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ABSTRACT 

Retinal degenerative disorders are the leading cause of blindness in the developed 

world, resulting in loss of the photoreceptor cells and vision. Few treatments are 

available and none can reverse the loss of sight. Photoreceptor transplantation offers 

the potential to restore vision by replacing cells lost in disease. Previous work has 

demonstrated that, following transplantation, rod-precursor cells can migrate into the 

retina, differentiate into mature phenotypes and confer increased sensitivity to light in 

the rod range. However, rigorous assessment of whether transplanted photoreceptors 

can actually restore vision is required.  

In order to do this, we first optimized rod photoreceptor transplantation. To test the 

functionality of the transplanted rod photoreceptors, we selected a model in which 

improvements could be assessed unambiguously. The Gnat1-/- mouse, a model of 

stationary night-blindness, lacks rod -transducin and thus has no rod function. We 

demonstrate that transplanted cells robustly integrate forming synaptic connections 

with the recipient. Integrated cells form inner/outer segments that appropriately 

expressz phototransduction proteins.  Single cell recordings demonstrate that 

integrated cells are light responsive and intrinsic imaging of the visual cortex shows 

that visual signals generated by transplanted rods project to higher visual areas. These 

cells are also capable of restoring optokinetic head-tracking and visually-guided 

behavior in response to scotopic visual stimuli.  

A major question remains as to how amenable the heterogeneous diseases 

encompassed within retinal degenerative disorders will be to photoreceptor 

replacement and if treatment of late-stage disease is feasible. We performed a 

comprehensive assessment of photoreceptor transplantation in 6 murine models of 

inherited retinal degeneration encompassing different types and stages of 

degeneration. Transplantation is feasible in all models examined but disease type has 

a major impact on outcome, as assessed both by the morphology and number of 
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integrated rod-photoreceptors. Integration can increase, decrease or remain constant 

with disease progression, depending upon the gene defect, with no correlation with 

disease severity. Robust integration into late-stage disease is possible in some disease 

types. We assessed features of the recipient microenvironment known to change 

during degeneration, namely gliosis, outer nuclear layer cyto-architecture and outer 

limiting membrane (OLM) integrity. Disruption of glial scarring and OLM integrity 

significantly increased integration to levels sufficient to restore optokinetic head-

tracking responses in a model with an otherwise poor transplantation outcome.  

Together, these findings demonstrate the feasibility of photoreceptor transplantation as 

a strategy for the restoration of vision in retinal disease. 
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CHAPTER 1 

INTRODUCTION 

1.1. OVERVIEW 

Retinal degenerations, including retinitis pigmentosa (RP) and age-related macular 

degeneration (AMD), are the leading cause of blindness in the developed world. The 

resulting photoreceptor cell loss is permanent as the mammalian retina lacks the ability 

to regenerate. Limited treatment options exist for patients with these retinal 

degenerative disorders. Gene therapy can correct the defective gene; however this 

relies on the presence of the endogenous photoreceptor cells, offering little hope for 

patients with extensive photoreceptor cell death in late disease. In addition, for the 

many retinal degenerative disorders have multi-genetic and multi-factorial underlying 

causes, and in these the usefulness of gene therapy may be limited. Photoreceptor 

replacement could be offered as a standalone or complementary treatment with the 

aim of replacing the cells lost in the degenerative process and restoring visual function. 

Regenerative medicine holds significant potential for the treatment of CNS injury and 

disease. As part of the CNS, the retina is a prime candidate for developing cell 

therapies to treat CNS degenerative disorders: it is easily accessible for both surgical 

intervention and in vivo testing; it has an immune privileged status and has a well 

characterized structure with a relatively small number of neuronal cell types. More 

specifically, photoreceptor replacement therapy could be considered as a feasible 

solution to treat retinal degenerative disorders as transplanted cells need only make 

single short synaptic connections to restore the visual pathway and in the initial stages 

of retinal degeneration, the inner retinal circuitry remains largely intact.  

Proof-of-concept experiments have demonstrated the feasibility of photoreceptor 

replacement therapy (Bartsch et al., 2008; Kwan et al., 1999; Lakowski et al., 2010; 
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Maclaren et al., 2006). However, in order for this strategy to be considered as a clinical 

treatment, there are a number of issues that need to be addressed, some of which will 

be investigated in this thesis. In both Chapter 3 and 4, methods to improve 

transplantation efficiency, by optimizing transplantation protocol and manipulating the 

recipient microenvironment, are examined with the aim of achieving robust integration 

within the degenerating recipient retina. In Chapter 3, rigorous investigation of the 

functional capabilities of the transplanted cells is undertaken with the aim of 

determining whether transplanted cells can integrate into the recipient visual system, 

respond to light and restore vision in the degenerate retina. In Chapter 4, the breadth of 

application of photoreceptor replacement therapy is examined to assess how 

permissive different disease types are to photoreceptor transplantation and whether 

degeneration state impacts upon transplant outcome.  
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1.2. THE EYE  

1.2.1.   BASIC STRUCTURE AND FUNCTION 

The eye has evolved as a highly specialized organ whose principle function is to 

capture an image and convey it as a neural message to the brain, resulting in visual 

perception of the external environment. Vision begins when the front optical 

components of the eye, the cornea and lens, focus the incoming light onto the retina at 

the back of the eye (Figure 1.1a). The cells responsible for the conversion of light into a 

neural signal are the photoreceptors and can be found in the outer most layer of the 

retina (Figure 1.1b). Light must travel through the entire thickness of the retina to reach 

these outer layers where the photoreceptors are situated (Figure 1.1b). Here, photons 

are absorbed by photoreceptor visual pigments, triggering a biochemical reaction, 

known as the phototransduction cascade, which results in an electrical signal being 

transmitted to ganglion cells in the inner retina, via second order bipolar cells (Figure 

1.1b). The ganglion cell axons pass across the inner surface of the retina and exit the 

eye at the optic disk where they form the optic nerve (Figure 1.1b). The optic nerve 

becomes the optic tract after crossover at the optic chiasm (Figure 1.1c) and 

propagates the neural signal to a region of the brain called the lateral geniculate 

nucleus (LGN). Here the axon synapses with a single neuron which projects to the 

striate portion of the visual cortex whereby visual information is processed (Figure 

1.1c). 
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FIGURE 1.1. THE HUMAN EYE: BASIC STRUCTURE AND FUNCTION 

 (a) A diagram illustrating the gross anatomy of the human eye. Adapted from 

http://lolatbio.wikispaces.com/The+Eye. (b) A simplified schematic diagram showing 

the basic structure and circuitry of the mammalian retina. Adapted from 

http://www.physorg.com/news205589653.html (c) Schematic diagram illustrating the 

principle projection pathway of the optic nerve. Adapted from 

http://www.lasik.md/learnaboutlasik/proceduresintroduction.php (d) Illustration of the 

human cornea. Adapted from http://www.blurtit.com/q7338545.html (e) Illustration of 

the anterior portion of the human eye, demonstrating the structure of the ciliary body 

and iris. Adapted from http://www.glaucoma-eye-info.com/images/Aqueous-humor-

circulation-sofia2.jpg 
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1.2.2. GROSS ANATOMY AND FUNCTION OF THE EYE 

The eyes of all vertebrates share a common structural plan and can be described in 

three distinct layers: the external, intermediate and inner layer (Figure 1.1a).  

