4.3.3 Histology

As an additional validation, histological assessment (which includes cell counts of
rod and cones) was also performed on retinal sections through the lesions at one,
three and six weeks after laser exposure. In keeping with the in vivo imaging, there
was a greater loss of photoreceptors with time, from one to six weeks, although as
the data was derived from different eyes at different timepoints, it was cross-
sectional and therefore subject to variability. Between treatment groups however,
the proportion of surviving photoreceptors within lesions (normalised to the
photoreceptor count in a non-lesion control area in each eye as described in Chapter
3) was significantly greater in CNTF-treated eyes compared to sham-treated eyes
(63.4 + 2.3% vs. 50.8 + 3.4%, treated and sham-injected group, respectively by six
weeks; **tq = 3.78, P = 0.004, N = 10, Figure 4.7). Although there was a trend, no
significant difference was detected in the photoreceptor count at one week post

laser, possibly due to greater variability at this stage (Figure 4.7G).
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Figure 4.7. DAPI-stained sections of lesion centres at six weeks post retinal laser (A-
F). A greater preservation of photoreceptors was observed within the CNTF group
(A-C) compared to contralateral sham-injected (D-F) experiments. Scale bar: 50 pum.
Analysis of rod and cone survival by comparing photoreceptor nuclei within the
lesion centre following intravitreal CNTF versus sham-injection post laser (G).
Photoreceptor density is given as a percentage within the lesion centre relative to a
non-lasered internal control area. An overall increase in the survival of
photoreceptors was seen within the CNTF-treated group relative to the sham-
injected experiment at three and six weeks post laser. This result is consistent with
the effect observed in cones by in vivo analysis. Error bar £ SEM, N = 10 eyes in each

group at each timepoint. **P < 0.01. INL, inner nuclear layer; ONL, outer nuclear
layer.

4.3.4 qPCR analysis

As described in Chapter 3, the baseline levels of expression for genes involved in
apoptosis were established following laser exposure. A further analysis was
performed where eyes receiving intravitreal CNTF were compared to contralateral
sham-injected eyes at three time points following laser exposure: three days, one
week, and two weeks. These results are summarised in the heat map shown in
Figure 4.8 and the temporal relationship for each gene is shown separately in Figure

4.9-4.16. In this case, only Bax and Bcl-2 expression were significantly influenced by
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CNTF, which led to a two-fold reduction in Bax expression at one week post laser
exposure (F,27 = 5.68, P = 0.009, N = 30, **P = 0.006 post-hoc, Figure 4.9) and a
four-fold increase in Bcl-2 expression (F,27 = 7.51, P = 0.003, N = 30, ***P = 0.0005
post-hoc, Figure 4.10) relative to the sham-injected group. Since both Bc/-2 and Bax
function via complementary actions, changes in their levels can be usefully
expressed as a ratio. Following laser exposure, CNTF caused a marked elevation in
the Bcl-2:Bax ratio relative to sham injection at one week (F,,7=10.57, P = 0.0004, N

=30, ***P < 0.0001 post-hoc, Figure 4.11).

In addition, positive and negative trends were observed in the expression of other
apoptotic genes in response to CNTF treatment: in particular, c-Fos expression
decreased after three days; c-Jun expression increased after one week; Mapk-11
expression decreased after three days and two weeks; Mapk-14 expression
increased after one week, and STAT-3 expression decreased after three days and
two weeks (Figure 7A). Although not statistically significant, the trends with CNTF
treatment were inverse to those resulting with laser treatment alone, suggesting
that this neuroprotective agent may act on similar cell stress-related pathways to

reverse any changes in apoptotic gene expression that are induced by laser injury.
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Figure 4.8. A heat map of differentially expressed apoptotic genes post intravitreal
CNTF versus contralateral sham-injection following laser. The numbers used to
generate the heat map are the mean fold changes (absolute values) in gene
expression determined from sham-injected eyes compared to those calculated from
the contralateral CNTF-injected group. Red and green indicate an increase or
decrease in the mRNA level, respectively. The heat map colours represent the
expression of each gene individually and are not comparable between genes.
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Figure 4.9. The expression of the Bax gene after intravitreal CNTF injection following
laser treatment, compared to contralateral sham controls. gPCR analysis in C57BI/6
retinae at time points post laser exposure (normalised to wild type). At one week
post laser, Bax expression was inhibited (black columns) following intravitreal CNTF
compared to controls (white columns). Error bar + SEM, N = 30 mice. **P = 0.0062,
two-way ANOVA with Bonferroni post-hoc test.
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Figure 4.10. The expression of the Bcl-2 gene after intravitreal CNTF injection
following laser treatment, compared to contralateral sham controls. gPCR analysis in
C57BI/6 retinae at time points post laser exposure (normalised to wild type). At one
week post laser, Bcl-2 expression was induced (black columns) following intravitreal
CNTF compared to controls (white columns). The unexplained absence of signal at
14 days in the treated and control arms but preservation of signal in the wild type
group is likely due to experimental error rather than biological variation. Error bar
SEM, N = 30 mice. ***P = 0.0005, two-way ANOVA with Bonferroni post-hoc test.
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Figure 4.11. Bcl-2/Bax ratios after intravitreal CNTF injection following laser
treatment, compared to contralateral sham controls. qPCR analysis in C57BI/6
retinae at time points post laser exposure (normalised to wild type). At one week
post laser, Bcl-2/Bax ratios were elevated following intravitreal CNTF compared to
controls. Error bar £+ SEM, N = 30 mice. ***P < 0.0001, two-way ANOVA with
Bonferroni post-hoc test.
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Figure 4.12. The expression of the Caspase-3 gene after intravitreal CNTF injection
following laser treatment, compared to contralateral sham controls. gPCR analysis in
C57BI/6 retinae at time points post laser exposure (normalised to wild type). No
significant difference was detected between treated and sham-injected eyes. Error
bar £ SEM, N = 21 mice. P = 0.478, two-way ANOVA with Bonferroni post-hoc test.
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Figure 4.13. The expression of the c-Fos gene after intravitreal CNTF injection
following laser treatment, compared to contralateral sham controls. gPCR analysis in
C57BI/6 retinae at time points post laser exposure (normalised to wild type). No
significant difference was detected between treated and sham-injected eyes
although a positive trend was seen in sham-injected eyes at day 3 post laser. Error
bar £ SEM, N = 30 mice. P =0.321, two-way ANOVA with Bonferroni post-hoc test.
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Figure 4.14. The expression of the c-Jun gene after intravitreal CNTF injection
following laser treatment, compared to contralateral sham controls. gPCR analysis in
C57BI/6 retinae at time points post laser exposure (normalised to wild type). No
significant difference was detected between treated and sham-injected eyes
although a positive trend was seen in CNTF-injected eyes at day 7 post laser. Error
bar £ SEM, N = 21 mice. P = 0.094, two-way ANOVA with Bonferroni post-hoc test.
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4.15. The expression of the Mapk gene family after intravitreal CNTF injection
following laser treatment, compared to contralateral sham controls.qPCR analysis in
C57BI/6 retinae at time points post laser exposure (normalised to wild type). No
significant differences were detected between treated and sham-injected eyes,
however several trends were noted. Mapk-11 showed a positive trend in sham-
injected eyes at days 3 and 14, and Mapk-14 showed a positive trend in CNTF-
injected eyes at day 7 post laser. Error bar £ SEM, N = 21 mice.
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4.16. The expression of the STAT-3 gene after intravitreal CNTF injection following
laser treatment, compared to contralateral sham controls. gPCR analysis in C57BI/6
retinae at time points post laser exposure (normalised to wild type). No statistical
significance was found between treated and untreated eyes although a negative
trend was noted in the CNTF-injected group at days 3 and 14 post laser. Error bar +
SEM, N =29 mice. P =0.437, two-way ANOVA with Bonferroni post-hoc test.

4.4 Discussion

In order to target the secondary cell death that occurs following laser exposure,
neuroprotective treatment would need to be initiated in the acute phase of injury.
Since the TUNEL data as described in Chapter 3 suggests that maximal apoptosis
occurs between one and three days post laser in line with previous reports
investigating retinal laser injury,a'82 this time period would provide the optimum
window for therapeutic intervention. The neuroprotective effect of CNTF has been

387 On the basis of this

demonstrated in previous rodent models of retinal injury.
work, CNTF was chosen as a potential therapeutic agent in this model of cone loss
induced by laser exposure. By using a multimodal approach consisting of both in vivo

imaging and in vitro histological and molecular techniques, the results confirmed the

protective effect of CNTF in this model of laser injury.
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Initial evidence for the protective role of CNTF on cone photoreceptors was
confirmed by in vitro culture. Given that cones have not been shown to possess a
CNTF receptor, it is unlikely that CNTF had a direct action on these cells. It is possible
however, that the protective action may have been due to a paracrine effect, since
cones were cultured with all retinal cells. In particular, the Miiller cell may have had
a fundamental effect given its suggested role in photoreceptor

108132133 1t s possible that survival of this subgroup of cells in the

neuroprotection.
presence of CNTF had a subsequent impact on cone survival. The in vitro data as
described in this chapter supports recent work demonstrating the protective effect
of CNTF on cones in a retinal explant model of cone degeneration.‘:’88 The latter
study showed a dose-response relationship with the administration of high dose

CNTF improving cone survival compared with the PBS-treated group, similar to the

findings described in this chapter.

It is noteworthy that the histological studies described in this chapter were
conducted in wild type (C57BI/6) mice and not in OPN1-EGFP mice. The rationale for
this was due to the recent finding that the OPN1-EGFP model has a dominant cone
degeneration that is independent of GFP expression.*®® While this issue would also
have been present in the in vivo study, the effect would have been smaller as the
same animal was followed longitudinally. In contrast, histological study was
conducted at different time points with different animals, in which case the
additional loss of cones - that do, albeit, represent a small proportion of the outer
nuclear layer - could have constituted a further source of error due to variability

between animals.
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Bax protein is a potent pro-apoptotic initiator in the cell death cascade. Following
homodimerisation, the resulting configuration forms a channel across the
mitochondrial membrane. This allows Cytochrome-C to exit the mitochondria and
enter the cytosolic space, where it is involved in conversion of pro-Caspase-9 to

390

Caspase-9 and subsequent initiation of apoptosis.”™ CNTF has previously been

shown to inhibit Bax in studies of axotomized motor neurons following sciatic nerve

391

transection.™” The anti-apoptotic molecule, Bcl-2, which is an integral membrane

protein localized to mitochondria, inhibits the activation of Bax following initiation of

| 384

a death signa As such, the ratio between these two molecules reflects the

susceptibility of cells to a death signal, with positive correlations having been shown

39239 pdditionally, the c-Fos gene, which

between higher Bcl-2/Bax ratios and injury.
encodes a nuclear phosphoprotein that constitutes the transcription factor activator
protein 1 (AP-1), has been implicated as having a role in light-induced photoreceptor
degeneration.>** Upregulation of c-Fos gene expression has been demonstrated in

33 The results

rodent models of retinal cell apoptosis following photic injury.
described in this chapter are consistent with the aforementioned findings, showing a
reduction of Bax and increase of Bc/-2 mRNA respectively, an increase in the Bcl-
2/Bax ratio, and a trend toward reduction of c-Fos mRNA following CNTF

administration post laser trauma, thus suggesting that CNTF affects Bax, Bcl-2, and c-

Fos at the transcriptional level.

Nonetheless, the precise mechanism by which CNTF improves photoreceptor
survival is unknown. As discussed in the introductory chapter, CNTF has been shown

to act on the alpha CNTF receptor (CNTFRa), the beta leukemia inhibitory factor
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3% Photoreceptors lack

receptor (LIFRB), and the glycoprotein 130 receptor (gp130R).
a CNTF receptor, which is, however, found on inner retinal neurons including Miller
cells. Based on this, the postulated mechanism underlying CNTF-dependent
photoreceptor protection is thought to be related to Miiller cell activation and anti-

apoptotic Jak/STAT and MAPK signalling pathways.log'laz’133

Aside from the targeted and immediate photothermal damage of cone
photoreceptors post laser exposure, a further postulated mechanism for this effect
in the described model is that RPE cell death leads to secondary cone loss, since
direct RPE apoptosis has previously been shown under similar laser treatments.>*® In
AMD, the RPE is primarily affected and results in significant loss of sight that arises
from photoreceptor (predominantly cone) death. Thus, it is possible that similar
molecular pathways are modulated, with accompanied pathophysiological changes,
in the secondary cone death that occurs in both laser trauma and retinal
degeneration or dystrophy. The wider application of the in vivo model as described,

and the demonstration of the protective role of CNTF may, therefore, extend to

other disorders affecting cone survival.
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CHAPTER 5

REPLACEMENT OF CONE PHOTORECEPTORS
BY TRANSPLANTATION
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5.1 Introduction

5.1.1 Aim

To investigate the feasibility of cone transplantation and the factors that would

enhance the survival of donor cones.

5.1.2 Overview

Loss of cone photoreceptor cells is the underlying cause of blindness in retinal laser
injury, since the human, being diurnal, is predominantly cone-dependent. In terms
of a photoreceptor proportion, the human fovea comprises almost exclusively of
cones, hence the devastating visual deficit that occurs from an injury to this area and
due to a loss of this cell type. As cones are incapable of regeneration, cell

replacement offers the only conducive therapy to restore this population.

Due to the nature of rodent models used in retinal transplantation experiments, the
major cell type from the donor is the rod photoreceptor, which comprises
approximately 98% of the murine photoreceptor population. Therefore, whole
retina donor transplants are predominantly composed of rods. Since cones are
relatively few in number, the ability to sort this subpopulation from other retinal
cells has provided a particular challenge in transplantation studies. Flow-sorting is
one technique that has been used to separate fluorescent photoreceptors from
other retinal cells but again this has been done in order to derive flow-sorted

fluorescent rods and cones en masse.>®

Much work has been done on rod transplantation as described in the introductory

chapter, with recent evidence showing the successful restoration of visual function
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in retinal degeneration.397 However, there are no previous reports to investigate the
transplantation of cones when isolated from rods. Questions remain on whether
cones are capable of survival following transplantation, especially in the absence of
rod donors. The aim of this chapter is to address the issue of cone survival following
transplantation by employing a unique donor model of cone photoreceptors that

obviates the confounding results arising from a combined rod/cone transplant.

Specifically, this model exploited the rd1 (or Pde6brd1/rd) mutation in order to
eradicate rods from the donor mass at the appropriate juncture. Therefore, by
crossing the OPN1-EGFP with the dsRed mouse which carries the rd1 mutation, an
F2 progeny was generated that possessed GFP-positive cones and all dsRed-positive
cells except rods, since the latter underwent degeneration typical of mice with the
rd1 mutation. In the rd1 mouse retina, the vast majority of rods (98%) degenerate by
17 days of age, and no rods are left after the third or fourth postnatal week.>*® At

later stages, rod death is followed by loss of cones.

5.1.3 Summary of results

The findings in these studies can be summarised as follows:

1) Cones survive in the absence of rods in vitro.

2) Fluorescence-activated cell sorting (FACS) and magnetic-activated cell sorting
(MACS) are inefficient methods of deriving decent vyields of cone
photoreceptors.

3) Transplanted cones survive in the subretinal space of wild type hosts when

delivered in conjunction with rod donors.
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4) Transplanted cones survive in the subretinal space of “rod-less” degenerate
retinas and in the absence of rod donors.

5) Transplanted cones survive in the subretinal space of retinas that have been

subject to retinal laser exposure.

5.2 Experimental design

Experiments were conducted as follows:

In vitro cell counting

The in vitro survival of GFP-positive cones was determined under different culture
conditions. Following papain dissociation (Figure 5.1), OPN1-EGFP retinal cell
suspensions were separated into 24-well plates. Aside from determining the optimal
conditions required to achieve single cell suspensions that would enhance
transplantation efficiency, the following factors were investigated for their effect on
cone survival: temperature, age, and co-culture with rods or RPE. Cell counting was

performed daily using an inverted fluorescence microscope.

Figure 5.1. A colour photograph showing whole retinas removed from mouse eyes
and suspended in media prior to dissociation. A lens removed from one mouse eye,
as indicated by the green arrow, and a 25G needle are shown for comparison. Scale
bar: 4mm.
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Subretinal transplantation

Donor retinas were derived from the following strains:

1. OPN1-EGFP containing GFP-positive cones on a wild type background.
2. OPN1-EGFP-dsRed mice containing GFP-positive cones and a ubiquitous

(beta actin promoter) dsRed reporter on an rd1 background.

Following papain dissociation of P1 retinas, resultant donor cells (2x10° cells in 1pl)
of either of the aforementioned strains were transplanted into the subretinal space
of adult wild type or adult rd1 mice (Figure 5.2). Host mice were sacrificed at three
weeks by either cervical dislocation (for wild types) or perfusion fixation (for rd1
strains). Eyes were processed for sectioning, immunohistochemistry, and imaged

using the confocal microscope as previously described.

Figure 5.2. Colour photographs showing the technique of subretinal injection. Entry
of the needle into the subretinal space was marked by penetration of the RPE by the
bevel (green arrow, A). The subsequent injection of cell suspension aimed to create
a subretinal bleb that extended to the optic disc (red arrow, B).
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5.3 Results

5.3.1 Genotyping/phenotyping of donors

The initial step in the identification of donor cones was to characterise the
morphology, stage of maturation, and protein expression in an appropriate model.
The two models of choice that were used throughout all transplantation
experiments were either the Opn1-EGFP (bearing GFP-positive cones on a wild type
background) or the Opn1-EGFP-dsRed (bearing GFP- and dsRed-positive cones on an

rd1 background), the latter which is described in later sections.

The Opn1-EGFP model

Genotyping
Genotyping of Opn1-EGFP mice confirmed the presence of a transgenic GFP-positive

band (641 bp, Figure 5.3).

C57BL/6

Figure 5.3. Agarose gel electrophoresis of PCR products to detect the presence of
GFP. Genotyping of Opnl-EGFP mice detects a transgenic GFP-positive band in
homozygous or heterozygous positive animals. Three consecutive positive bands
identifying GFP are shown with a size of 641bp. Negative controls from wild type
(C57BI/6) genomic DNA are shown alongside.
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Immunohistochemistry (IHC)

In the Opn1-EGFP retina, IHC methods identified the cone outer segments using
anti-RG opsin and anti-CNGA3 antibody, the cone sheaths with PNA lectin, and the
entirety of the cone with anti-arrestin antibody (Figure 5.4; no primary antibody

controls shown in Appendix Figure 1).
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Figure 5.4. Immunohistochemistry (IHC) of GFP-positive cones in the Opnl.gfp
reporter mouse. RG opsin (A, A’) and CNGA3 (B, B’) colocalise to the cone outer
segments whilst PNA lectin (C, C’) stains cone sheaths. It is noteworthy that GFP
does not enter the cone outer segments. Arrestin (D, D’) stains the entirety of the
cone from the outer segment to the pedicle. Scale bar: 20um.

Expression of PNA lectin

Expression of PNA lectin, indicative of the presence of cone sheaths, was correlated
to the age of the cone photoreceptor and the onset of GFP (Figure 5.5). The stage of
cone maturation in the Opn1-EGFP retina at P14 was similar to the adult in terms of
PNA lectin and GFP quantification (n = 12, P > 0.999, one-way ANOVA with
Bonferroni post-hoc test). Although PNA lectin expression was apparent at P5 and

P8, few GFP-positive cones were present in relation to this (n = 12, P < 0.0001 for
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both ages, one-way ANOVA with Bonferroni post-hoc test). These findings were used
to determine the optimum stage post transplantation of early postnatal (P1) donor
cones in which to observe the morphology of said cones and this was defined as

three weeks.
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Figure 5.5. The expression of PNA lectin in the Opnl-EGFP retina according to
postnatal age. Confocal images of the most densely populated part of the superior
retina in terms of GFP-positive cones at three postnatal ages (A). Although cone
sheaths, as determined by lectin staining, could be detected in the outer retina, few
GFP-positive cones were seen at P5 and P8. Scale bar: 20um. By P14 however, the

156



Chapter 5

ratio of GFP-positive cones to cone sheaths reached adult levels (B). Error bar + SEM,
n=12. ****p <(0.0001, one-way ANOVA with Bonferroni post-hoc test.

The Opn1-EGFP-dsRed model

Phenotyping

The presence of the dsRed reporter was detected by imaging the paws of mice using
the 488nm AF setting on the cSLO. Using the same detector sensitivity, an intense
hyperautofluorescence was present in dsRed-positive mice whereas no increase in
autofluorescence was seen in dsRed-negative animals (Figure 5.6). The presence of
GFP-positive cones could not be determined by AF imaging alone since the dsRed
was detected at a lower sensitivity and, being a ubiquitous reporter, totally masked
other signal from the retina. GFP positivity was therefore confirmed by genotyping

as described previously (Figure 5.7).

Figure 5.6. Phenotyping of dsRed-positive mice. The 488nm AF setting on cSLO
showed hyperautofluorescent paws in positive animals (A) and no increase in
autofluorescence in negatives (B). The same detector setting was used for both
images as indicated by the similar appearance of the background area.
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Figure 5.7. ¢SLO imaging of the Opn1-EGFP-dsRed retina. The reflectance image (A)
shows the typical appearance of a retinal degeneration caused by the rd1 mutation
as in this mouse model. In the same eye, the 488nm AF image (B) demonstrates the
result seen in the presence of a ubiquitous dsRed reporter. With the detector setting
at the lowest sensitivity required to identify GFP-positive cones, the dsRed signal is
too intense to allow visualisation of any other fluorescent signal.

Genotyping

A duplex genotyping system was used to identify the rd1 mutation in Opn1-EGFP-
dsRed mice showing the presence of a wild type versus mutant allele (Figure 5.8).
Since the rd1 phenotype is a recessive trait, homozygous recessive breeding pairs

were established to ensure that all progeny inherited the mutant alleles.
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Opn1l/DsRed F1 C3H C57Bl/6

T .

rdl WT WTand rdl WT ar rdl WT WTand
allele allele rd1 allele ~d1 allele rdl1 allele
(550bp) (400bp)

Figure 5.8. Genotyping of Opnl1l-EGFP-dsRed mice. Agarose gel electrophoresis of
PCR products from tissue derived from the F1 progeny of the intercross between
Opn1-EGFP and dsRed mice (“Opni1/dsRed F1”). After the DNA ladder at the far left,
the first lane shows a 550bp fragment from the mutant (rd1) allele and the second
lane shows a 400bp fragment from the wild type (WT) allele. The third lane shows a
combination of all three primers used to identify both alleles in a single lane. The
positive controls from C3H and C57BI/6 mice are shown thereafter.

Histology

The histological findings in Opn1-EGFP-dsRed retinas are shown in Figure 5.9. The
F1 progeny of the cross between Opn1-EGFP and dsRed mice had normal retinal
thickness with preservation of the ONL since this generation carried only one rd1
allele. GFP-positive cones were present as was the ubiquitous dsRed reporter (Figure
5.9A-B). Intercrossing of this F1 generation resulted in an F2 progeny of which one-
guarter were homozygous recessive for the rd1 mutation. In the latter, the loss of
rod photoreceptors due to the retinal degeneration resulted in a collapse of the ONL
to leave GFP-positive M and non-fluorescent S cones (Figure 5.9C-D). Again, the
ubiquitous dsRed reporter could be seen in all layers. A comparison of retinal
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morphology between Opnl-EGFP and Opnl-EGFP-dsRed early postnatal mice is
shown in Figure 5.10, highlighting the marked attenuation of the ONL by postnatal
day 14 in the latter model. These findings were used to determine the optimum
stage post transplantation of early postnatal (P1) donor cones from Opn1-EGFP-
dsRed mice in which to observe the morphology of transplanted cones and this was
defined as three weeks. At this stage, rods had undergone almost complete

degeneration due to the rd1 mutation.
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Figure 5.9. Retinal sections from six week old F1 and F2 progeny of the intercross
between Opn1-EGFP and dsRed mice. The F1 sections (A, B) show a normal retinal
morphology with the dsRed reporter present in all retinal layers and more
prominent in the nuclear layers. The F2 sections (C, D) also demonstrate dsRed
throughout but show marked attenuation of the ONL due to the loss of rods,
although cones continue to survive at this level. Scale bar: 50um.
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Hoescht

Figure 5.10. A comparison of outer nuclear thickness between the Opn1-EGFP-dsRed
and Opnl-EGFP phenotype according to postnatal age. Histological sections from
the superior retinal areas that are most densely populated with GFP-positive cones.
Representative retinal images are shown of the Opn1-EGFP-dsRed in the upper row
(A-D) and Opn1-EGFP in the lower row (E-H), from P3, P5, P8, and P14 mice (from
left to right respectively). A similar structure of the ONL and of GFP-positive cones is
apparent in both phenotypes between P3 to P8. However, attenuation of the ONL at
P14 in the Opnl-EGFP-dsRed retina has left a remainder comprising predominantly
of GFP-positive cones with few other nuclei within this layer. Scale bar: 20um.

5.3.2 Invitro culture

Optimisation of cell dissociation

The survival of transplanted cells is dependent on several factors including the
number of donor cells delivered at the time of transplantation. This number itself is
dependent on the quality of cell dissociation, as a poorly dissociated sample will
have few individual cells and instead will have areas of cell clumping thereby
reducing the cell yield available for transplantation. In order to optimise cell
dissociation, the process was assessed using different concentrations of DNAse

(Figure 5.11). A comparison of 0.005%, 0.0025%, 0.001%, and no DNAse, showed
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that the final cell yield was directly proportional to the DNAse concentration, with
the highest concentration demonstrating the maximal yield (F3, 6 =239.3,n =12, P<

0.0001, one-way ANOVA with Bonferroni post-hoc).

0{005% DNAse |-*, - | = ! [| 0.0025% DNAse -

' 0.001% DNAse, - |

*kkk

B 2 — 1

104

84
no. of cells
(x107)

0.005% 0.0025% 0.001% Nil
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Figure 5.11. Micrographs demonstrating the difference in cell yield obtained by
altering DNAse concentration during dissociation (A). Cells derived from Opn1-EGFP
retinas are shown following dissociation with aliquots placed on a hemocytometer
for cell counting. Scale bar: 0.25mm. Graphical representation of these findings
show that higher DNAse concentrations (0.005% and 0.0025%) resulted in increased
cell yields compared to a lower concentration (0.001%) or absence of DNase (B).
Error bar + SEM, n = 12, ****Pp < 0.0001, one-way ANOVA with Bonferroni post-hoc
test.
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Survival of cultured GFP-positive cones

In order to increase the viability of donor cones post transplantation, several factors

were assessed for their influence on cone survival.

Temperature

Culturing dissociated Opn1-EGFP retinas at 37°C or 34°C did not show a difference in
the survival of GFP-positive cones up to day 11 (F; 4, =4.907,n= 6, P = 0.0911,

two-way ANOVA with Bonferroni post-hoc, Figure 5.12).

100+

40+

Cone number (% of day 1)

20+

n.s.

Day

- 37°C - 34°C

Figure 5.12. In vitro cone survival at different temperatures. No difference was
found in cone survival between incubation at 34°C and 37°C. Error bar + SEM, n = 6.
P =0.091, two-way ANOVA with Bonferroni post-hoc test.
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Age

A greater proportion of surviving GFP-positive cones was shown at day 11 in
cultured dissociated retinas derived from P7 compared to 4 weeks and 8 weeks old
Opn1-EGFP mice (F;, 35 = 26.36, n =9, P = 0.002 and 0.018 respectively, two-way

ANOVA with Bonferroni post-hoc, Figure 5.13).

Day 1 culture Day 11 culture
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Figure 5.13. Micrographs demonstrating the difference in survival rate of cultured
Opn1-EGFP cells according to donor age. Cells derived from the retinas of Opnl-
EGFP mice aged P7 (A) and 8 weeks (C) are shown in comparison at day 1 culture
(“baseline”). Although a similar total cell count (including GFP-negative cells) was
seen at baseline in both specimens (A’ and C’), the GFP count was higher in the older
donor group. The surviving GFP-positive cones at day 11 culture are shown alongside
(B and D). Despite evidence of cell clumping in the P7 group (B’), GFP-positive cells
were still present at day 11 (B). In contrast, although no cell clumping was apparent
in the 8 weeks group, the number of GFP-positive cells (D) had decreased markedly
relative to baseline. Scale bar: 50um. Graphical representation of these findings
reveal that GFP-positive cones derived from P7 donors showed a higher survival rate
at day 11 compared to 4 and 8 weeks old donors (E). Error bar + SEM, n = 9. **P =
0.002, *P =0.018, two-way ANOVA with Bonferroni post-hoc test.

Presence of rod photoreceptors

In order to observe the effect of the presence or absence of rods on cone survival in
vitro, retinal cells derived from 6 weeks old Opn1-EGFP and Opnl1-EGFP-dsRed mice
were dissociated and cultured. At this age, Opnl1-EGFP retinas had normal rods
whereas Opnl1-EGFP-dsRed retinas had no rods due to the underlying rd1 mutation.

At day 11 culture, the proportion of surviving GFP-positive cones was similar in both
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the rod-containing and “rod-less” group (F1, 12 = 2.487, n = 6, P = 0.141, two-way

ANOVA with Bonferroni post-hoc, Figure 5.14).

Day 1 culture Day 11 culture
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[
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Figure 5.14. Micrographs demonstrating the survival rate of cultured GFP-positive
cones derived from Opn1-EGFP (“rod-containing”) cells and Opn1-EGFP-dsRed (“rod-
less”) cells. Cells derived from the retinas of 6 weeks old Opn1-EGFP (A) and Opn1-
EGFP-dsRed (B/C) mice are shown in comparison at day 1 (“baseline”)
demonstrating an equivalent GFP-positive cell count. Although Opnl-EGFP-dsRed
retinas had an almost complete loss of rods at this age group, cells were plated at
baseline at an equal density in both groups. The surviving GFP-positive cones at day
11 culture are shown alongside (A’ and B’), as are images demonstrating the
ubiquitous dsRed reporter in the Opnl-EGFP-dsRed cells (C and C’). Scale bar:
100um. Graphical representation of these findings showed a similar survival rate of
GFP-positive cones in the rod-containing and “rod-less” group (E). Error bar £ SEM, n
=6. P=0.141, two-way ANOVA with Bonferroni post-hoc test.