The external outer layer is formed by the sclera and cornea, both of which broadly 

function as a protective outer surface to reduce the risk of trauma and to act as a 

barrier to environmental pathogens. The opaque sclera is a tough yet flexible tissue, 

which allows it to resist varying intraocular pressure and maintain the shape of the 

globe. The cornea forms the transparent anterior part of the eye and together with the 

lens is responsible for refracting the light entering the eye through the pupil. The 

cornea is avascular, to maintain transparency, and has a specialised laminar structure 

consisting of the corneal epithelium, the stroma and the corneal endothelium (Figure 

1.1d). Adult limbal epithelial stem cells are found at the limbus of the cornea and allow 

continuous regeneration of the corneal epithelium. This ensures that the air-tear film 

interface and thus oxygen supply is efficiently maintained. The corneal stroma 

functions to maintain transparency of the cornea and consists of highly organized 

layers of collagen fibers. Finally, the non-regenerative corneal endothelium functions to 

maintain hydration of the stroma (Figure 1.1d).    

The intermediate layer of the eye, called the uveal tract, can be divided into the anterior 

components, the iris and ciliary body, and the posterior component, the choroid (Figure 

1.1a). The choroid consists of pigmented connective tissue, which absorbs light that 

passes through the retina and reduces light reflection within the eye to improving 

contrast sensitivity. Often referred to as the vascular layer, the choroid supports a 

dense meshwork of blood vessels that provide oxygen and nutrients to the outer retina. 

The iris contains papillary muscles that control pupil diameter and therefore the amount 

of light entering the eye. The outer anterior edge of the iris, an area known as the 

ciliary margin, is where the iris attaches to the sclera and the ciliary body (Figure 1.1e). 

The ciliary body contains the ciliary muscles and it terminates at the ora serata where 
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the neural retina begins (Figure 1.1e). The ciliary body has three functions: aqueous 

humour production, accommodation and the production of lens zonules. It is lined by a 

double layer ciliary epithelium consisting of a non-pigmented and a pigmented layer. It 

can be divided into two regions, the anterior pars plicata and the posterior pars plana 

(Figure 1.e). Ciliary processes extend from the par plicata and secrete aqueous 

humour into the anterior chamber. Components of the vitreous are produced in the 

pars plana and secreted into the vitreous cavity. The pars plana is a flat region 

whereby the stroma is continuous with the choroid and where the outer, pigmented 

ciliary epithelium layer is continuous with the retinal pigmented epithelium (RPE) and 

the inner transparent epithial layer is continuous with the neural retina. Zonular fibers, 

arising from the ciliary body, attach to the lens anchoring it in position and allow the 

ciliary muscles to fine tune lens light refraction, a process known as accommodation. 

Finally, the internal layer, which lines the inner surface of the eye, encompasses the 

photosensitive neural retina and the RPE (Figure 1.1a). The RPE lies adjacent to the 

neurosensory retina and is firmly attached to the underlying choroid. It is a layer of 

single pigmented epithelial cells, homogeneous in size and hexagonal in shape, and 

connected by a series of tight junctions. The RPE has a series of functions vital for 

vision such as providing trophic support to photoreceptor, maintaining retinal 

homeostasis and shielding the retina from excess light.  

In the human retina, the optic disk is located towards the centre of the retina and 

serves as an exit point for the optic nerve and an entry point for several major incoming 

blood vessels that supply retina. No light sensitive tissue is found in the optic disk, 

causing a break in the visual field, more commonly known as the blind spot. The 

macular is specialized for high acuity vision and is a located adjacent to the optic disk 

in the centre of the human retina. The fovea, located near the centre of the macular, 

has a high spatial density of cone photoreceptors, which accounts for the high visual 

acuity and sharp central vision. Although the overall percentage of cones is similar in 

mouse and human (3%), the mouse retina lacks the macular region and the cones are 
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evenly distributed across the visual field. The fovea is surrounded by the parafovea and 

in turn by the perifovea; in these regions rod photoreceptors gradually begin to appear 

and visual acuity is reduced as reflected by a lower density of cone photoreceptors. 

The peripheral retina, beyond the macular, is rod photoreceptor dominant and delivers 

highly compressed, low-resolution information.  
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1.3. THE RETINA 

1.3.1. STRUCTURE AND INTRODUCTION TO CELL TYPES 

The retina consists of two main divisions: the supportive RPE, formed by a single layer 

of columnar pigmented epithelia cells and the sensory retina, including rod and cone 

photoreceptor both responsible for phototransduction and the neurons which carry out 

the first steps in visual processing and propagate the signal to the brain. The retina is a 

highly laminar structure (Figure 1.2a and 1.2b). In all vertebrate retinae, the same 

principle lamina structure is conserved: the neural cell bodies are grouped into three 

distinct nuclear layers separated by two plexiform layers rich in synaptic connections.  

A) NEURAL LAYERS 

The neuronal layers of the retina house the three principle neuronal cells that make up 

the direct visual pathway: the photoreceptor, bipolar and ganglion cells (Figure 2b). The 

outer nuclear layer (ONL), containing the cell bodies of the rod and cone 

photoreceptors, is found adjacent to the RPE. Bipolar cell bodies reside within the inner 

nuclear layer (INL) and propagate the signal from photoreceptors in the outer retina to 

ganglion cells in the inner retina. The INL also contains horizontal and amacrine cell 

bodies, which provide lateral modulation.  Müller cell bodies are also located in the INL; 

these glial cells span the entire breadth of the retina and provide both structural and 

metabolic support. Finally, the ganglion cell layer (GCL) contains both ganglion and 

displaced amacrine cell bodies. Ganglion cell axons pass within the nerve fiber layer to 

the optic disk where they form the fibers of the optic nerve. 
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FIGURE 1.2. THE STRUCTURE OF THE RETINA 

(a) A schematic diagram showing a cross-section of the posterior eye. Adapted from 

http://dev.ellex.com/2rt (b). Schematic (left) and histological (right) cross-section of the 

retina illustrating the laminar structure of the retina and the position of each cell type 

within the distinct layers of the retinal. Note that the retina throughout this thesis is 

presented with the apical retina orientated at the bottom, in keeping with the clinical 

approach of orientation.  

Abbreviations: RPE, retinal pigmented epithelium; OLM, outer limiting membrane; ONL, 

outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner 

plexiform layer; GCL, ganglion cells layer; NFL, nerve fiber layer).  
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B) PLEXIFORM LAYERS 

The outer plexiform layer (OPL), located between the ONL and INL, is where 

photoreceptor cells synapse with bipolar cell dendrites (Figure 1.2b) Here too, laterally 

extending horizontal cell processes can be found forming synapses with 

photoreceptors and bipolar cells (Figure 1.2b). The inner plexiform layer (IPL) functions 

as a relay station for the bipolar cells to synapse with the ganglions cells. In addition, 

synaptic connection with amacrine cells input into the neuronal network here.  

 

C) RPE  

The apical membranes of the RPE cells contain processes that extend into the 

interphotoreceptor matrix (IPM), a region between the RPE and ONL that contains the 

photoreceptor segments (Figure 1.2b). The basolateral membrane of RPE cells 

contacts Bruch’s membrane, which maintains the retinal-blood barrier and the immune 

privileged status of the retina (Figure 1.2a). The pigmented melanin granules within the 

RPE cells function to absorb light not captured by the adjacent photoreceptors, which 

reduces backscatter and so improves image resolution. The RPE plays major role in 

the visual cycle and is the principal site for 11-cis-retinal regeneration. In addition, the 

RPE provides trophic and metabolic support essential for the normal function and 

survival of photoreceptor cells. The RPE is also involved in the renewal process of 

photoreceptor outer segments, which are constantly renewed due to photo-oxidative 

damage. The tips of the outer segments are shed into the IPM and phagacytosed by 

the RPE, preventing debris build up. The function of the photoreceptors heavily relies 

on interaction with RPE cells; death of either cell type can result in secondary 

degeneration of the other. 
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D) OTHER IMPORTANT STRUCTURES AND CELL TYPES IN THE RETINA 

OUTER LIMITING MEMBRANE 

The outer limiting membrane (OLM) is formed between the end-feet of the Müller glia 

and the plasma membrane of the photoreceptor inner segment at the outer edge of the 

retina. It comprises of a series of adherens junctions, or zonula adherns, which are 

formed from cadherin-catenin transmembrane protein complexes that maintain cell-to-

cell adhesion. These junctions are linked to the actin cytoskeleton within the cell 

cytoplasm, via essential adapter proteins including ZO-1 and CRB1. The OLM 

functions as a barrier between the photoreceptor segment region and the neural retina, 

preventing the diffusion of phototransduction cascade molecules. Müller cells also form 

the inner limiting membrane, which functions as a diffusion barrier between the neural 

retina and vitreous humour at the inner surface of the retina. 

 

INTERPHOTORECEPTOR MATRIX  

The adult IPM surrounds the rods and cones and is rich in chondroitin-6-sulphate 

proteoglycans (Hollyfield et al., 1999). Briefly, proteoglycans are a group of proteins 

that covalently bind large carbohydrates called glycosaminoglycans and on the basis of 

this can be classified into 4 main groups depending on the content of the bound 

glycosaminoglycan side chain. These are chondroitin sulphate (CS) proteoglycans, 

dermatan proteoglycans, keratan proteoglycans and heparin sulphate proteoglycans 

(Inatani and Tanihara, 2002; Tanihara et al., 2002). Traditionally, proteoglycans in the 

IPM were thought to function simply as a structural link between the RPE and neural 

retina (Kuehn and Hageman, 1999). However, their role is more multifunctional and 

they are involved in many regulatory functions in processes including cell adhesion, cell 

migration and differentiation through their ability to bind many other ECM proteins and 

growth factors (Ruoslahti, 1989). 
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RETINAL GLIAL CELLS 

Müller cells are the principle glial cells of the retina and provide structural support, 

spanning from the inner limiting membrane (ILM) at the vitreous surface to the outer 

limiting membrane (OLM) of the ONL (Figure 1.3a) with their cell bodies located in the 

INL (Figure 1.3a). Müller glia have a variety of roles in maintaining a healthy retinal 

environment. They provide metabolic support to neurons and are rich with glycogen 

granules, mitochondria and oxidative enzymes and they absorb extracellular potassium 

ions to maintain neuronal homeostasis and protect neurons. In addition, they have high 

concentrations of glutamine synthase to recycle glutamate and protect neurons from 

excess exposure to glutamine. Müller cells also act as optic fibers, guiding light along 

their processes towards the photoreceptors (Figure 1.3b) (Franze et al., 2007). 

Other glial cells of the retina include retinal astrocytes and microglia. Astrocyte cell 

bodies and their processes are restricted to the inner retina where they act as axonal 

and vascular glial sheaths. Microglia are found throughout the retina and exist in two 

forms: resident microglia and infiltrating microglia. Both are thought be involved in 

phagocytosis of retinal neurons following trauma. 
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FIGURE 1.3. MÜLLER GLIAL CELLS 

(a) Schematic diagram of a Müller cell (orange) illustrating its location within the retina, 

stained with H&E. (b) Illustration demonstrating the role of the Müller cell as a natural 

optical fibers. Light is guided through the Müller cell processes towards the 

photoreceptor (Franze et al., 2007). (c) Schematic diagram demonstrating the structure 

of the adherens junctions that form the outer limiting membrane between the Müller glia 

(orange) and photoreceptors (green). Enlargement illustrates the interaction between 

ZO-1 (red) and the actin cytoskeleton (black lines), a defining feature of these 

adherens junctions (West et al., 2008). 
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1.3.2. THE PHOTORECEPTOR: STRUCTURE AND FUNCTION 

 

The photoreceptor is the principal light-sensitive cell in the retina. The mammalian 

retina contains two types of photoreceptors: rods and cones (Figure 1.4a). Primates 

and humans posses one type of rod photoreceptor and three types of cone 

photoreceptor, called L, M and S cones, each with a different spectral sensitivity 

(Figure 1.4b). The murine retina contains a single rod and two cone types, S and M/L. 

All photoreceptors share a common general morphology consisting of four subcellular 

compartments: the outer segment, the inner segment, the cell body residing in the ONL 

and a synaptic terminal located in the OPL (Figure 1.4a). The outer segment is the light 

sensitive part of the cell and, together with the inner segment, can be found distal to 

the outer limiting membrane and projecting into the IMP located between the RPE and 

ONL with the tip of the outer segment buried in the apical processes of the RPE (Figure 

1.2b).  