Presence of RPE

In order to observe the effect of the presence or absence of RPE on cone survival in
vitro, retinal cells derived from 6 weeks old Opn1-EGFP and Opnl-EGFP-dsRed mice
were dissociated and co-cultured with or without RPE. At day 11 culture, the
proportion of surviving GFP-positive cones was similar in both the group with RPE

and without RPE (F3, 36 = 1.348, n = 12, P = 0.274, two-way ANOVA with Bonferroni
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post-hoc, Figure 5.15). No difference was found on subgroup analysis of Opn1-EGFP
and Opnl1-EGFP-dsRed retinas (F1, 12 = 0.370, P = 0.554 and F;, 1, = 0.0840, P = 0.778

respectively, n = 6 per group, two-way ANOVA with Bonferroni post-hoc, Figure
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Figure 5.15. Survival rates of GFP-positive cones derived from Opnl-EGFP (“rod-
containing”) cells and Opn1-EGFP-dsRed (“rod-less”) cells in the presence or absence
of RPE. The presence of RPE did not affect the survival rate of GFP-positive cones
derived from Opnl1-EGFP (P = 0.554, Figure A) or Opnl-EGFP-dsRed retinas (P =
0.778, Figure B). The collective results across all groups showed no difference in
survival rate (P = 0.274, Figure C). Error bar + SEM, n = 6 in each group, two-way
ANOVA with Bonferroni post-hoc test.
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Fluorescence-activated cell sorting (FACS)

Genotyping

FACS was used to isolate a colony of GFP-positive cones. FAC-sorting was performed
on dissociated retinas from 3 week old Opnl-EGFP mice that had been positively
genotyped. RNA extraction and gPCR analysis were conducted on the resultant
sorted sample to observe the expression of opsin genes. Agarose gel electrophoresis
of the PCR products showed positive bands for L-M opsin and the housekeeping
genes, beta-actin and Gapdh but no bands for rhodopsin or S opsin, implying the
isolation of M cones (Figure 5.16). In contrast, the wild type control showed positive

bands for all genes.

bp Rho Sopsin L-Mopsin  B-actin  Gapdh Rho Sopsin L-Mopsin B-actin  Gapdh

Opn1-EGFP C578BI/6

Figure 5.16. Agarose gel electrophoresis of PCR products derived from FAC-sorted
Opn1-EGFP and C57BI/6 retinas. FAC-sorted Opn1-EGFP retinas, that resulted in the
isolation of GFP-positive (or M) cones, showed the presence of L-M opsin, beta-
actin, and Gapdh but no rhodopsin or S opsin. In contrast, positive control C57BI/6
retinas showed the presence of all of these genes.
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FACS efficiency

The efficiency of FAC-sorting in terms of cell yield was determined by comparing the
proportion of sorted cells from Opn1-EGFP versus Nrl-GFP retinas (Figure 5.17). For
Opn1-EGFP retinas, the proportion of GFP-positive cones halved from 2.31 + 0.18%
before FACS to 1.13 + 0.17% after FACS (***tyo = 4.67, P = 0.0009, N = 12, unpaired
t-test). For Nrl-GFP retinas, the proportion of GFP-positive rods reduced threefold
from 97.27 + 0.46% before FACS to 30.07 + 2.16% after FACS (***t,o = 30.43, P <

0.0001, N =12, unpaired t-test).
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Figure 5.17. The proportion of GFP-positive cells from Opnl-EGFP and Nrl-GFP
isolated after FACS. After FACS, the proportion of GFP-positive cones in Opn1-EGFP
retinas was halved and the proportion of GFP-positive rods in Nrl-GFP retinas was
reduced to a third, compared to before sorting. Error bar + SEM, N = 6 in each group.
***P < 0.001, unpaired t-test.

Age of sorted cells

The number of GFP-positive cones derived from FAC-sorting was determined
according to the age of the animal. FACS was performed on 1 x 10’ cells per sample

for each of P1, P3, P5, and P14 positively genotyped Opnl-EGFP retinas (Figure
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5.18). Few GFP-positive events were derived from P1-5 retinas whereas a
significantly higher yield was obtained from P14 retinas (F3 s = 223.9, P < 0.0001, n =

12, one-way ANOVA with Bonferroni post-hoc test).
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Figure 5.18. The number of GFP-positive cones from different ages of Opn1-EGFP
retinas isolated after FACS. Illustrations demonstrate results of FACS for GFP-positive
cells according to age (A). The green-bounded area delineates the gate used to
determine GFP-positive cells with each red dot within this area representing a single
GFP-positive event. For retinas from mice aged between P1 to P5, few GFP-positive
events were detected whereas many events were observed for retinas from P14
mice. Graphical analysis confirming that a greater number of GFP-positive cones
(synonymous with “events”) were derived from P14 mice and few were detected at
early postnatal stages (B). Error bar £ SEM, n = 12. ***P < 0.0001, one-way ANOVA
with Bonferroni post-hoc test.
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Phenotype of sorted cells

As further validation of the process, FACS was performed on GFP-positive and

negative controls. Dissociated cells were derived from Rho”.GFP*"" and Rho”".GFP”"

mice aged 7 weeks and from Opn1-EGFP mice aged 6 months, the latter having been

shown to exhibit a cone degeneration. GFP-positive events were only seen in retinas

derived from Rho”.GFP*" mice whereas few events were seen in Rho”.GFP”" and

Opnl1-EGFP mice, confirming the specificity of the FACS parameters used (F,, ¢ =

445.5, P < 0.0001, n =9, one-way ANOVA with Bonferroni post-hoc test, Figure 5.19).
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Figure 5.19. lllustrations demonstrating the results of FACS for GFP-positive cells
according to phenotype. The green-bounded areas delineate the gate used to
determine GFP-positive cells with each red dot within this area representing a single
GFP-positive event (A). Rho”".GFP*" mice aged 7 weeks showed a large number of
GFP-positive events as seen by the volume of red dots within the green bounded
area whereas very few (presumably artefactual) GFP-positive events were detected
in Rho”".GFP”" mice of the same age. Similarly, few GFP-positive events were
detected in Opn1-EGFP mice aged 6 months. Analysis of FACS results showing a
higher number of GFP-positive cones derived from Rho”".GFP* retinas than from
controls (B). Error bar + SEM, n = 9. ****P < 0.0001, one-way ANOVA with
Bonferroni post-hoc test.

Identification of cells post FACS

Although FACS resulted in a population of GFP-positive M cones as determined by
gene expression, repeated experiments were unable to successfully deliver these
sorted cells in culture. Following FAC-sorting, the GFP-positive population was
suspended in warm media (Neurobasal A with additives as previously described).
Centrifugation was conducted immediately at speeds of 70g, 300g, 1000g and for
durations of 5, 10, and 20 minutes. However, no significant population could be

identified post-centrifugation aside from an occasional scattered GFP-positive cell.

Magnetic-activated cell sorting (MACS)

A further method to isolate GFP-positive cones was investigated in the way of MACS.
MAC-sorting of 1x10’ cells derived from positively genotyped Opn1-EGFP retinas
was performed using anti-CD73 antibody. The “CD73-positive” sample was expected
to contain rods since the antibody binds to the CD73 cell surface marker present on
rods. Therefore, the sample of interest was the “CD73-negative” portion. Although

this sample showed 95% viability as determined by trypan blue staining, the GFP-
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positive proportion was 1.5%, i.e. similar to that seen in unsorted cells (Figure 5.20).
Following RNA extraction and PCR amplification of this sample, agarose gel
electrophoresis of the PCR products showed a bright band for rhodopsin, indicating
the presence of rods in this sample, thereby supporting the cell microscopy findings
of a large proportion of cells other than GFP-positive cones (Figure 5.21). In addition,
positive bands were present for L-M opsin, S opsin, and GFP. In contrast, the CD73-
positive sample showed no bands for L-M opsin, S opsin or GFP but showed a bright
band for rhodopsin, the former indicating the absence of cones and the latter the

presence of rods.

i
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Figure 5.20. Micrographs showing the results of dissociated Opn1-EGFP cells post
MACS. The hemocytometer image shows cells from the CD73-negative sample that
were stained with trypan blue, indicating a 95% viability (A). However, the
proportion of GFP-positive cones amongst this cell population was small (B). The
hemocytometer image from the CD73-positive sample that were stained with trypan
blue, showed a 5% viability and no GFP-positive cells (C). Scale bar: 100um.

~
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Rho MW SW GFP Rho MW SW GFP Rho MW SW GFP Rho MW SW GFP
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Figure 5.21. Agarose gel electrophoresis of PCR products from MAC-sorted Opnl-
EGFP retinas. GFP was detected in the CD73-negative sample indicating the
presence of M cones. This was supported by the presence of bands for MW opsin.
GFP was absent from the CD73-positive sample which was again supported by the
absence of a band for MW opsin. As expected, rhodopsin was present in the CD73-
positive sample but was also detected in the CD73-negative sample. A weak band for
rhodopsin was also seen in the C3H control even though the retinas were from 3
month old mice. Although there were no rods, it is possible that small amount of
rhodopsin might be expressed by other retinal cell types, as true rod photoreceptors
never form in this mutant mouse and this may lead to dysregulation of the normal
developmental pathways.

5.3.3 Cone survival post transplantation

5.3.3.1 Opn1-EGFP donors in wild type hosts

The following results pertain to the subretinal transplantation of donor retinal cells

from P1 Opn1-EGFP mice into adult C57BI/6 mice.
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In vivo imaging

At day 5 following transplantation, in vivo cSLO imaging showed (488nm)
hyperautofluorescence within the injected area (Figure 5.22A). This region was well-
defined with a clear demarcation from adjacent uninjected retina and had a varied
configuration between scattered dots and confluent areas (compare to no
autofluorescence in uninjected control retinas, Appendix Figure 3). The detector
setting (at 95) required to identify this signal was identical to that used to assess
GFP-positive cones in adult Opn1-EGFP mice. The injected area increased in AF signal
by day 14 as measured by gray level whereas the uninjected area did not show a
significant change (F;, 3= 17.81, P < 0.0001 and P = 0.591 respectively, N = 8, two-
way ANOVA with Dunnett’s post-hoc test, Figure 5.22B). The longitudinal increase in
AF signal held true even for the corrected gray level that was determined by
subtracting the level within the uninjected area from that within the injected area,

thereby adjusting for an artefactual increase in signal (P = 0.002).
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Figure 5.22. 488nm AF images showing the survival of transplanted cones. The result
of transplantation of Opn1-EGFP retinal cells into the wild type subretinal space is
shown in rows for eight eyes (A). The columns represent the findings at days 5, 10,
and 14 post-transplantation. The injected area is autofluorescent at day 5 and in a
number of eyes, this increases by day 14. A clear demarcation (as indicated by the
dashed line) is apparent between the injected and uninjected area. Although mainly
confluent, in certain areas, the autofluorescent signal is seen as individual dots.
Analysis of gray level following transplantation of Opn1-EGFP retinal cells into the
wild type subretinal space (B). The analysis confirms the cSLO findings showing that
the autofluorescence within the injected area is increased from day 5 baseline to
day 14. Error bar £ SEM, N = 8. ****p < 0.0001, ***P < 0.001, two-way ANOVA with
Dunnett post-hoc test.

Histological sections

Donor retinal cells survived at three weeks following transplantation as evidenced by

the formation of a Hoescht-staining subretinal mass containing GFP-positive cones
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(Figure 5.23A-B). It has to be recalled that at the stage of transplantation, P1 cones
did not express the GFP fluorophore. Therefore, at three weeks post
transplantation, donor cones not only survived but expressed the appropriate
reporter as per the equivalent age-matched Opnl1-EGFP retina. Additionally, the
fluorescent cones had processes that were, albeit, limited to the subretinal mass
rather than extending through the host ONL towards the outer plexiform layer

(Figure 5.23C-D).

Figure 5.23. Retinal sections showing the survival of transplanted subretinal cones.

A mass of transplanted E15 Opn1-EGFP cells is shown in the subretinal space of wild
type mice (arrow, A, B). A demarcation line is apparent between the donor mass and
the host ONL. Although cones did not express GFP at the time of transplantation, at
the stage of sectioning, GFP expression was present within the donor cells. The GFP-
positive cones showed the formation of processes although their arrangement was
irregular and limited to the subretinal mass rather than extending towards the host
ONL (arrow, C, D). Scale bar: 100um (A, B); 20um (C, D).
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Immunohistochemistry (IHC)

Anti-GFP antibody
As evidence of the identity of GFP-positive cones, anti-GFP antibody colocalised
exactly to these cells (Figure 5.24-5.25). Any background autofluorescence or

artefact that emitted at the same wavelength did not stain positive.

Hoescht Hoescht
GFP GFP

Figure 5.24. Anti-GFP antibody staining of transplanted cones. In order to confirm
that the GFP signal was specific and not due to autofluorescence, anti-GFP antibody
was used to stain GFP-positive cones. There was a 1:1 colocalisation of the antibody
and fluorescent cone. Scale bar: 100um.

Hoescht

Figure 5.25. High power confocal micrographs showing anti-GFP staining. Two
separate areas of anti-GFP staining are shown in the upper (A**) and lower rows (BY
%) respectively. Both demonstrate colocalisation of the anti-GFP antibody to GFP-
positive cones. In areas of autofluorescence, there is no binding of antibody. Scale
bar: 20um.
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Anti-arrestin antibody

GFP-positive donor cones stained positive for arrestin with a positive internal control
provided by host cones (Figure 5.26). The antibody colocalised to the entirety of the
cone and areas of positive staining with no GFP-positivity were seen, indicating the

presence of non-fluorescent S cones.

Figure 5.26. Arrestin staining of transplanted cones. Four areas of arrestin staining
are shown in separate rows. A positive control for arrestin staining is provided by
the host cones in images A and B, Similar to anti-GFP, all images demonstrate
colocalisation of the anti-arrestin antibody to GFP-positive cones in the subretinal
donor mass. As per the pattern seen in host cones, arrestin stains the entirety of the
donor cone, including the cell body and processes. Scale bar: 20um.
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Anti-RG opsin antibody and PNA lectin

Donor cones formed outer segments following transplantation as evidenced by
positive staining with anti-RG opsin antibody (Figure 5.27). The latter was specific to
M cones and therefore, in the donor model, was restricted to only those cones
expressing GFP. Cone sheaths present in donor GFP-positive cones showed staining

for PNA lectin.

Figure 5.27. RG opsin staining of transplanted cones. Four areas of RG opsin staining
are shown in separate columns. Anti-RG opsin antibody colocalised to the outer
segment (arrow) of GFP-positive cones. Scale bar: 5um.

182



Chapter 5

Hoeschtit .

Figure 5.28. PNA lectin staining of transplanted cones. Two areas of lectin staining
are shown in separate rows, demonstrating localisation of lectin to the cone sheath.
Scale bar: 5um.

Anti-PDE6B antibody

The presence of rods within the donor cell mass was shown by positive staining of
rod outer segments with anti-PDE6B antibody (Figure 5.29). As expected, this did not
colocalise to GFP-positive cones. A positive internal control was provided by the host

rod outer segments.
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Figure 5.29. PDE6B staining of transplanted rods. Two areas of PDE6B staining are
shown in separate rows, demonstrating localisation of antibody to the rod outer
segment. An internal positive control is provided by the host rods. No staining of
GFP-positive cones is seen, indicating the specificity of the antibody and confirming
that the GFP donor cells are not rods. Scale bar: 50um.

Retinal flatmounts

Another method used to investigate the results following transplantation was via
retinal flatmounts at three weeks post procedure (Figure 5.30). This method offered
the advantage of preserving whole cell structures that would otherwise be subject

to deformation or cleaving during sectioning.

Figure 5.30. A light micrograph of a retinal flatmount with transplanted cones. The
flatmount has been placed photoreceptor side up and shows GFP-positive cones
localised to an area of one leaf with absence from surrounding regions (arrow, far
right image). Scale bar: 0.5mm.
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IHC

As per the results seen for histological sections, antibody staining was positive for
the markers expressed by cone photoreceptors. However, a relative disadvantage of
flatmounts was the observation of incomplete staining that may have been due to
the more difficult penetration and permeabilisation of whole tissue rather than
sections. This was particularly the case for RG opsin staining (Figure 5.31-5.32). On
the other hand, arrestin staining remained efficient with staining of GFP-positive

cones (Figure 5.33-5.34).

Figure 5.31. RG opsin staining of transplanted cones in a retinal flatmount. A clear
demarcation is seen between the transplant (T) and host (H) retinal interface as
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demonstrated by the donor GFP-positive cones which occupy only half of the field of
view and terminate abruptly. The transplanted mass lies in a separate plane to the
host ONL as reflected by the different pattern of nuclear staining in image A
between donors and host. Anti-RG opsin antibody stains host cone outer segments
(COS) more efficiently than donor COS as demonstrated by the scanty staining of
donor cones in image D. Scale bar: 50um.

Figure 5.32. High power confocal micrographs of RG opsin staining of transplanted
cones in a retinal flatmount. In this panel, four different areas of RG opsin staining
are shown in columns. Anti-RG opsin antibody is seen to colocalise to GFP-positive
cones, either to the outer segments or to the membrane or processes. Conversely,
there are areas of RG opsin staining that are GFP-negative, reflecting either the
variable expression of GFP due to the heterozygous Opnl1-EGFP phenotype or due to
the loss of GFP through photobleaching. Scale bar: 10um.
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Figure 5.33. Arrestin staining of transplanted cones in a retinal flatmount. As with
the previous figure, a clear demarcation is seen between the transplant and host
retinal interface as demonstrated by the distribution of the donor GFP-positive
cones. Anti-arrestin antibody colocalises to donor cones efficiently (B). Scale bar:
100pm.

187



Chapter 5

Figure 5.34. High power confocal micrographs of arrestin staining of transplanted
cones in a retinal flatmount. In this panel, two different areas of arrestin staining are
shown in columns. Anti-arrestin antibody is seen to colocalise to GFP-positive cones.
Areas that are positive for arrestin but are GFP-negative occur due to the staining of

S cones that lack GFP. Scale bar: 20um.
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5.3.3.2 Opn1-EGFP-dsRed donors in wild type hosts

The following results pertain to the subretinal transplantation of donor retinal cells
from P1 Opnl-EGFP-dsRed mice into adult C57BI/6 mice. The purpose of these
experiments was to observe the survival of donor cones in the absence of donor
rods, the latter having undergone degeneration due to the rd1 mutation in donor

Opn1-EGFP-dsRed mice.

Donor GFP/dsRed-positive (referred to herein as GFP-dsRed) cones were shown to
survive in the subretinal space of adult wild type mice at three weeks post
transplantation (Figure 5.35). The gross microscopic appearance of these cones was
similar to that of transplanted GFP-positive cones derived from Opnl-EGFP mice as
described in previous experiments in terms of size and formation of irregular
arranged processes. Again, the transplanted cells were limited to a subretinal mass

with a clear separation from the host ONL.
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Figure 5.35. Survival of transplanted GFP-positive cones derived from Opn1-EGFP-
dsRed donors. The confocal images show that donor cells derived from P1 Opnl-
EGFP-dsRed retinas survive in the subretinal space of adult wild type hosts (arrow).
Survival of M cones is evidenced by the expression of GFP that would have been
absent at the time of transplantation but has ‘switched on’ at the point of sectioning
at three weeks. Additionally, the expression of the ubiquitous dsRed reporter in
donor cells indicates the survival of accompanying cells in the donor mass.
Importantly, the latter excludes rod photoreceptors since these have undergone cell
death due to the underlying Pde6b mutation in the donor retina. Scale bar: 100um.

Immunohistochemistry

As per the findings using Opn1-EGFP donors, transplanted Opn-EGFP-dsRed retinal

cells expressed the cone markers for arrestin (Figure 5.36), RG (M) opsin (Figure
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5.37), and the pan-photoreceptor marker, recoverin (Figure 5.38). Regarding the
latter, at three weeks post-transplantation, the absence of rods from the donor
mass would have resulted in staining of surviving cones only. Evidence for the
absolute nature of the subretinal donor mass and the lack of contamination or

communication with the host photoreceptors was shown by the absence of PDE6B

staining of donor cells but positive staining of host ROS (Figure 5.39).

Hoescht

GFP
Arrestin

Arrestin

Figure 5.36. Arrestin staining of transplanted GFP-dsRed cones. The transplanted
mass of Opn1-EGFP-dsRed cells is seen in the subretinal space of a wild type mouse.
The GFP signal is apparent in the donor cells as is the ubiquitous dsRed reporter.
Anti-arrestin antibody (which is shown in magenta) stains GFP-dsRed cones in
addition to the positive internal control of host cones seen at the level of the ONL.
Scale bar: 50um.
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GFP
RG opsin

RG opsin

Figure 5.37. RG opsin staining of transplanted GFP-dsRed cones. The transplanted
mass of Opn1-EGFP-dsRed cells is seen in the subretinal space of a wild type mouse.
Anti-RG opsin antibody (which is shown in magenta) stains a GFP-dsRed cone outer
segment in the middle image (white arrowhead). Additionally, the internal control of
host cones seen at the level of the ONL demonstrates colocalisation of the antibody
to the cell membrane. Scale bar: 20um.
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Figure 5.38. Recoverin staining of transplanted GFP-dsRed cones. The transplanted
mass of Opn1-EGFP-dsRed cells is seen in the subretinal space of a wild type mouse.
Anti-recoverin antibody (which is shown in magenta) stains all photoreceptors
including GFP-dsRed cones. Since there are no rods in the transplanted cell mass due
to the underlying Pde6b mutation in the donor retina, recoverin staining is
specifically limited to S-cones and GFP-positive LM cones. The internal control of
host rods and cones seen at the level of the ONL demonstrates colocalisation of the
antibody to all photoreceptors. Scale bar: 50um.
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Figure 5.39. PDEG6B staining of transplanted GFP-dsRed cones. The transplanted mass
of Opn1-EGFP-dsRed cells is seen in the subretinal space of a wild type mouse. Anti-
PDE6B antibody (which is shown in magenta) stains all host rod outer segments
serving as a positive internal control. No staining is seen within the transplanted
subretinal mass as this contains no rods due to the underlying Pde6b mutation in the
donor retina. Scale bar: 50pum.

5.3.3.3 Opn1-EGFP-dsRed donors in rd1 hosts

In order to investigate the survival of transplanted cones in the absence of rods or
rod-derived factors, donor Opnl1-EGFP-dsRed retinal cells were injected into the
subretinal space of adult (12-weeks old) C3H mice carrying the rd1 mutation (Figure

5.40). Rods were absent from the host retina due to the age of the mice and had
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degenerated by three weeks post transplantation in donor cells due to the same
mutation. GFP-dsRed cones showed equivalent survival to that seen in transplanted
wild type hosts and also to the number of GFP-positive cones following
transplantation of Opn1-EGFP retinal cells into wild type hosts (F, 22 = 0.2129, P =

0.810, one-way ANOVA with Bonferroni post-hoc test, Figure 5.40E).
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Figure 5.40. Retinal sections showing the survival of transplanted cones in the
subretinal space of rd1 mice. A mass of transplanted Opnl1-EGFP-dsRed cells is
shown in the subretinal space of mice carrying the rd1 mutation (white rectangle in
image A enlarged in B-D). As a result of this, both the donor and host contain no
rods due to the underlying Pde6b mutation, which explains the lack of a host ONL.
Although cones do not express GFP at the time of transplantation, at the stage of
sectioning, GFP and dsRed expression is obvious within the donor cells. Analysis of
GFP-dsRed cone survival following transplantation (E). Equivalent numbers of GFP-
dsRed cones were shown to survive following transplantation into either wild type
or rd1 hosts. Error bar £ SEM, P = 0.810, one-way ANOVA with Bonferroni post-hoc
test.

Immunohistochemistry

Antibody staining confirmed the expression of arrestin, RG (M) opsin, PNA lectin,
and recoverin in transplanted GFP-dsRed cones (Figure 5.41). The localisation of
cone opsin was consistent with the findings observed in donor cones derived from
Opn1-EGFP retinas and therefore suggested the identification of outer segments.
However, due to previous reports suggesting the mislocalisation of cone opsin in rd1
retinas, it is possible that the staining was not confined to the outer segments given

the irregular structure of these cones.
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Figure 5.41. Immunohistochemistry of GFP-dsRed cones post transplantation into
C3H mice. Opnl-EGFP-dsRed donor retinal cells were transplanted into the
subretinal space of C3H mice carrying the rd1 mutation. These images show staining
of the donor GFP-dsRed cones. Anti-arrestin antibody is seen to colocalise to these
donor cones (A-A”). Anti-RG opsin antibody (B-B”’) and PNA lectin (C-C"’) detect the
presence of cone outer segments and cone sheaths respectively. Anti-recoverin
antibody stains the fluorescent cone in addition to non-fluorescent S-cones (D-D”).
Rods are absent from both the donor and host due to the underlying rd1 mutation.
Scale bar: 5um.

5.3.4 Transplantation post laser

Dissociated P14 Opn1-EGFP retinas containing identifiable GFP-positive cones were
injected into the subretinal space of adult wild type mice immediately following
laser application. Longitudinal cSLO imaging was conducted between days 1 and 6

post procedure followed by histological examination.
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In vivo imaging

cSLO reflectance imaging (Figure 5.42) showed a well-demarcated area indicating
the site of injection on the first day post treatment (Figure 5.42C). The demarcation
was less apparent by day 6 indicating that the subretinal bleb was diminishing with
closer apposition of the retina to the RPE (Figure 5.42G). In the injected area
adjacent to laser burns, 488nm AF imaging showed the presence of white dots at the
photoreceptor level at day 1 post treatment. These were quantified at a point that
was two disc diameters away from the edge of a laser burn and therefore in non-
lasered retina. The resultant number of these dots in a given area the size of a laser
burn increased from day 1 post laser but did not change between days 3 to 6 (P <
0.0001 and P > 0.999 respectively, N = 8, one-way ANOVA with Bonferroni post-hoc

test, Figure 5.43).

820nm

488nm

Pre D1 D3 D6
transplantation

Figure 5.42. cSLO images of transplanted GFP-positive cones post laser. In the wild
type retina, six laser burns were placed in a concentric distribution centred on the
optic disc. The 820nm reflectance (A) and 488nm AF (B) images show well-
demarcated burns before cell transplantation. Following laser, cells derived from
Opn1-EGFP aged P14 were transplanted into the subretinal space. The appearance
of a superior subretinal bleb can be seen at day 1 post transplantation creating a
well-demarcated area of decreased reflectance (outlined by the white dashed line in
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image C). The corresponding AF image shows the appearance of autofluorescent
dots within the injected area that represent GFP-positive cones (D). At days 3 and 6,
the injected area becomes less apparent on reflectance imaging (E and G
respectively). However, the corresponding AF images demonstrate that the
autofluorescent dots adjacent to the burns (red circles) become more obvious at
days 3 and 6 (F and H respectively).
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Figure 5.43. Autofluorescent cSLO images of transplanted GFP-positive cones post
laser. These images show, at higher magnification, the appearance of
autofluorescent (AF) dots following transplantation in the wild type subretinal space
at days 3 and 6 (A and B respectively). Between the two red markings in each image,
AF dots can be seen that have remained stationary, consistent with the expected
nature of transplanted GFP-positive cones. Analysis of AF dots in a unit area the size
of a laser burn (C). The number of AF dots increased from day 1 post laser and
remained unchanged between days 3 and 6 (Error bar + SEM, ****P < 0.0001 and P
> 0.999 respectively, N = 8, one-way ANOVA with Bonferroni post-hoc test).
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Histology

The characteristic features of a retinal laser injury with RPE disruption and ONL
attenuation were identified within the area of subretinal cell transplantation. An
additional marker to identify the lasered area was via the use of a TUNEL assay
(Figures 5.44 and 5.45). As described previously, TUNEL stain localised to cells that
had undergone apoptosis secondary to laser injury. Such cells were seen within the
ONL of the lasered area. Transplanted cells did not stain positive for TUNEL assay.

In terms of cone survival with GFP as a marker of viability, cones were shown to
survive within the area of laser injury. However, the number of cones was less within
the injured area than in the adjacent non-lasered retina (Figure 5.46). This may also
have reflected the overall reduction in donor cell survival in this area as evidenced
by scanty recoverin staining of the transplanted mass within the lasered area

compared to the periphery (Figure 5.47).
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Figure 5.44. Histological sections showing transplanted GFP-positive cones in areas
of laser injury. An area of RPE disruption with photoreceptor loss is shown,
consistent with the effects of a laser injury (white arrowhead in image A). The area
of deficient ONL has been replaced by the transplanted mass of Opn1-EGFP cells.
There is no disruption of the overlying INL. Surviving GFP-positive cones are
apparent in the area of laser injury (B, C) as are TUNEL-positive cells (D), the latter
indicative of apoptosis. Scale bar: 100um.
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Figure 5.45. High power confocal images showing transplanted GFP-positive cones in
areas of laser injury. Two representative areas of laser injury are shown in the upper
(A-D) and lower (E-H) panel respectively. Consistent with laser injury, areas of
disrupted RPE are apparent, in addition to loss (white arrowhead in B) or
attenuation of the ONL (F). As confirmation of injury, TUNEL-positive cells are seen
at the level of the ONL (B, F). Surviving GFP-positive cones are seen in the area of
injury (C, G). Scale bar: 20um. T, transplanted cell mass.
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Figure 5.46. Quantification of transplanted GFP-positive cones post laser injury. The
number of GFP-positive cones was counted in the lesion area (red box in A) and in
an adjacent non-lasered internal control area of equal size (white box in A). Scale
bar: 100um. Analysis of cone survival by comparing the number of GFP-positive
cones within the lesion centre to a non-lasered internal control area (B). A lower
number of GFP-positive cones survived in the central area of laser injury relative to a
peripheral non-lasered area. Error bar £ SEM, N = 16. ***P < 0.001, paired t-test.
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Figure 5.47. Recoverin staining following transplantation of GFP-positive cones post
laser injury. This panel of low power micrographs shows that anti-recoverin
antibody, which provides a pan-photoreceptor stain, colocalises to the host ONL as
expected (A, B). Additionally, it identifies photoreceptors within the donor
subretinal mass. There are few GFP-positive cones visible within the subretinal mass
(C). Due to the laser injury, there is an area of host ONL loss that is reflected by the
absence of recoverin staining (white arrowhead, D). This overlies an area of
transplanted cells which show weak recoverin staining (blue arrowhead, D), even
though either side of this area, the staining intensity is brighter. This area itself
overlies the central region of laser injury with maximal RPE disruption. Scale bar:
100um.