 

A) OUTER SEGMENT 

The outer segment contains all of the components needed to absorb photons and 

convert photons into an electrical signal, a process known as phototransduction. The 

outer segment can be considered as a modified cilia and is connected to the inner 

segment by the ciliary stalk, which contains connecting tubules that extend part way 

into the outer segment providing structural scaffolding and allowing for the transport of 

molecules between the inner and outer segment (Figure 1.4a). 

Electron microscopy reveals layered membrane structures, called disks, horizontally 

stacked throughout the length of the outer segment (Figure 1.4a). These disks are 

derived from in-foldings of the plasma membrane, however in rod photoreceptors, 

although also derived from the plasma membrane, the disks are not continuous with 
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the membrane surface and exist as independent structures. In contrast, cone outer 

segments disks are composed of, and continuous with, surface membrane. In addition, 

cone outer segments are much shorter in length than rod outer segments and in some 

areas outside of the foveal region, appear tapered in appearance. The visual pigment 

is incorporated within the disk membranes existing as a transmembrane protein. Visual 

pigment contains a protein portion, variations in which determine its spectral sensitivity, 

and a light-capturing portion called the chromophore. Usually only one type of visual 

pigment is expressed in each type of photoreceptor: rhodopsin, S (blue) cone opsin, L 

(red) cone opsin or M (green) cone opsin.  

 

B) INNER SEGMENT 

The inner segment contains all of the components needed for the high metabolic 

demands of the photoreceptor cell generated by phototransduction. The inner segment 

is packed full of mitochondria and manufactures ATP to power the sodium-potassium 

pump necessary for stabilizing the resting potential. Visual pigment is also synthesized 

in the inner segment region and transported to the outer segment via the ciliary stalk. 

The inner segment diameter appears wider in cones than in rods. 

 

C) NUCLEUS 

Cone nuclei are situated at the outer apical edge of the ONL near the OLM, whereas 

the rod nuclei lie basal to those of the cones in the inner regions of the ONL. In 

addition, cone cell nuclei have an irregular shaped clumps heterochromatin, which rods 

have a single large central clump of heterochromatin. In general, fibers projecting away 

from the cell nucleus both to the synapse and inner segment are thicker in cones 

compared to rods.  
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D) SYNAPSE 

Both rods and cones release glutamate at the synaptic terminal located in the OPL. 

The rod synaptic terminal, called a spherule, appears smaller in size than cone 

synapse terminals; it contains a single invagination with a single ribbon synapse 

(Figure 1.4a). Rod terminals are generally found at the outer regions of the OPL and lie 

basal to cone terminals. Processes from two horizontal cells and two to five rod bipolar 

cells can be found within a rod synaptic cleft. Conversely, the cone synapse terminal, 

termed a pedicle, has multiple ribbon synapses and several synaptic cleft 

invaginations, each containing processes from two horizontal cells and multiple bipolar 

cells (Figure 1.4a). Bipolar cell processes can also be located near to the invaginations 

or close to the base of the synapse terminal.  
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FIGURE 1.4. ROD AND CONE PHOTORECEPTOR: STRUCTURE AND SPECTRAL SENSITIVITY 

 (a) Illustration demonstrating the different structure of rod and cone photoreceptors 

cells, including inner and outer segments and the synaptic terminal. Adapted from 

http://alexandria.healthlibrary.ca/documents/notes/bom/unit_6/Lec%2042_ribdasil_hise

ye.xml and http://www.nature.com/nrn/journal/v5/n10/fig_tab/nrn1497_F1.html (b) 

Graphical illustration (top) and graph (bottom) showing the spectral sensitivity of human 

rods, S-cones (blue), M-cones (green) and L-cones (red). Adapted from 

http://www.planetary.org/rrgtm/emspectrum.html. 
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E) RODS AND CONES: SPATIAL DENSITY AND SENSITIVITY 

Rod photoreceptors are extremely sensitive and pool visual information allowing highly 

sensitive vision in dim scotopic lighting conditions. Rod photoreceptors express the 

visual pigment rod rhodopsin with a peak of sensitivity around 500nm (Figure 1.4b). 

Rod photoreceptors far outnumber cone photoreceptors in the mouse and human 

retina; cones make up only 3% of total photoreceptors population in both species. More 

specifically, there are approximately 100 million rod photoreceptors compared to 6.4 

million cone photoreceptor in the human retina. Despite this discrepancy, rods are 

absent in the fovea, which is solely comprised of cone photoreceptors. Instead, rods 

densely populate the peripheral retina allowing highly sensitive but low acuity 

peripheral vision. In the rodent, where the fovea is absent, cones are distributed evenly 

throughout the retina.  

Cone photoreceptors provide high acuity vision, are adapted for colour vision and 

operate in bright lighting conditions. Each type of cone photoreceptor expresses a 

different cone opsin visual pigment, which detects specific wavelengths of light. Human 

vision is trichromatic, mediated by three cone subtypes: L-cones that detect long 

wavelengths of (red) light with a peak sensitivity at 564nm, M-cones that detect 

medium wavelengths of (green) light with a peak at 533nm and S-cones that detect 

short wavelengths of (blue) light with a peak at 437nm (Figure 1.4b). As mentioned 

previously, L and M cones are densely packed in the fovea region of the human retina. 

S-cones account for only 10% of the overall cone population in the human retina and 

are absent in the fovea. The murine retina has di-chromatic vision, as it possess just 

two subtypes of cone photoreceptors: S-cone and L/M-cone subtype. In the rodent 

retina, L/M-cone distribution is mostly limited to the superior retina and S-cone 

distribution in the inferior retina.  
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1.3.3. THE PHOTOTRANSDUCTION CASCADE 

 

The phototransduction cascade refers to the biochemical process that converts a 

photon of light into an electrical signal. Three cells in the retina are able to do this: rod 

cells, cone cells and melanopsin containing photosensitive ganglion cells. All 

mammalian visual pigments are called rhodopsins and contain the chromophore 11-

cis-retinal, which is covalently embedded within the protein portion of the rhodospsin 

molecule, called the opsin (Figure 1.5a). The visual pigments can be found within the 

outer segment disk membranes. 

 

A) DARK CURRENT 

In the dark, voltage-gated cation channels in the outer segment remain open: the 

intracellular environment is negatively charged compared to the extracellular 

environment so an inward electrical current of sodium and calcium ions is maintained. 

To maintain a negatively charged intracellular environment, K+ selective channel in the 

inner segment pump out K cations. The gated cation channels in the outer segment 

plasma membrane are kept open when bound with guanosin 3’,5’ cyclic 

monophosphate (cGMP) which diffuses freely throughout the cytoplasm and levels are 

high in the dark. The overall result is that photoreceptors remain depolarized in the 

dark, keeping voltage gated calcium channel in the synapse terminal open. Calcium 

causes synapse vesicles to fuse with the cell membrane and release the 

neurotransmitter glutamate. Glutamate is thus continuously released in the dark. 
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B) ACTIVATION OF THE PHOTOTRANSDUCTION CASCADE 

Photoactivation 

11-cis retinal consists of a head region linked to a hinged tail (Figure 1.5a). When 11-

cis retinal is struck by a photon, the energy is absorbed and the chromophore 

photoisomerises whereby it changes shape: the tails straightens converting it into the 

all-trans retinal isomer. This change forces the rhodopsin molecule (R) to expand 

resulting in activation (R*) (Figure 1.5a and b).  

G protein activation 

In turn, the R* molecule activates a G-protein on the disk membrane surface (Figure 

1.5b). G-proteins (G) consist of three subunits which bind the nucleotide: α subunit, β 

subunit and γ subunit. The α-subunit binds GDP nucleotide when inactive. When an 

inactive G-protein encounter and activated rhodopsin (R*) molecule, the α-subunit 

aligns with R* and GDP is replaced with GTP (Figure 1.5b). This interaction results in 

activation of the G-protein α subunit (G*) causing it to separate from the G-protein and 

rhodopsin molecule (Figure 1.5b). The R* molecule can activate several hundred G-

proteins. 

PDE Activation 

G* binds to the γ subunit of cG phosphodiesterase (PDE; this exposes the catalytic site 

of either the α- or β-subunits and thus activates PDE (PDE*). PDE* hydrolyses cGMP 

producing GMP, which is inert and unable to bind to the cGMP-gated channels. The 

intracellular concentration of cGMP declines resulting in a closure of the cG-gated 

cation channels (Figure 1.5b). 
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Photovoltage 

The closure of the cGMP-gated cation channels results in a reduction of the inward 

movement of calcium and sodium ions. However, the efflux of K+ ions in the inner 

segment is maintained. The overall result is a net loss of positively charged ions in the 

photoreceptor and the transmembrane potential hyperpolarizes, this change in 

transmembrane potential in response to photon absorption is called photovoltage. 

  



37 
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FIGURE 1.5. ACTIVATION OF THE PHOTOTRANSDUCTION CASCADE 

(a) Illustration showing the location of photoreceptor outer segment disks membrane 

and the positioning of rhodopsin in the disk membrane (left). The molecular structure of 

rhodopsin (right), consisting of opsin and the chromophore 11-cis-retinal. Upon light 

activation, 11-cis-retinal photoisomerises converting into the all-trans-retinal isomer 

(Adapted from (Purves et al., 2001). (b) Illustration of molecular steps involved in 

photoactivation (modified from (Leskov et al., 2000). Step 1: Photon (hν) activates a 

rhodopsin to R*. Step 2: R* activation G. G releases bound GDP in exchange for GTP, 

α-subunits (G*) dissociates. Step 3: G* binds to and activates phosphodiesterase 

(PDE) activating. Step 4: PDE* hydrolyzes cGMP. Step 5: Reduced levels of cytosolic 

cGMP cause cyclic nucleotide gated channels to close, preventing further influx of Na+ 

and Ca2+. 
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C) DEACTIVATION OF PHOTOTRANSDUCTION CASCADE 

Termination of the phototransduction cascade requires a number of processes, 

illustrated in Figure 1.6. Firstly, cGMP levels must be restored to allow re-opening of 

the cGMP gated cation channels; secondly activated rhodopsin(R*) must be 

deactivated and finally the chromophore must be recycled. 

Restoration of cGMP levels 

By restoring the cell’s cGMP levels, through a reduction in cGMP degradation (Figure 

6a) and an increase in synthesis (Figure 1.6b), the cGMP-gated cation channels re-

open. 

Reduced cGMP degradation 

GTPase Activating Protein (GAP) binds to the Gα* subunit which stimulate Gα* to 

hydrolyse the bound GTP converting it into GDP (Figure 1.6a). This hydrolysis causes 

the Gα* subunit to break away from the PDE* thereby deactivating it and halting the 

degradation of cGMP to GMP.    

Increased cGMP synthesis 

Fundamentally, the intracellular levels of calcium control cGMP synthesis. Guanylate 

Cyclase Activating Protein (GCAP) binds calcium (Figure 1.6b). When intracellular 

levels of calcium decrease, GCAP dissociates from it’s bound calcium and activates 

guanylate cyclase (GC). GC is a membrane-associated enzyme called guanylate 

cyclase (GC) that once activated by GCAP increases the rate of synthesis of cGMP 

from GTP (Figure 1.6b). GCAP is associated with GC and controls the rate of cGMP 

synthesis.   
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Deactivation of R* 

Rhodopsin kinase (RK) is an enzyme present in the disk membrane that binds to R* 

(Figure 1.6c) and is itself regulated by recoverin (Rec), which is a calcium binding 

protein. When intracellular calcium levels fall following phototransduction, calcium 

dissociated from recoverin releasing rhodopsin kinase (Figure 1.6c). Using ATP, 

rhodopsin kinase phosphorylates R* allowing a cytoplasmic protein, arrestin (Arr), to 

recognize and bind to the rhodopsin molecule replacing the rhodopsin kinase. Arrestin 

remains bound to the rhodopsin molecule until the all-trans chromophore is removed, 

following which, the phosphorylated opsin remains in the disk membrane waiting to 

receive a new 11-cis retinal chromophore.   

Chromophore recycling 

Once released from the inactive phosphorylated rhodopsin molecule, all-trans retinal is 

converted all-trans retinol by the enzyme retinal dehydrogenase. All-trans retinol is 

enveloped by an all-trans retinol binding protein and transported to the RPE. Retinyl-

ester isomerase is an enzyme present within RPE cells, which converts all-trans retinol 

to 11-cis retinol. A second enzyme, 11-cis retinol dehydrogenase, converts 11-cis 

retinol to 11-cis retinal.  This is then transport across the interphotoreceptor matrix 

enveloped by 11-cis retinal binding protein to the photoreceptor outer segment. Here, 

phosphatase dephosphorylates the deactivated rhodopsin molecule allowing 11-cis 

retinal to re-enters the opsin thus reforming the inactive visual pigment.  
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FIGURE 1.6. DEACTIVATION OF THE PHOTOTRANSDUCTION CASCADE 

(a) Diagram illustrating inactivation of PDE*. GTPase-activating proteins (GAP) 

enhances hydrolysis of Gα*-PDE6*. The Gα* subunit dissociated, deactivating PDE* 

and halting the degradation of cGMP. (Adapted from Pugh and Lamb, 2000). (b) 

Diagram illustrating restoration of cGMP, which is partly achieved by increasing cGMP 

production.  Guanylate cyclase (GC) activity is enhanced by guanylate cyclase 

activating protein (GCAP). When bound to calcium, GCAP is inactivated. When calcium 

levels fall following photoactivation, calcium dissociates from GCAP, allowing it to 

increase GC activity and cGMP synthesis (Adapted from (Stockman et al., 2007; 

Stockman et al., 2008). (c) Diagram illustrating inactivation of activated rhodopsin (R*). 