5.4 Discussion

The use of FACS to obtain a population of GFP-positive photoreceptors, both rods

and cones, has been shown in a previous study using CrxGFP transgenic donors.>®
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However, from the methods described in this chapter, derivation of a cone
population containing no rods from Opnl-EGFP mice was not possible by FAC-
sorting to yield a sufficient numbers of cells. This is probably because Opnil
expression occurs later during post-natal development than Crx and hence the
number of fluoresecent green cells available for FACS at P1 is substantially less.
Additionally, the use of MAC-sorting, which has previously been used to enrich
photoreceptor precursors for transplantation,399 did not separate cones from rods in
our experiments, as determined by the presence of rhodopsin within this isolate on
PCR analysis. Therefore, a biological method was adopted to sort cones from rods in
the Opn1-EGFP-dsRed model, which resulted in a rapid degeneration of rods due to

a mutation in the Pde6b gene.

Cell culture results showed the improved survival of cones derived from younger
animals than adults. This finding provided evidence for the selection of early
postnatal mice as the source of donor cones in transplantation experiments. At
birth, cones in the mouse retina are terminally differentiated but immature with
cone genesis having started at embryonic day 11 and the expression of S opsin
having begun in utero. Expression of M opsin follows that of the other opsins and

00 Evidence of this was seen in the Opn1-EGFP

begins at around postnatal day 6.
mouse by the absence of GFP until this postnatal stage, since in this model the
transgene is composed of a regulatory sequence of the human red and green opsin

401 On the basis of

genes containing the promoter and the GFP reporter cassette.
this, the earliest postnatal age was used to provide donor retinal cells, this stage

providing the optimal window to coincide the onset of GFP with the survival of
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cones. Earlier (embryonic) donors would have required a longer period (> 3 weeks)
following transplantation to show maximal GFP expression which would have risked

the loss of donor cones due to host immune mechanisms.

Cones survived following transplantation into adult hosts. This was evidenced by the
expression of GFP which was absent at the time of initial transplantation. The
expression of other markers of cone function was also apparent in the way of M (or
RG) opsin, arrestin, and recoverin. Importantly, cones survived when derived from
the Opn1-EGFP-dsRed donor retina and transplanted into rd1 hosts. This implies that
cones survive in the absence of rods, the latter having degenerated from both donor
and host, which concurs with the in vitro results of cone culture. This further
indicates that the hypothetical paracrine effect of rods, in particular via the
proposed Rod-derived Cone Viability Factor (RACVF)** is not fundamental to cone
survival. Of note, the identification of M opsin in transplanted cones demonstrated
their formation of outer segments since the expression of opsin genes is delayed to
P4-13."% As phototransduction takes place in the cone outer segments, the
presence of these structures allowed for the possibility of a functional response

following transplantation. This is explored in further detail in the next chapter.

Transplanted cones were shown to survive in the area of laser injury albeit to a
lesser degree than in the surrounding non-lasered area. This difference in survival
rate may be attributable to a number of reasons. Due to the intricate relationship
between these layers, the damage to RPE cells due to the effect of laser injury would
have an impact on overlying photoreceptors. Local release of inflammatory

mediators from apoptotic or necrotic cells and recruitment of macrophages would
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404 additionally, the age of donor

result in loss of potentially antigenic donor cells.
cells may have had an influence on the number of surviving cells. The justification for
using the P14 donor retinas rather than from an earlier postnatal age was that donor
cones needed to be observed at an early stage following transplantation. P14 donors
were selected as the earliest postnatal stage at which GFP expression reached adult
levels. This not only allowed the in vivo observation of fluorescent signal by cSLO
imaging but also enabled the histological identification of GFP-positive donor cones
in an area of TUNEL-positive host cells, thereby accurately localising the region of
laser injury. Selection of younger donor retinas would have compromised the
number of GFP-expressing cones available for quantification at the stage of laser-

induced photoreceptor apoptosis, the latter having been shown to be an event that

occurs early following laser exposure.
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CHAPTER 6

INTEGRATION OF CONE PHOTORECEPTORS
POST TRANSPLANTATION
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6.1 Introduction

6.1.1 Aim

To investigate the feasibility of integration following cone transplantation and the

functional response that would result from successful integration.

6.1.2 Overview

In order to successfully repair a foveal laser injury involving the loss of cone
photoreceptors, the only possible means of maintaining or restoring visual acuity is
by replacing cones. The results of the last chapter showed that donor cones survive
following transplantation. However, unless these cells integrate with host structures,
they will not be able to confer a functional response. Whilst different cell types have
been investigated for their beneficial effects following transplantation post retinal

405-407

laser injury, the option of cone transplantation remains unexplored.

On this note, although the published literature shows much evidence of rod
integration following transplantation, there is limited data on the results of cone

transplantation. Following the intravitreal transplantation of human ES-derived

408

photoreceptors into neonatal mice, S-opsin was detected in donor cones. In

another study, the subretinal transplantation of retinal progenitor cells in rhodopsin

knockout mice resulted in the expression of S-opsin in presumptive donor cone

409

photoreceptors.”™ The most recent study of cone transplantation showed that

transplantation of FAC-sorted photoreceptors derived from the CrxGFP transgenic
mouse resulted in successful integration of donor cones with expression of arrestin

300

and RxrA cone markers.”™ Importantly, and of relevance to the findings discussed in
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this chapter, in all previously described examples, the transplanted cones had an

identical morphology to host cones and were aligned in the correct orientation with

appropriate spatial distribution.

Further to this, an under-recognised or under-reported phenomenon in the field of
retinal cell transplantation is the concept of cell (specifically cell-cell) fusion. Cell
fusion is a fundamental biological event characterised by the fusion of intercellular
membranes and occurs in processes ranging from fertilisation to tumorigenesis.
Although the underlying mechanisms are not fully understood, it is recognised that
intercellular fusion is likely a distinct entity to the type of fusion events occurring on
an intracellular level, the latter involving fusion between membrane-bound
organelles.410 In the area of tissue regeneration using stem cells, the process of cell
fusion has emerged as an unforeseen and confounding factor. For instance,
circulating haematopoeitic stem cells (HSCs) have been shown to fuse with a
number of target cells including hepatocytes, cardiac myocytes, and

189411412 £irthermore, in studies of liver regeneration,

oligodendrocytes.
macrophages derived from HSCs, rather than the HSCs themselves, have been
shown to fuse with hepatocytes.*”® Applying these concepts to the retinal
transplantation model, it remains to be understood whether transplanted cells fuse

rather than integrate with the host and whether fusion involves an intermediate cell

rather than the donor cell itself.

6.1.3 Summary of results

The findings in these studies can be summarised as follows:
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1) Cones integrated successfully following transplantation.
2) Cell fusion occurred between transplant and host photoreceptors.
3) Transplanted cones showed evidence of functional response with changes in

intracellular calcium.

4) Treated mice exhibited behavioural light aversion.

6.2 Experimental design

Experiments were conducted as follows:

Subretinal transplantation

For integration studies, donor retinas were derived from the following strains:

1. OPNI1-EGFP containing GFP-positive cones on a wild type background.
2. OPN1-EGFP-dsRed mice containing GFP-positive cones and a ubiquitous

dsRed reporter on an rd1 background.

Following papain dissociation of P1 retinas, resultant donor cells (2x10° cells in 1pl)
of either of the aforementioned strains were transplanted into the subretinal space
of neonatal P1 wild type or TKO mice (Figure 6.1). For fusion studies, donor retinas
were derived from dsRed P1 neonates and transplanted into the subretinal space of

Nrl.GFP P1 neonates.

Host mice were sacrificed at three weeks by either cervical dislocation (for wild
types) or perfusion fixation (for rd1 strains). Eyes were processed for sectioning,
immunohistochemistry, and imaged using the confocal microscope as previously

described.
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Figure 6.1. Images showing the method of delivering a subretinal injection into an
early postnatal mouse. An anaesthetised P1 pup is shown with lids fused at this
stage of development (A). Following an incision made along the surface marking that
will eventually give rise to the palpebral fissure, the lids are separated with further
blunt dissection through the conjunctiva to expose the eye (B). By proptosing and
rotating the eye, a subretinal injection can be delivered by tangentially entering the
globe, thereby minimising reflux of injected contents (C).

gPCR analysis

At three weeks following transplantation into P1 pups, eyecups from treated and
uninjected TKO mice were processed for RNA extraction and subsequent gPCR

analysis in order to observe the expression of the CNGA3 gene.

Calcium imaging

At three weeks following transplantation into P1 pups, retinal explants from TKO
mice and controls were assessed with respect to changes in intracellular calcium
concentration following the application of an mGIuR8 agonist (S-3,4-DCPG) and

antagonist (CPPG).

Pupillometry

Pupillometry was conducted at three weeks of age, following bilateral

transplantation into P1 TKO mice versus untreated age-matched TKO and wild type
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controls.

Behavioural light aversion (BLA)

BLA was tested at three weeks of age, following bilateral transplantation into P1 TKO
versus controls using a light-dark box system (Figure 6.2). The movement of each
mouse was digitally recorded for 30 minutes, following which treated TKO mice

were immediately sacrificed for histological assessment. Analysis was conducted

offline using tracking software (Figure 6.3).

Figure 6.2. Images showing the apparatus used for testing of behavioural light
aversion. A light-dark box is shown from above (A) and the side (B). A red arrow
indicates the aperture via which the mouse transfers between the front light half
(LH) and back dark half (DH).

LH

| L5
1o
g |

Figure 6.3. Video-stills demonstrating the automated tracking of movements. A light-
dark box is shown from above with the mouse (arrow) in the front light half tracked
as “In BrightZone” (A). On crossing to the back dark half the mouse (arrow) is
tracked as “In DarkZone” (B). LH, light half; DH, dark half.
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6.3 Results

6.3.1 Cone integration

As explained in the previous chapter, transplantation into adult hosts showed the
survival of donor cones but did not vyield any integrated cones. However,
transplantation into neonatal eyes resulted in successful integration. This was
characterised by the survival of cones in the subretinal space with expression of the
GFP and dsRed reporter and extension of processes towards and into the host ONL
(Figure 6.4). The remainder of the dsRed-positive donor cells that did not express
GFP were all other retinal cells aside from M cones and rods, the former that would
necessarily have shown GFP expression and the latter having degenerated due to

the underlying rd1 mutation.

Figure 6.4. Retinal sections showing the survival of transplanted subretinal GFP-
dsRed cones. The panel demonstrates the results following transplantation of Opn1-
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EGFP-dsRed retinal cells into the wild type subretinal space. As per the results seen
following injection into adult hosts, although donor cones do not express GFP at the
time of transplantation, at the stage of sectioning, GFP expression is obvious within
the donor cells, as is the expression of dsRed (A-C). A difference seen between adult
and postnatal hosts was the greater disruption of the host ONL occurring in the
latter, with the ONL often folded into whorls at the site of injection (an example of
this is seen to the right of the dashed box in A). The findings within the area of the
dashed box have been enlarged showing the extension of processes from cones
towards and into the host ONL (D-F). Scale bar: 20um.

Analysis of integration

Integration values for transplanted GFP-positive cones (median = 17.5 cells, range of
number of cones observed per retina = 5-32) were lower than for other dsRed cells
(median = 92.0 cells, range of number of cells observed per retina = 52-165). This
difference (P = 0.0002, Mann-Whitney U test) was expected since GFP-positive
cones constituted a small proportion of the total number of transplanted cells
(Figure 6.5). For the same reason, a difference was observed (P = 0.0002, Mann-
Whitney U test) in the number of subretinal donor GFP-positive cones (median =
210.5 cells, range of number of cones observed per retina = 103-566) compared to
the number of other dsRed cells (median = 1584 cells, range of number of cells
observed per retina = 640-2670). Taking into account these findings, no difference
was observed in the ratio of GFP cones to dsRed cells within the integrated or

subretinal population (P =0.854, Mann-Whitney test).
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Figure 6.5. Analysis of integrated and subretinal cells following transplantation of
GFP-dsRed cones. Fewer GFP cones integrated (A) or were present in the subretinal
space (B) compared to accompanying dsRed cells. However, the proportion of GFP
to dsRed cells was no different between the integrated and subretinal group (C).
Horizontal bars indicate the median value. N = 8 per group, Mann-Whitney test.

Morphology

Evidence of transplanted cones was apparent from a number of morphological
features (Figure 6.6). In addition to the presence of the GFP and dsRed fluorophore
that was absent from the surrounding host retina, donor cones were arranged in an
atypical location. In some instances, the cell body was located in the subretinal
space and in other cases, it was seen in the inner part of the ONL, both being
irregular for cone position. From donor cell bodies located within the host ONL, an
extension was orientated towards either the RPE or OPL, representing the inner and
outer cone process (Figure 6.7 A-D). From subretinal cells, an extension was seen to
pass through the host ONL towards the OPL (Figure 6.7 E-H). This extension
appeared to represent an inner process as it terminated in a configuration similar to
a broad cone pedicle. However, where the latter was not apparent, the extension

may have represented an outer segment orientated in the opposite direction to a
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regular cone. Anti-recoverin staining confirmed the identity of the transplanted cells
as photoreceptors with localisation of the antibody to the cell membrane (Figure

6.11).

Figure 6.6. Successful integration of cone photoreceptors. This panel summarises the
representative examples of GFP-positive cones that have integrated into the host
retina. The dsRed component has been omitted for clarity. All cones demonstrate
normal morphology albeit in an abnormal location. Each example is explained in
more detail with corresponding IHC in later sections. Scale bar: 40um.
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Figure 6.7. High power confocal micrographs of integrated cones. An integrated GFP-
dsRed cone is shown in the host ONL with surrounding accompanying dsRed donor
cells (A-D). Under normal circumstances, cone nuclei are distributed towards the
outer part of the ONL. However, in this example, the donor cone nucleus is situated
at the inner part of ONL, with a process extending in both directions towards the
RPE and outer plexiform layer. A second example demonstrates a cluster of
integrated GFP-dsRed cones with correct orientation of processes towards the host
outer plexiform layer (E-H). Of note, the nuclei of these donor cones lie in the
subretinal space (F) confirming that these cells are exogenously derived. Again,
numerous donor dsRed cells are associated with this cluster. Scale bar: 15um.

Cone markers

As expected, anti-arrestin antibody colocalised to the entirety of the integrated GFP-
positive cone. The example in Figure 6.8 shows a subretinal cell body with a
presumed inner process extending through the ONL towards a terminal bulb

representing a cone pedicle.

Figure 6.8. Arrestin staining of an integrated GFP-positive cone. This panel of images
shows an example of an integrated cone derived from an Opn1-EGFP donor with its
cell body and nucleus located within the subretinal space (A, B, E). A process extends
through the entire ONL towards a cone pedicle at the outer plexiform (D). The
entirety of the donor cone stains positive for anti-arrestin antibody in a similar
pattern to surrounding host cones (C, F). Scale bar: 20um.
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Integrated cones formed outer segments as evidenced by the presence of anti-RG
opsin staining. In Figure 6.9, the antibody is shown to colocalise to the outer
segment which is upside down in terms of its location towards the host OPL. Figure
6.10 shows scattered antibody staining within the subretinal donor mass containing

GFP-positive cones.

Figure 6.9. RG opsin staining of an integrated GFP-dsRed cone. A single GFP-dsRed-
positive cone is shown here with the cell body at the inner part of the host ONL and
a process extending through the entire ONL orientated towards the RPE rather than
the outer plexiform layer (A). The features seen within the dashed box (A) have been
enlarged (B-F) to enable closer inspection of RG opsin staining. The abnormal
location of RG opsin staining towards the outer plexiform layer (B, D, F) rather than
in the layer of host cone outer segments confirms the exogenous derivation of this
cone, as does its being dsRed-positive (C). Scale bar: 10um.
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Figure 6.10. RG opsin staining following transplantation of GFP-dsRed cones. Two
examples are shown in separate panels (A-F and G-L respectively), both of which
show RG opsin staining within the subretinal mass of transplanted cells. The
antibody colocalises to the outer segments of GFP-positive cones. The area within
the dashed rectangle (G) has been enlarged in images H-L. Scale bar: 20um.
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Anti-recoverin antibody colocalised to the membrane of the integrated cone cell
body (Figure 6.11). Likewise, positive staining was observed in subretinal GFP-
positive cones with minimal staining of other dsRed donor cells (Figure 6.12). This
was expected given the absence of rods from the transplanted mass, in contrast to
the observation of abundant staining in transplanted Opn1-EGFP cells as described

previously.
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Figure 6.11. Recoverin staining of an integrated GFP-dsRed cone. A single GFP-
dsRed-positive cone is seen with its cell body in the subretinal space abutting the
RPE (A). An extension representing either an inner process or outer segment passes
through the entire ONL to reach the outer plexiform layer (B, D). The exogenous
derivation of this cell is confirmed by the subretinal position of the cell nucleus (C).
This cell is also dsRed-positive, not only acting as a further reporter but also
confirming that rods will be absent from the donor cell mass due to the underlying
rd1 mutation (E). Anti-recoverin antibody is localised to the cell membrane and
therefore the cytoplasm shows no staining (F). Scale bar: 20um.
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C3 Recoverin

Recoverin

Figure 6.12. Recoverin staining following transplantation of GFP-dsRed cones. Four
examples are shown in separate panels, all of which show minimal recoverin staining
within the subretinal mass of transplanted cells. In this area, anti-recoverin antibody
colocalises to GFP-dsRed cones (as seen) and S-cones. Rods are absent from the
donor mass due to the rd1 mutation. Positive staining is apparent within the host
ONL. Scale bar: 20pum.
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Glial cells

Anti-GFAP antibody was used to determine the presence of glial cells or activated
Miller cells within the donor mass. Integrated GFP-positive cones did not show
positive staining (Figure 6.13). However, staining was seen within and associated
with the transplanted dsRed cells indicating the presence of glial cells (Figure 6.14).
Other dsRed-positive areas showed no staining indicating that these cells were of
non-glial origin and likely represented the remainder of donor inner retinal cells

(Figure 6.15).

Figure 6.13. GFAP staining in the presence of an integrated GFP-dsRed cone. A single
GFP-dsRed-positive cone is shown here with the cell body at the inner part of the
host ONL and a process extending through the entire ONL orientated towards the
RPE rather than the outer plexiform layer (A-D). Anti-GFAP antibody colocalises to
glial cells towards the inner retina but not to the GFP-dsRed cone. Scale bar: 20um.
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Figure 6.14. GFAP staining following transplantation of GFP-dsRed cones (i).A
subretinal mass of transplanted Opnl-EGFP-dsRed cells is seen containing GFP-
dsRed cones (A-C). Anti-GFAP antibody colocalises to the inner retina and to the
subretinal space (D-F). The features within the white dashed rectangles have been
enlarged with their corresponding images shown adjacent (G-l). With regards
staining of the subretinal transplant, the antibody colocalises to some dsRed cells
but no GFP cones. Scale bar: 20um.
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Figure 6.15. GFAP staining following transplantation of GFP-dsRed cones (ii). Three
further examples are shown of GFAP staining (A-D, E-J, and K-P respectively). In the
first panel, anti-GFAP antibody again colocalises to the inner retina and subretinal
space, in the latter staining certain dsRed cells but sparing the GFP cones. In the
second and third panel, GFAP staining is limited to the inner retina with no evidence
of colocalisation to the subretinal space.

Integrated cones were often associated with a cluster of dsRed-positive donor cells.
Anti-glutamine synthetase antibody did not uniformly colocalise to these cells,
thereby indicating the scattered location of Miiller cells within the donor mass

(Figure 6.16-6.18). Importantly, the antibody did not stain donor GFP-positive cells,

thereby excluding the possibility of these being Miiller cells.
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Figure 6.16. Glutamine synthetase staining in the presence of an integrated GFP-
dsRed cone (i). A single GFP-dsRed-positive cone is seen with its cell body at the
inner part of the host ONL (A). A process extends through the entire ONL orientated
towards the RPE with a smaller extension directed towards the outer plexiform layer
(B, D). The abnormal location of this cell confirms its exogenous derivation as does it
being dsRed-positive (C, E). Anti-glutamine synthetase antibody colocalises to
surrounding Miller cells but not to the GFP-dsRed cone (B, F). Scale bar: 20um. GS,
Glutamine synthetase.
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Figure 6.17. Glutamine synthetase staining in the presence of an integrated GFP-
dsRed cone (ii). A further example of a single GFP-dsRed-positive cone is provided
here showing the cell body and nucleus within the subretinal space (A, B). A process
extends through the entire ONL orientated towards the outer plexiform layer (C, D).
The abnormal location of the cell nucleus confirms its exogenous derivation as does
it being dsRed-positive (E). Anti-glutamine synthetase antibody colocalises to
surrounding Miller cells but not to the GFP-dsRed cone (C, F). Scale bar: 20um. GS,
Glutamine synthetase.
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Figure 6.18. Glutamine synthetase (GS) staining following transplantation of GFP-
dsRed cones. Three examples are shown in separate panels (A-F, G-L, and M-R
respectively), all of which show scattered and minimal GS staining within the
subretinal mass of transplanted cells. The antibody identifies Miller cells that
extend from their footplates at the inner retina to the external limiting membrane.
Scale bar: 20um.

6.3.2 Fusion

Incidental findings

The experiments involving Opnl1-EGFP-dsRed transplants into wild type hosts was
accompanied by the observation of possible fusion events in addition to integration.
Although more definitive results to confirm this process are described later, the
incidental findings at this initial stage were characterised by the presence of well-
organised GFP- and dsRed-positive cells within the host ONL (Figure 6.19). These
cells were aligned in the same orientation as the host cells with a cell body located
towards the inner zone of the host ONL and an appearance similar to host rods with

a spherular synapse. The GFP and dsRed fluorescence of these cells was of lower
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intensity compared to that of subretinal donor cells, evidenced by the background

autofluorescence from surrounding tissue.

Aside from the purported fused cells often being associated with a clump of donor
dsRed cells in the near vicinity, they stained positive for the pan-photoreceptor
marker, recoverin (Figure 6.20). However, no arrestin staining was noted in these

cells, thereby excluding the likelihood of their being cones (Figure 6.21).

INE |1 Recoverin

Figure 6.19. GFP and dsRed expression by host photoreceptors post transplantation
with recoverin staining (i). Following transplantation of GFP-dsRed cones into a wild
type retina, a number of host photoreceptors showed expression of GFP and dsRed
protein. This figure shows two vertically orientated GFP-dsRed-positive
photoreceptors (A) that stain positive for anti-recoverin antibody (B) and have rod-
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like morphology due to the position of their cell bodies towards the inner part of
the ONL and due to their having spherules (C). Additionally, there is no disruption of
the ONL. The dsRed expression is of lower intensity than that seen in donor cells as
determined by the surrounding signal that has been increased in order to show
positivity within the ectopically-expressing cells (D). Scale bar: 20pum.
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Figure 6.20. GFP and dsRed expression by host photoreceptors post transplantation
with recoverin staining (ii). Two further examples are shown of host photoreceptors
that express GFP and dsRed protein (A-F and G-L respectively). The first panel shows
a cluster of cells within the host ONL that weakly express dsRed (D) and GFP (E). The

234



Chapter 6

second panel shows a single photoreceptor with a cell body at the innermost part of
the host ONL that also shows weak expression of dsRed (J) and GFP (K). Both
examples show a subretinal cluster of transplanted donor GFP-dsRed cells. However,
the fluorescent intensity of these cells is higher than that of cells within the ONL,
which also stain positive for recoverin. Scale bar: 20um.
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Figure 6.21. GFP and dsRed expression by host photoreceptors post transplantation
with arrestin staining. Four examples are shown of host photoreceptors that express
GFP and dsRed protein with arrestin staining (A-D). Each panel shows a subretinal
donor cell (or cluster; white arrowhead) that is both GFP-dsRed- and arrestin-
positive. Within the host ONL are cells that weakly express dsRed and GFP (blue
arrowhead). The latter cells do not stain positive for arrestin, unlike the subretinal
GFP-dsRed cones that are arrestin-positive. Scale bar: 20um.
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Observations following the causation of fusion

As described previously, experiments were conducted to potentially cause cell
fusion. To do this, dissociated retinas from P1 dsRed (non-GFP) mice carrying the rd1
mutation were injected into the subretinal space of P1 Nrl-GFP mice. As the two
fluorophores were mutually exclusive in their tissue expression, any cells expressing
both reporters could only have arisen by the process of cell fusion. Since all Nrl-GFP
cells were rod photoreceptors, an additional hypothesis was that any GFP-positive
cells within the ONL that also expressed dsRed were fused host rods since donor

rods were absent owing to the rd1 mutation.

At three weeks following transplantation, a clear distinction was seen between the
host GFP-positive ONL and the transplanted dsRed-positive cells within the
subretinal space (Figure 6.22). Overlying the transplanted area were examples of
fused cells that were characterised by co-expression of the GFP and dsRed reporter
(Figure 6.23). These cells were often associated with adjacent subretinal dsRed-
positive donor cells. Although a positive internal control of arrestin staining was
seen within the host ONL, no staining was observed in cells that co-expressed the
GFP and dsRed reporter, thereby confirming that these were not cones and could
only be rods (Figure 6.24). Conversely, positive arrestin staining was seen in
transplanted dsRed-positive cells that did not show GFP-expression, thereby

confirming that these were cones and not rods (Figure 6.25).

Integration of dsRed cells was observed in the neonatal Nrl-GFP host (median = 80.5

cells; range of total number of integrated dsRed cells per retina = 62-152) but not in

the adult host (Figure 6.26). In comparison, the number of fused cells was similar in
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the neonatal (median = 37 cells; range of total number of fused dsRed cells per
retina = 15-69) and adult host (median = 54 cells, range of total number of fused
dsRed cells per retina = 24-90, P = 0.0002, Mann-Whitney test). Therefore, in the

neonatal host, integrated cells were approximately treble the number of fused cells.
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Figure 6.22. Subretinal transplantation of dsRed retinal cells into Nrl-GFP hosts. A
clear demarcation is seen between donor dsRed cells within the subretinal space

and the host Nrl-GFP ONL. Each fluorophore is restricted to its cell of origin. Scale
bar: 50um.

nrl.gfp

Figure 6.23. Example of cell fusion. A cell (white arrow) with a profile similar to that
of host cells in terms of cell body location, alignment of processes, and a spherular
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synapse, is seen within the host ONL. This cell shows both dsRed and GFP expression
(A-C) and is intimately associated with a subretinal cluster of dsRed-positive cells
(red arrow — D). Scale bar: 10um.

nrl.gfp

=
Py

Figure 6.24. Negative arrestin staining following cell fusion. A GFP-positive host cell
(white arrow) within the ONL also shows dsRed expression (A, B). This cell does not
stain positive for arrestin (C-D). However, the window defects within the host ONL
that are GFP-negative show arrestin staining thereby providing an internal control to
identify the location of cone photoreceptors. A subretinal clump of dsRed donor
cells is present in close proximity (red arrow - E). Scale bar: 10um.

Figure 6.25. Transplanted cone in cell fusion experiment. A dsRed-positive cell (white
arrow - A) is seen within the host ONL that is located within a window area that is
GFP-negative (B). This cell stains positive for cone arrestin (C, D). Scale bar: 20um.
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Figure 6.26. Analysis of integrated and fused cells following transplantation of dsRed
cells. Although dsRed cells integrated in the neonatal retina, no integration occurred
in the adult host (A). A similar number of fusion events was observed in the neonatal
and adult host (P = 0.08, Mann-Whitney test, B). In the neonatal host, the number of
integrated cells per eye was approximately treble that of fused cells (C).

6.3.3 Functional effects following cone transplantation

In order to study the effect of cone transplantation on visual function, P1 Opn1-
EGFP-dsRed retinal cells were transplanted into the subretinal space of P1 TKO

mice.

Morphology

Anti-CNGA3 antibody colocalised to the putative outer segment of transplanted
cones (Figures 6.27 and 6.28). As a positive internal control, staining was absent
from the outer segment of host cones as expected in the TKO (OPN4'/' GNAT1”

CNGA3”") retina.
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GFP
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Figure 6.27. CNGA3 staining of an integrated GFP-dsRed cones in a TKO host. The
upper panel shows the absence of CNGAS3 staining in the host retina as expected in
the TKO model. However, the integrated donor cone shows positive staining
suggestive of the formation of an outer segment (white arrow). This is seen more
clearly in the enlarged images in the lower panel. Scale bar: 10 um.
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Figure 6.28. CNGA3 staining of GFP-dsRed cones post transplantation into TKO hosts.
Four examples are shown in columns of CNGA3 staining of donor cone outer
segments (COS). No staining is seen of host COS due to the knockout of the CNGA3
gene in TKO hosts (A) whereas the high power micrographs show definitive staining
of GFP-dsRed-positive donor COS. Scale bar: 5um. ONL, outer nuclear layer; T,
transplanted cells.
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qPCR analysis

In correlation with the histological findings, CNGA3 gene expression was restored to
the TKO retina at three weeks following cone transplantation compared to no
observable effect in uninjected control TKO retinas (P = 0.005, N = 8 eyes per group,

paired t-test, Figure 6.29).