Rhodopsin kinase (RK) forms a complex with calcium bound recoverin (Rec). As 

calcium levels fall, RK is released which in turn phosphorylates R* which is then 

quenched by arrestin (Arr). (Adapted from Pugh and Lamb, 2000). 
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1.4. RETINAL CIRCUITRY AND CORTICAL PROCESSING 

1.4.1. RETINAL CELL TYPES AND CIRCUITRY 

The retina contains five major neuronal cell types; each can be further divided into 

distinct subtypes resulting in a total over 70 different types of neuronal cells found 

within the retina. This vast array of neurons results in the formation of multiple 

pathways and circuits to channel the visual signal; this allows the neural retina to carry 

out the first steps in processing the visual information prior to the signal being 

transmitted to the brain. Here, each major neural cell type is discussed with the view to 

describing some of the common underling retinal circuitry. Figure 1.7 illustrates the 

basic circuitry of the retina. Understanding of retinal circuitry is paramount if we are to 

accurately assess how our transplanted cells integrate into the recipient retinal 

environment. 

A) THE PRIMARY ROD PATHWAY 

Photoreceptors hyperpolarize in response to light resulting in a reduction of glutamate 

release at the photoreceptor synaptic terminal. The electrical signal is propagated to 

second order neurons: horizontal cells and a variety of bipolar cell subtype. There is 

also some evidence to suggest rod/cone gap junction coupling, whereby the rod 

photoreceptors can signal via the cone pathway at the level of the photoreceptor (Smith 

et al., 1986). However, in the classic primary rod pathway, rod photoreceptors project 

to rod ON-bipolar cells, which in turn innervate AII amacrine cells that converge with 

the cone visual pathway at the level of the cone bipolar cell (Figure 1.7a).  
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FIGURE 1.7. BASIC CIRCUITRY OF THE RETINA 

 (a) Schematic diagram illustrating the classic rod primary pathways. Rod (red) signals 

are conveyed to AII amacrine cells (AII) via the rod ON-bipolar cell (ON-RBP). The rod 

signal converges with the cone OFF pathway when AII amacrine signals synapse with 

cone OFF bipolar cells (OFF-CBP) and OFF ganglion cells (OFF-GC).   The rod signal 

converges with the cone ON pathway when AII amacrine electrically signal to cone ON 

bipolar cells (ON-CBP) via connexin36 channels (Cx36). Cone ON bipolar cells 

synapse with ON ganglion cells (ON-GC), which project to the brain. (b) Schematic 

diagram illustrating an alternatively rod signaling pathway. Rod signals can converge 

with both the ON and OFF cone pathway at the level of the photoreceptor which is 

facilitated by electrical coupling between rod and cone photoreceptors. Adapted from 

(Seeliger et al., 2011).  
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B) BIPOLAR CELLS 

Bipolar cells are excitatory glutaminergic interneurons, whose cell bodies reside in the 

INL, and are responsible for conducting the visual signal to ganglions located in the 

innermost part of the retina. Bipolar cells dendrites can receive input from either rod or 

cone photoreceptors but not from both and are named accordingly as rod bipolar cells 

and cone bipolar cells. There is only one type of rod bipolar cell, the rod ON-bipolar cell 

and 13 recorded distinct types of ON or OFF cone bipolar cells. 

Bipolar cells are subdivided as ON or OFF bipolar cell types depending on whether 

they hyperpolarize or depolarize in response to glutamate. In the dark, photoreceptor 

cells are constantly depolarized and thus, glutamate is continuously released. 

Glutamate activates mGluR6 receptors found on ON-bipolar cells resulting in closure of 

cation channels and a hyperpolarizing, inhibiting response. Conversely glutamate 

depolarizes the OFF-bipolar cell served by ionotropic glutamate receptors. Following 

light exposure, the photoreceptor hyperpolarizes resulting in a reduction in glutamate 

release, thus removing the inhibitory effect upon the ON-bipolar cell. As a 

consequence, the ON-bipolar cell depolarizes and becomes active. The converse 

effect occurs in the OFF-bipolar cells, whereby the reduction in photoreceptor 

glutamate release, results in hyperpolarisation and therefore silencing of the OFF-

bipolar cell. ON-bipolar cells descend deeper into the IPL where they synapse with ON 

ganglion cells, whereas OFF-bipolar cells ramify at the outer IPL where they synapse 

with OFF-ganglion cells. 

There is only one type of rod bipolar cell, which is categorised as an ON-bipolar cell as 

it depolarizes in response to light stimulation. The dendrites of rod bipolar cells branch 

profusely and receive input from as many as 120 rods allowing high sensitivity but low 

acuity. Each rod synapses with between two and five different rod bipolar cells. It is 

unusual for a rod bipolar to connect directly with a ganglion call; instead 90% of rod 

bipolar cells output to AII amacrine cells. 
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C) HORIZONTAL CELLS 

In addition to connecting with bipolar cells, rod and cone photoreceptors also synapse 

with horizontal cells, whose cell bodies reside at the apical side of the INL. Horizontal 

cell are involved in a lateral inhibition circuit with the photoreceptors and help to 

modulate multiple photoreceptor input to bipolar cells and control the subsequent 

magnitude of bipolar activation. Following a light stimulus, the photoreceptor 

hyperpolarizes and glutamate release is inhibited. This has a hyperpolarizing effect on 

the adjoining horizontal cell, which subsequently reduces GABA release.  The 

reduction of GABA has an anti-inhibitory effect on the photoreceptor, i.e. the 

photoreceptor then depolarizes and increases glutamate release. Each horizontal cell 

collates the signal from many neighboring photoreceptors and the greater the 

stimulation of the horizontal cell terminals by photoreceptors, the larger the inhibition 

feedback and the smaller the effect each individual photoreceptor has on its connecting 

bipolar cell. Thus, lateral inhibition acts to reduce the effect of the overall levels of light 

intensity on the bipolar cells and as a result enhances spatial differences in light 

intensity allowing the eye to adjust vision under bright and dim light conditions. 