Fold change in gene expression
(normalised to WT)

)
TKO host TKO control

Figure 6.29. The expression of the CNGA3 gene following cone transplantation in
TKO hosts. gPCR analysis in TKO eyecups comparing injected with uninjected eyes
(normalised to wild type). CNGA3 gene expression was elevated in injected hosts
and no expression was detected in knockout controls. Error bar £ SEM, N = 16. P =
0.005, paired t-test.

Calcium Imaging

The functional response of transplanted cones was confirmed ex vivo by calcium
imaging. Initial confirmation of tissue viability in order to optimise the experimental
method was provided by the application of KCl (100uM) to the retinal explant. A

sustained and reproducible increase in fluorescence intensity was observed
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immediately following application suggesting an increase in intracellular calcium

(Figure 6.30). Since the latter was an expected effect of KCl application, this

confirmed the validity of the model for further work.
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Figure 6.30. Calcium imaging results following application of KCl (100uM). Traces of
three representative control cells are shown demonstrating changes in fluorescence
intensity following drug application relative to baseline. An increase in fluorescence
indicates an increase in intracellular calcium [Ca2+]i. Although movement artefact
caused a small and short-lived spike of the trace, a prolonged increase in
fluorescence equating to an increase in [Ca**]; was seen following application of KCI
that reached a peak before returning to baseline.

Transplanted cones were identified by the presence of GFP as detected by
stimulation at 488nm. Similarly, positive staining of photoreceptors with the
ratiometric FURA-2 dye was detected by stimulation at 340nm and 380nm to enable
selection of GFP-positive and -negative areas (Figure 6.31). The application of the

specific mGIuR8 agonist, (S)-3,4-dicarboxyphenylglycine (DCPG), resulted in an
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expected decrease in intracellular calcium concentration in 70.6 + 1.4% of GFP-
positive (donor) cells vs. 70.2 + 0.9% of controls (**t,, = 0.67, P = 0.52, N = 4, Figure
6.32). The addition of the specific mGIuR8 antagonist, (RS)-a-cyclopropyl-4-
phosphonophenylglycine (CPPG), blocked this change in intracellular calcium in both

transplanted and host cells (Figures 6.32 and 6.33).

Figure 6.31. Representative fluorescence images during calcium imaging. Images
were obtained with stimulation at 340 nm (A), 380 nm (B), and 488 nm (C), enabling
the selection of GFP-positive and -negative cells for analysis (F).
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Figure 6.32. Analysis of response following the application of DCPG and CPPG.
Addition of the specific mGIuR8 agonist, DCPG, resulted in a decrease in intracellular
calcium in GFP-positive cells that was almost identical to GFP-negative cells. This
effect was blocked by the mGIuR8 antagonist, CPPG, in a similar manner between
GFP-positive and -negative cells. Error bar + SEM.
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Figure 6.33. Averaged traces of GFP-positive cells in response to DCPG application.
The changes in fluorescence in 92 GFP-positive cells are shown in response to DCPG
stimulation, demonstrating a clear difference between responding and non-

responding cells.
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Pupillometry

No pupil response was observed in treated or untreated TKO mice compared to the

expected response seen in wild type controls (Figure 6.34).
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Figure 6.34. Changes in pupil size following cone transplantation in TKO hosts.
Analysis of pupillometry results comparing injected TKO hosts with uninjected TKO
and wild type (WT) controls (A). No change in pupil size was observed in injected or
uninjected TKO eyes. The wild type response showed an early constriction as
expected. N = 6 mice per group. Representative pupil images are shown (B).
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Behavioural testing

Each 30-minute trial was conducted under bright light illumination of the front half
(FH) of the light-dark box. In terms of duration, treated TKO and wild type mice
spent more time (66.3 + 5.0% and 79.0 + 3.5% respectively) in the dark back half
(BH) compared to sham-injected mice (53.7 £ 2.3%, F334 = 10.5, P = 0.031 and 0.0002
respectively, one-way ANOVA with Dunnett’s post-hoc test, Figure 6.35). No
difference was observed between the sham-injected and uninjected group (51.7
1.9%, P = 0.95). As a proxy measure of anxiety-related behaviour that would have
potentially confounded the result of time spent in each half of the light-dark box,
the number of transitions between compartments was measured and was found to

be no different across groups (P = 0.960, one-way ANOVA, Figure 6.36).

Following transplantation, five out of eleven TKO mice receiving cone donor cells
spent more than 66.0% (representing the upper 95% confidence interval) of the time
in the dark BH of the light-dark box (Figure 6.37). Compared to this, no sham- or
non-injected mice spent more than this duration in the dark. Of the cone-
transplanted group, there was a significant correlation between the time spent in

the dark BH and integrated cone number (F-test P = 0.017; Figure 6.38).
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Figure 6.35. Analysis of behavioural light aversion following cone transplantation in
TKO hosts. This scatter plot shows the time spent in the dark back half (BH) of the
light-dark box in four separate groups. From left to right, the coloured boxes indicate
TKO mice receiving GFP-dsRed cone transplants, sham transplants of TKO retinal
cells, and no transplant respectively. The clear boxes represent wild type mice. TKO
mice injected with GFP-dsRed cones and wild type controls spent more time in the
dark than sham-injected (P = 0.031 and P = 0.0002 respectively). No difference was
observed between the sham-injected and uninjected control groups. Horizontal bars
indicate the median value. One-way ANOVA with Dunnett’s post-hoc test.
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60

Number of transitions

Figure 6.36. The number of transitions between compartments of the light-dark box.
Anxiety-related behaviour (transitions between compartments) was similar across
groups (P = 0.960, one-way ANOVA).
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Figure 6.37. Results of behavioural light aversion testing for all mice. This chart
shows the performance of GFP-dsRed cone-injected (black), sham-injected (dark
grey) and non-injected (mid grey) TKO and wild-type (light grey) mice. Treated
animals with a rate of at least 66.0% (that represents the upper 95% confidence
interval) are shown in green throughout.
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Figure 6.38. Correlation of behavioural light aversion results according to integrated
cones. Results are shown of the GFP-dsRed cone-injected TKO mice with time spent
in the dark plotted against integrated GFP-dsRed cone number. A positive

correlation is seen between time spent in the dark and integrated cone number (F-
test, P=0.017).
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6.4 Discussion

Compared to previous photoreceptor transplantation studies that have shown a
regular morphology of integrated cells, the results described in this chapter
contradict some of these findings. Although our observations have focused on cone
photoreceptors, they can be extrapolated in order to draw conclusions of what
should be expected following rod transplantation. Initial reports of cone
transplantation identified the presence of S cones as detected by opsin

08405 As per other transplantation studies, the purported integrated

staining.
photoreceptors were regularly aligned with and of the same morphology as host
photoreceptors. Similarly, in a study involving transplantation of FAC-sorted
photoreceptors, integrated cones showed the identical features to host cells with no
displacement of cell structure. Of note, the integrated cones in these reports were
often accompanied by a subretinal donor clump in the near vicinity. Contrary to
these findings, we noted that transplanted cones showed an abnormal morphology
compared to their host counterparts. Donor cones showed an ectopic location of the
cell body, either in the subretinal space or at the inner part of the outer nuclear
layer, both representing an atypical position for the cone cell body, thereby
confirming their exogenous derivation. Although it could be argued that these were

abnormal cones in an abnormal position, they nevertheless showed expression of

the markers for cone arrestin, opsin, Cnga3, and recoverin.

Additionally, the integrated cones showed normal function in an ex vivo
environment as confirmed by calcium imaging. This result is in agreement with

previous studies that have investigated the effect of DCPG on transplanted rods,
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including the finding that transplanted rods showed a similar response to that of

301397 Of note, the mGIuR8 autoreceptor has been identified in the

host rods.
presynaptic terminals of both types of photoreceptor, with diffuse distribution
having been shown in the rod spherules and in the cone pedicles.*** Application of
the selective agonist for group Ill mGIuRs (that include mGIuR8), L-2-amino-4-
phosphonobutyrate (L-AP4), has been shown to reduce spontaneous excitatory

postsynaptic currents in the carp retina, thereby confirming the presynaptic action

on cone synaptic terminals to reduce glutamate transmitter release.*"

As further evidence of the functional response of transplanted cones, treated
animals showed positive light aversion behaviour in comparison to untreated and
sham-injected controls. The latter group controlled for the inflammatory effect of
the intraocular injection that could potentially have a bearing on visual function.
Since BLA experiments were conducted in bright light, this negated the effect of the
anomalous Gnat2 pathway that has been shown to support rod-like visual responses

in Gnat1 knockout animals.**®

With regards to cell fusion experiments, no previous photoreceptor transplant work
has reported this phenomenon as a possible cause of cell integration. However, our
findings proved that photoreceptor fusion was possible and may explain some of the
observations that have been shown in previous work. Although the precise
mechanism is outside the scope of this thesis, we hypothesise that fusion with
transplanted retinal cells was responsible for the expression of the same markers in

host photoreceptors that did not otherwise express these.
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The purpose of the work reported in this thesis has been to investigate treatment
options for retinal laser injury. This was assessed in various mouse models by

administering intravitreal CNTF immediately following injury and by exploring the

feasibility of cone transplantation.

An initial model was developed that showed the in vivo loss of cone photoreceptors,
as detected by autofluorescence imaging. This was confirmed by histological
techniques that showed attenuation of the ONL in the area of laser exposure.
Additionally, the detection of TUNEL-positive photoreceptors proved that apoptosis
was the cause of cell death in affected cells. On the basis of this, intravitreal CNTF
was delivered immediately post injury in order to reduce the loss of photoreceptors.
A protective effect was shown with less attenuation of the ONL in the area of laser
injury compared to sham-injected controls. Specifically, less attenuation of cone
photoreceptors was detected by AF imaging in a longitudinal study using cone
fluorescent mice. The mode of action of CNTF post laser injury as detected by qPCR
analysis, involved inhibition of the pro-apoptotic Bax and induction of the anti-

apoptotic Bcl-2 pathways.

Cone transplantation was shown to be a viable method of restoring visual function.
Following transplantation into adult hosts, cones survived in the subretinal space but
did not integrate. Transplantation into neonatal hosts however, showed successful
integration. Cell fusion was shown to occur In both age groups of hosts with co-
expression of otherwise mutually exclusive fluorescent reporters. In an ex vivo
model of cone transplantation, donor cones showed a normal physiological

response following the application of the mGIuR8 agonist, DCPG. Transplanted mice
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also showed light aversion behaviour compared to controls. The logical follow on

from this work would be to further investigate the effect of cone transplantation

following retinal laser injury.

Adapting the observations to the clinical setting, the results of this thesis show that
an effective neuroprotective treatment is possible following a foveal laser injury.
Currently there is no battlefield treatment available to military personnel who might
be exposed to an acute retinal laser injury. The development of a simple injection
neuroprotection treatment would therefore be timely and might have a positive
effect on the morale of troops if risks of laser exposure ever became significant in
future combat deployments. Additionally, although much work is required to enable
effective translation, the results of the transplantation experiments provide
preliminary data to support this technique as a method of restoring visual function
following the loss of cones. This would be of paramount importance in the setting of

a foveal laser injury, which would primarily damage cone photoreceptors.

7.1 Non-invasive imaging in retinal laser application

A novel finding in this thesis is that the cSLO presents a unique method of visualising
the in vivo effects of laser injury on cone photoreceptors. The model as described,
enables cone loss to be followed longitudinally, which may simulate the effects of a
human foveal laser injury that primarily affects cone photoreceptors. Due to its in

vivo application, this technique provides a unique method of assessing laser-induced
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photoreceptor damage, and specifically cone injury, as it directly monitors the
temporal effects on cones following laser.

Beck et al. first reported the in vivo cSLO imaging of fluorescent cones in the Opn1-

17 The authors showed a stable GFP expression, as detected by 488nm

EGFP mouse.
AF, that did not affect retinal function for up to three months of age. This allowed

guantification of cone number in retinal degeneration models by crossbreeding the

Opn1-EGFP model with cpfl1 and Rpe65'/'mutant mice.

Fundus autofluorescence (FAF) is used clinically to assess retinal disease, most
commonly employing laser excitation wavelengths of 488nm and 790nm
respectively. Lipofuscin, a byproduct of the visual cycle, constitutes the main
fluorophore that exhibits AF using a 488nm laser source with changes in AF intensity
or distribution having been shown to correlate with disease profile. **® With 790nm
excitation, AF signal is thought to originate from oxidised melanin within the choroid
and RPE.*'®*?° Although retinal diseases showing similar changes in AF signal at both
488nm and 790nm wavelength, certain differences are present that may relate to
changes in the melanosome compartment.*”* This concurs with our finding of
paradoxical increased 790nm AF versus decreased 488nm AF in areas of laser

application.

AF imaging has been used to detect retinal changes in response to laser application.
In a report of laser application for macular diseases, 488nm excitation detected
initially hypoautofluorescent areas that later developed increased AF signal in
otherwise subclinical lesions.*”® This appearance was also seen at different laser

doses in Brown-Norway rats although lower laser power correlated with less
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422 We noted a similar pattern of AF when using small

hyperautofluorescence.
diameter, short duration burns with initial hypoautoflourescence followed by later
hyperautofluorescence. Changing the settings to deliver large diameter, longer
duration burns did not result in later hyperautofluorescence. This enabled the
detection of changes in fluorescent cones that were otherwise obscured by
increased AF. The observation of the increasing loss of GFP fluorescence over 6
weeks with the expansion of lesion area indicated that cones were progressively lost
following an initial injury in this model. This result concurs with published reports of
enlargement of retinal laser lesions in humans over time, where lesion enlargement

by 42% at 32 months and 103% at 1 year381 was determined by measuring the

macular laser lesion diameter following treatment for choroidal neovascularization.

An additional observation that supports the temporal loss of cones following laser is
the detection of TUNEL assay in injured photoreceptors. This technique has been
used to indentify photoreceptor apoptosis in previous models of laser injury.3%4%

These findings are in accordance with our results demonstrating that photoreceptor

apoptosis occurs early following laser injury.