Horizontal cell can be subdivided into HI (Type B) horizontal cells with axons and HII 

(Type A) horizontal cells without axons. There are three types of lateral inhibition: one 

exclusive to rod and rod bipolar which is mediated by the axon terminals of HI cells, the 

second is mediated by the dendritic terminals of HI cells serving L and M cones and the 

third is mediated HII dendritic terminals which serves all cone types. 
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D) AMACRINE CELLS 

Amacrine cells are mostly laterally projecting inhibitory interneurons found within the 

INL and in the GCL, where they are aptly named displaced amacrine cells, and are 

responsible for modulating bipolar cell signal input to ganglion cells. Amacrine cells 

exist in many diverse subtypes, such as dopaminergic, starburst and AII cell, which all 

signal using a variety of neurotransmitters; however, the vast majority use either GABA 

or glycine. Although the exact functions of many amacrine cells remain unknown, two 

functions seem to be commonly repeated. Firstly, amacrine GABA-mediated lateral 

feedback, exists in all bipolar cell terminals in the IPL and secondly, many ganglion 

cells are coupled to amacrine cells by gap junctions forming a lateral inhibition feed-

forward circuit. The most common type of amacrine is the AII amacrine cell, known as 

the rod amacrine cell. AII amacrine cells play an essential role in the primary rod visual 

pathway, which ultimately converges and ‘piggy-backs’ the cone pathway in the IPL. 

Glutaminergic rod bipolar axon terminals synapse with (AII) amacrine cell processes, 

which contain post-synaptic AMPA glutamate receptors. AII amacrine cells are 

glyinergic neurons and in turn make inhibitory synapse with the axon terminal of OFF 

cone bipolar cells. In addition, AII amacrines also make connections with ON cone 

bipolar cells using electrical synapses or gap junctions. This duel connection to the 

cone pathway allows both ON and OFF signals to be generated in dark lighting 

conditions. 
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E) GANGLION CELLS 

Ganglion cells receive input from bipolar and amacrine cells and are responsible for 

transmitting visual information from the retina to the brain. Ganglion cells have long 

axons that run across the vitreal surface of the retina and form the optic nerve, which 

projects to several different regions of the brain.  

Ganglion cells spontaneously fire action potentials and the visual information is 

transmitted to the brain in the form of the rate at which these action potentials are 

generated. In general, excitation of ganglion cells by bipolar cells increases the rate of 

firing. Conversely, amacrine cell inhibition decreases the rate of firing, although there 

are some exceptions to this rule. Ganglion cells use the excitatory neurotransmitter 

glutamate. 

There are many ganglion cell subtypes, each thought to transmit specific channels of 

visual information. Ganglion cell subtypes are categorised based on their projections, 

morphology and functions and can be grouped into five main classes. The first three 

classes of ganglion cell, Midget, parasol and bistratified ganglion cells, project to 

different regions of the LGN. The fourth class of ganglion cells included photosensitive 

ganglion cells, which contain the photopigment, melanopsin, allowing them to respond 

directly to light in the absence of rod and cone photoreceptors. These ganglion cells 

project to the suprachiasmatic nucleus (SCN) and are responsible for maintaining 

circadian rhythms. These ganglion cells also project to the Edinger-Westphal nucleus 

via the LGN and contribute to the pupil light reflex. The fifth group of ganglion cells 

project to the superior colliculus and accessory optical system. These neural pathways 

function to direct the eyes to regions of interest and helps maintain the direction of the 

gaze in the presence of head movement. 
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1.4.2. CORTICAL PROCESSING AND VISUAL PERCEPTION 

 

Visual perception is the process of interpreting visual information gathered from light in 

the environment activating sensory photoreceptors in the eye. As previously 

mentioned, different types of ganglion cells project to different locations within the 

brain, however most ganglion cell axons terminate in specific regions of the LGN in the 

thalamus. The LGN exists in both hemispheres of the brain and acts as a relay centre. 

Neurons exiting the LGN project via the optic radiations pathway to the primary visual 

cortex in the occipital lobe of the brain, also known as V1 (Figure 1.8).  

 

A) VISUAL CORTEX 

The visual cortex is responsible for processing visual information and consists of 

several sub regions the most studied being the primary visual cortex, also known as 

V1. Additional regions include the extrastriate visual cortical areas V2, V3, V4 and V5 

(Figure 1.8). The visual cortex, exists in both hemispheres of the brain, each 

hemisphere receives visual information from the ipsilateral visual field.  

V1 receives visual input from the LGN and outputs via two pathways. Firstly, the dorsal 

stream goes through V2 down to V5 finishing in the posterior parietal cortex. This 

pathway is associated with coordinating movement of the arms and eyes, motion and 

location of objects. Secondly, the ventral stream travels through V2, then V4 and 

terminated in the inferior temporal cortex. This pathway is associated with long-term 

memory and object recognition. V1 has a well-defined map of spatial information, also 

referred to as retinotopic mapping. 
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FIGURE 1.8. VISUAL PATHWAYS TO THE VISUAL CORTEX 

Illustration showing the projections from the retina to the brain. Projections relay via the 

lateral geniculate nucleus (LGN) and from there the signals are passed on to the visual 

cortex. The visual cortex is mainly divided into five areas as V1, V2, V3, V4 and V5. 

Area V1, which is known as striatecortex or the primary cortex, is the most important 

and one of the most intensively studied areas of the brain. 

Image adapted from: http://www.techcyn.com/feature.php?id=f2&issue=1. 
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B) RETINOTOPY 

Retinotopy refers to the spatial organization of visual areas of the brain. Many of the 

brain structures receiving visual input do so in a way whereby positions within the brain 

can be mapped to visual fields in the retina. The discovery of visual field maps arose 

when a neurologist observed a correlation between areas of trauma in the visual cortex 

with loss of specific visual fields (Fishman, 1997). The organization of the visual 

pathways allows this retinotopic map and there is some degree of visual field overlap. 

Retinotopic mapping is apparent in many brain structures receiving visual input, 

including the visual cortex, the superior colliculus in the brainstem, and the LGN in the 

thalamus. The retinotopic maps in V1, in which the initial steps of visual processing are 

performed, are very precise: adjacent neurons map to neighboring visual fields in the 

retina. In other cortical areas, the retinotopic maps are more complex. 

 

C) OPTOKINETIC REFLEXES 

The optomotor response refers to the innate optokinetic head-tracking reflex where the 

head moves to track a whole-field moving visual stimulus (Prusky et al., 2000; Prusky 

et al., 2004). This pathway has not been studied extensively but investigation into 

neural processing in the zebrafish showed that retinal ganglion cells project to a small 

region of neurons in the hindbrain which connect to afferent motor neurons in the spinal 

cord  (Ireland, 1979; (Portugues and Engert, 2009). 
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1.5. DEVELOPMENT OF THE EYE 

The eye is derived from three embryonic tissues, each developing into different 

structures of the eye. The retina is derived from neuroectoderm and is considered part 

of the central nervous system (Figure 1.9a-e). The mesoderm develops into the 

cornea, sclera and uveal tract and the lens arises from the surface ectoderm (Figure 

1.9f).  