We have further shown that the in vivo findings concur with histological
observations showing an increased loss of photoreceptors, both rods and cones,

with time. The histological results are in agreement with previous studies

423

demonstrating this temporal correlation.”™” Various techniques have been used to

study the effects of laser injury in different animal models, including fluorescein
angiography, near infrared reflectance, white light fundoscopy, and

374-377,424

electroretinography. However, the conclusions from previous investigations
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have primarily relied on histological data which have a number of limitations. There
are several drawbacks to this method of evaluating the effect of injury. Firstly,
histological techniques are necessarily cross-sectional and, therefore, subject to
errors arising from biological variability between animals at different time points.>’®
Secondly, there are potential errors that may arise from tissue sectioning and
resultant selection bias. Due to asymmetry of the injured area, variability of laser
exposure and selection bias, quantification of photoreceptor nuclei or ONL thickness
in a lasered area may be potentially inaccurate. However, coupled with a
longitudinal imaging method, as per the technique described in this thesis, this
provides for a more robust method of analysis. That said, a limitation of this in vivo
study is that media clarity needs to be maintained in the presence of the intravitreal
agent, which, therefore, excludes certain opaque compounds (e.g., triamcinolone
acetonide) from investigation that may otherwise be used in routine clinical practice
via this route. Thirdly, there are material considerations since this method uses
more animals than a longitudinal in vivo study. This is of particular importance in the
setting of large animal studies that are limited by availability, such as primates, or in
human studies, wherein tissue samples may be difficult to obtain. Lastly, histological
methods provide only a limited area of selection rather than an overview acquired
by in vivo imaging. Overall, although the mainstay of retinal research techniques has

been provided by histology, the in vivo imaging method that we have described

provides a straightforward and consistent mode of retinal analysis.
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7.2 Cone neuroprotection by CNTF following laser injury

Another major finding in the current work is that CNTF protects cones against laser-
induced photoreceptor injury. Previous studies have demonstrated the
neuroprotective properties of CNTF on photoreceptors, including the application of

162425 The neuroprotective effect of CNTF has been

this agent in human clinical trials.
demonstrated in previous rodent models of retinal injury,387 and more recently, in a
retinal explant model of cone degeneration.*®® Therefore, we chose to assess CNTF
as a potential therapeutic agent in our model of cone loss induced by laser exposure.
By using a multimodal approach consisting of both in vivo imaging and in vitro

histological and molecular techniques, we were able to confirm the protective effect

of CNTF in our model of laser injury.

Many different agents have been investigated for their effect on photoreceptor
survival following laser application. These have shown varied results with regards
their neuroprotective effects. For instance, corticosteroids, which have an
immunomodulatory function, have been shown to have a protective effect when

administered as an intravenous dose of methylprednisolone in laser injuries of

382,426

nonhuman primate retina. However, conflicting reports have shown that

steroids inhibit regeneration of the outer blood-retina barrier following laser

7

injury42 whilst others have shown only a short-term effect on the prognosis of

argon-induced retinal laser injuries in pigmented rats.*?®

Additional agents that have been reported to show beneficial effects following

retinal laser injury include the NMDA receptor antagonists,*?’ the neurotrophic

1

factors BDNF and FGF,*° and certain T-cell immunomodulators.*** However, these
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studies were based in histological observations and any findings on photoreceptor
survival would have reflected the survival response of rod photoreceptors in the
main, given their proportion relative to cones. A human foveal injury that causes
immediate blindness primarily involves cones, whereas a peripheral retinal laser
injury that mainly affects rods, does not cause such a profound loss of vision as it
spares the central vision. Due to these anatomical variations, our study is more

specific to demonstrating a protective effect on cones, relevant to the human fovea.

The results also demonstrate that the timing of treatment is critical to cone survival.
Since the TUNEL assay showed a temporal correlation with maximal apoptosis
occurring within the first day following injury, early treatment was targeted
accordingly. The localisation of TUNEL staining at different depths of the ONL
indicated that apoptotic cell death occurred in both rods and cones, whereas the
greater ONL loss occurring at six weeks, which again indicated the occurrence of
both rod and cone death, correlated with the in vivo findings of progressive cone
loss during this period. The onset of apoptosis following retinal laser has been
shown in previous studies with TUNEL-positive cells having been identified from as

405432433 Translating this to the clinical

early as 8 to 24 hours following injury.
scenario, for maximal efficacy in terms of protecting foveal cone photoreceptors,

treatment would need to be delivered at the earliest possible juncture following

injury.

The precise mechanism of cone death was not identified in this thesis beyond
demonstrating the alteration of certain genes involved in apoptosis. In particular,

the role of the RPE in photoreceptor cell death was not established. The question
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remains about whether injured RPE has a role in the demise of photoreceptors.
Certainly, in a number of disease conditions, RPE death leads to secondary
photoreceptor attrition. Dry ARMD is a disease that leads to geographic atrophy
with loss of RPE and death of the overlying photoreceptors.”** Another specific
example of the relationship between this group of cells is that of Stargardt’s disease.
This inherited form of juvenile macular degeneration, primarily caused by mutations
in the ABCA4 gene, results in a defective ATP-binding cassette transporter, leading

to a build up of the toxic metabolite, lipofuscin, in the RPE.*®

Photoreceptor cell death is a secondary consequence of this injury to the RPE. By
observing the pathophysiology of the aforementioned diseases, we hypothesise that
in addition to the direct photothermal effect on cones and the occurrence of
secondary cell death due to apoptosis, laser-induced RPE injury may have a causal
relationship with cone photoreceptor cell death. Certainly, the area of RPE loss has

380 On the basis of this, it is

been shown to expand following laser application.
possible that continuing RPE loss after the initial insult may result in further
photoreceptor, and specifically, cone loss with time, as reported in our study. Since
CNTF has been shown to improve RPE survival in vitro,*® it is possible that the
protective effect on the RPE may have a role in improving photoreceptor survival.
This is in addition to the role of the Miller cell that, as has been discussed in
previous chapters, is proposed to have a role in CNTF-mediated photoreceptor

neuroprotection via the Jak-STAT pathway.mg’la‘z’133

Bcl-2, Bax, and c-Fos are fundamental components in the intrinsic or mitochondrial

apoptotic pathway. Bax protein is a potent proapoptotic initiator in the cell death
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cascade. Following homodimerization, the resulting configuration forms a channel
across the mitochondrial membrane. This allows cytochrome-C to exit the
mitochondria and enter the cytosolic space, where it is involved in conversion of
pro-Caspase-9 to Caspase-9 and subsequent initiation of apoptosis.390 CNTF has
previously been shown to inhibit Bax in studies of axotomized motor neurons
following sciatic nerve transection.®*! The antiapoptotic molecule, Bcl-2, which is an
integral membrane protein localized to mitochondria, inhibits the activation of Bax
following initiation of a death signal.43 As such, the ratio between these two
proteins reflects the susceptibility of cells to a death signal, with positive
correlations having been shown between higher Bcl-2/Bax ratios and injury.392’393
Additionally, the c-Fos gene, which encodes a nuclear phosphoprotein that
constitutes the transcription factor activator protein 1 (AP-1), has been implicated as
having a role in light-induced photoreceptor degeneration.>** Upregulation of c-Fos
gene expression has been demonstrated in rodent models of retinal cell apoptosis

383 Our results are consistent with the aforementioned

following photic injury.
findings, showing a reduction of Bax mRNA, an increase in the Bcl-2/Bax ratio, and a
trend toward reduction of c-Fos mRNA following CNTF administration post-laser
trauma, thus suggesting that CNTF affects Bax, Bcl-2, and c-Fos at both the
transcriptional and post-translational levels.Nonetheless, the precise mechanism by
which CNTF improves photoreceptor survival is unknown. CNTF has been shown to
act on the alpha CNTR receptor (CNTFRa), the beta leukemia inhibitory factor

receptor (LIFRB), and the glycoprotein 130 receptor (gp130R).395

Photoreceptors lack
a CNTF receptor, which is found on inner retinal neurons and Miiller cells. Based on

this, the postulated mechanism underlying CNTF-dependent photoreceptor
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protection is thought to be related to Miiller cell activation and antiapoptotic Janus
kinase/signal transducer and activator of transcription (JAK/STAT) and MAPK

signaling pathways.'%®

Given the interspecies differences in anatomy, genomes, and response to injury, in
certain disease processes it may be difficult to make a direct correlation between

the results observed in rodents and humans.*3®

However, in both the rodent and
human eye, photoreceptor cell death following laser injury has been shown in
previous work, as has the protective effect on photoreceptors with the use of CNTF.

Therefore, the study as presented in this thesis combines the use of these

established facts and thus allows the extrapolation of results specific to cone injury.

In conclusion, although this research has a military focus with regard to developing a
potential treatment for offensive laser weapons on the battlefield, the model as
described might be relevant to assessing any treatment relevant to cone

neuroprotection and diseases of the human fovea.

7.3 Cone transplantation

The thesis reports the results of cone transplantation demonstrating that this type
of photoreceptor is capable of maturation, survival, integration, and restoration of
function in the host retina. Almost exclusively, previous studies have reported the
role of rod transplantation which is in part due to the high proportion of rods
relative to cones in the murine retina. In our study, as a result of the intercross

between the rd.Dsred and Opnl-EGFP mouse, rods were absent from the
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transplanted cells due to the underlying retinal degeneration. Therefore, any

morphological or functional result would not be rod-derived.

FACS and MACS techniques have been used to derive a purified population of
photoreceptors. FACS-derived photoreceptors’® or rods alone®’ have shown
integration following transplantation into wild type and appropriate functional
knockout hosts. However, no study to date has reported the results following
transplantation of an isolated population of cones. Our methods to derive this cell
type were hampered by a low vyield following FACS and contamination by a high
proportion of rods during MACS. Even in our biological sorting method to eliminate
rods from the donor population, other retinal cells were present within the cell mass

and this needs to be considered in the interpretation of behavioural results.

Our results show that cones survive but do not integrate into the adult host. This is
contradictory to the findings of rod-transplantation experiments to date. Although
there are many cues to guide integration, the presence of the outer limiting
membrane may present a particular barrier to transplanted cells. Disruption of this
layer has been shown to improve the integration efficiency of donor rods?®***’ in
adult hosts and could potentially have this effect on isolated cones. We show
successful integration of cones in neonatal hosts. This age offers a more suitable
subretinal niche with absence of an outer limiting membrane which may explain the

report of S-opsin labelling cells, probable immature cones, following the intravitreal

transplantation of human ESC-derived retinal cells into neonatal mice.**®

We show the occurrence of cell fusion that may explain some of the findings

observed following photoreceptor transplantation. Although the regular anatomy

265



Chapter 7

and morphology of reported donor cells is not in itself a reason to question the
validity of integration, the acquisition of an exogenous fluorophore marker following
transplantation is certainly evidence of fusion rather than integration. Cell fusion has
not been reported in retinal transplantation studies but is a recognised phenomenon
in liver studies. Following transplantation into the liver, hematopoietic stem cells
(HSCs) can give rise to nonhematopoietic cells, i.e. hepatocytes, a property that has

plasticity”.*****° However, more recent studies have shown

Ill

been termed stem cel
that the process of cell fusion may be a contributory factor to the generation of new
hepatocytes following HSC transplantation. In mice lacking the liver-specific enzyme,
fumarylacetoacetate hydrolase (FAH), the majority of new hepatocytes formed after

40 several in

HSC transplantation contained genomes from both the donor and host.
vitro studies have also shown the occurrence of cell fusion, simulating what would
occur in the in vivo environment. In the presence of IL-4 and IL-13, monocyte-
macrophage fusion has been shown to generate multinucleated cells.**! On the basis
of these facts, we hypothesise that fusion events occur following the transplantation
of donor photoreceptors with the host outer retina. The implication of this is that

aside from actual integration, cell fusion may enable the genomic transfer between

donor and host in order to address a mutation within host cells.

7.4 Future work

Different therapeutic options have been investigated for their effect on
photoreceptors following laser injury, however, no treatment has specifically shown

the preservation of cones, relevant to foveal damage. The experiments described
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here have provided a robust model for the in vivo study on the longitudinal response
of laser injury on cone survival, providing evidence of the neuroprotective effect of
CNTF. Additionally, cone transplantation has been shown to be a viable method to
restore function via the integration of this cell type in the host retina. In future, it
may be helpful to combine these therapies in order to investigate the efficacy of

CNTF on cone survival post transplantation.

Although CNTF shows a protective effect on cone survival, further work would help
explore a number of issues. It would be interesting to determine the in vivo effect of
CNTF on rod photoreceptors. Certainly, the histology results in this thesis support
the overall survival of photoreceptors but in order to more accurately identify the
response of rods, the in vivo injury model could be repeated using the Nrl-GFP
transgenic mouse, in which all rods express GFP. Additionally, the continued
expression of CNTF may have a more beneficial effect on cone survival post laser
and therefore, the use of appropriate delivery systems requires investigation. This
may take the form of encapsulated cell technology for which CNTF has been shown

162 A biological

to improve cone survival in a human clinical trial to treat dry ARMD.
means of delivering prolonged dose of and agent would be via the use of viral gene
therapy. Delivery of CNTF by recombinant adeno-associated virus (rAAV) has been
shown to delay photoreceptor degeneration in the rhodopsin knockout mouse.**?
Although in the laser injury setting this would require a subretinal injection of the
viral transgene, the transduction of photoreceptors beyond the area of injection

would potentially support injured cells without further trauma due to the treatment

site.

267



Chapter 7

With regards cone transplantation work, there are many outstanding questions that
need investigation in future studies. The main methodological issue that requires
optimisation is the adequate separation of cones from the remainder of donor
retinal cells. Clearly, the method of FAC-sorting is not ideal given the low yield of
cones due to their relatively low proportion in the murine retina but also due to the
length of time required per sort which may compromise the viability of donor cells.
The identification of a suitable cell surface marker to detect immature cones would
enable the possibility of MACS to purify this population. Although the thyroid
hormone receptor, TRB2, and the photoreceptor cell-specific nuclear receptor
(PNR), are involved in cone differentiation and thus represent early cone markers,
both are transcription factors and therefore localise to the nucleus,** rather than

the cell membrane which is a requirement in order to make MACS possible.

Due to the RPE loss that would occur following a foveal laser injury, it is likely that
any restoration of cones via transplantation would need to be done using
supraphysiological numbers in order to allow for any attrition due to the absence of
an underlying RPE scaffold. Currently, the standard number of cells in
transplantation experiments is 2 x 10° per eye. This is partly due to the optimal cell
titre that can delivered per unit volume. Such techniques as anterior chamber

“4 Further

paracentesis can be used to increase the volume of subretinal injection.
studies could be directed to see if the number of cells could be increased in order to

increase cone integration, although this would not be necessary if a purified

population were to be identified by cell sorting.
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Lastly, although this thesis has introduced the concept of cell fusion in
photoreceptor transplantation, this area requires much exploration. In order to
show that some of the observations made in previous rod transplantation work

were due to fusion, the fusion experiments that we have described would need to

be conducted using fluorescent rod donors rather than a transplant that eliminates

this cell type.
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Figure 1. Control samples for immunohistochemistry (IHC). The primary antibody
was omitted during the IHC steps. The panels do not show non-specific binding of
each antibody.

Figure 2. cSLO images of a wild type retina. Reflectance (A), 488nm (B) and 790nm
(C) autofluorescence images of the same eye are shown.

Figure 3. c¢SLO images of an Opnl1-EGFP retina. Reflectance (A), 488nm (B) and
790nm (C) autofluorescence images of the same eye are shown.
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