1.5.1. DEVELOPMENT OF THE EYE CUP 

A) NEUROECTODERM 

The neural plate develops very early in the embryo from the ectoderm. An inward 

groove in the neural plate develops, which deepens forming the neural fold (Figure 

1.9b). Ultimately the neural folds meet and the neural tube is formed (Figure 1.9c-e). 

Different regions of the neural tube go on to develop distinct regions of the CNS 

governed by dorsal-ventral patterning of secreted signaling molecules. Optic vesicles 

are formed when the dorsal neural tube begins to fold early in development, appearing 

as hollow structure that protrude from both sides of the forebrain (Figure 1.9d and e). 

As the vesicles grow they form a narrow stalk-like connection to the developing brain, 

called the optic stalk, which develops into the optic nerve. The optic vesicles begin to 

invaginate, forming an optic pit (Figure 1.9f). As the optic cup forms, two distinct layers 

are apparent: the inner layer of the cup, which undergoes repeated rounds of division 

in order to form the laminated neural retina, and the outer layer, which remains as a 

single monolayer that differentiates to form the RPE (Figure 1.9f). The retina develops 

in an inside-out order, with the ganglion cells forming first in the inner retinal layers and 

the photoreceptor cells in the outer retina maturing last (Figure 1.9). 
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B) SURFACE ECTODERM & MESODERM 

The region of surface ectoderm located above the optic pit is induced by the optic 

vesicle and begins to thicken forming the lens placode (Figure 1.9f). The formation of 

the lens placode is thought to act as an inducer and triggers the infolding of the optic pit 

to form the optic cup. The lens placode goes on to differentiate and also invaginates 

eventually separating from the ectoderm to form the lens vesicles (Figure 1.9f). Again 

this acts as an inducer transforming the surface ectoderm into the cornea and eyelid. 

The mesoderm surrounding the optic cup eventually differentiates into the 

corneoscleral tunics. In addition, during the invagination process, some mesenchyme 

migrates into the optic cup and is essential for the development of the iris, ciliary body 

and blood vessel development as well as acting as an inducer for optic nerve and RPE 

development. Retinoic acid plays an essential role in guiding mesoderm differentiation 

(Duester, 2008). 



53 
 

 

FIGURE 1.9. DEVELOPMENT OF THE EYE CUP 

Illustrations demonstrating development of the eye-cup from the neural plate. (a) Eye 

cup development begins with the neural plate. (b) Neural folds form as the neural place 

begins to fold upwards. (c) Optic grooves are formed when the neural plate 

invaginates. (d) The neural folds to meet each other and the optic vesicles are formed. 

(e) The neural tube seals off: the forebrain grows upwards and the optic vesicles grow 

outwards. (f) At this point the optic vesicles contact the surface ectoderm and 

development of the lens placode is induced. The optic vesicle and surface ectoderm 

invaginate together forming the optic cup. The inner layer of the bilayered optic cup 

forms the neural retina; the outer most layer forms the RPE.  

Adapted from: (Lamb et al., 2007). 
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1.5.2. DEVELOPMENT OF THE RETINA 

Development of the neural retina begins when the optic vesicles are formed. 

Neurogenesis occurs in an inside to outside manner, starting around embryonic day (E) 

11 in the mouse. Initially, retinal progenitor cells (RPCs) undergo rapid symmetric 

proliferation in early development to expand the progenitor pool. The RPC cell bodies 

follow a clearly defined pattern of interkinetic nuclear translocation during the cell cycle: 

mitosis occurs in the ventricular zone, at the outside edge of the retina, RPCs then 

migrate to the vitreal surface in G1 and undergo DNA replication associated with S-

phase at the vitreal surface before migrating back to the ventral zone in G2 (Figure 

1.10a) (Dyer and Cepko, 2001; Norden et al., 2009; Pearson et al., 2005). As 

development progresses and the RPC pool is sufficiently expanded, there is a shift to 

asymmetric division, allowing a subset of RPCs to exit the cell cycle and become post-

mitotic precursors, which can go on to differentiate into a specific cell type, which is 

strictly governed by extrinsic and intrinsic cues. Later in development, RPCs are 

thought shift to symmetrical division where two post-mitotic daughter cells are 

produced. RPCs are multipotent and have the potential to give rise to all 7 cell types of 

the retina; however differentiation occurs in a highly conserved temporal fashion and as 

development progresses RPC competence to produced different cell types becomes 

restricted (Turner and Cepko, 1987; Wetts and Fraser, 1988). There is a strict order in 

which the cell types exit the cell cycle and it occurs in overlapping waves (Figure 

1.10b). The first wave of cell genesis includes ganglion cells, horizontal, cone 

photoreceptors and amacrine cells. The second wave gives rise to rod photoreceptors, 

bipolar cells and Müller glia cells (Lamb et al., 2007). Differentiated astrocytes develop 

outside of the neural retina and migrate along the optic nerve.  A large array of 

transcription factors, mostly basic helix-lool-helix (bHLH) and homeodomain factors, 

expressed by subsets of RPCs or their post-mitotic progeny, together with extrinsic 

factors from the environment induce and regulate the differentiation of the specific cell 

types within the neural retina (Ohsawa and Kageyama, 2008). Homeodomain factors 
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regulate retinal layer specificity and bHLH factors are important for determining cell 

fates within each layer. 
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FIGURE 1.10. DEVELOPMENT OF THE RETINA AND CIRCUITRY 

 (a) Illustration showing the stages of the cell cycle in the developing vertebrate retina. 

Proliferating cells undergo DNA replication (S phase) at the vitreal surface, before 

migrating to the outer (ventricular) surface during G2 of the cell cycle. Upon reaching 

the ventricular zone, the cell enters mitosis (M) and the resulting daughter cells either 

return to the vitreal surface during G1 ready to re-enter the cell cycle once more or 

terminally differentiate (G0). (b) Graphical illustration of cell birth timing for each cell 

type in the vertebrate retina. (c) Illustrations showing the development of retinal 

circuitry. (c) Immature rod (R) and cone (C) photoreceptors send transient processes to 

the inner plexiform layer (IPL). (d) Bipolar cells (B) enter into the pathway when the 

photoreceptors retract their processes, forming synapses with photoreceptors in the 

outer plexiform layer (OPL). (e) Photoreceptors mature, developing inner segments (IS) 

and outer segments (OS). Abbreviations: A, amacrine cell; G, ganglion cell; H, 

horizontal cell; ILM, inner limiting membrane; OLM, outer limiting membrane. 

Adapted from: (Lamb et al., 2007). 
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1.5.3. DEVELOPMENT OF PHOTORECEPTORS AND RETINAL 

CIRCUITRY 

As mentioned above, cone photoreceptors commit to the photoreceptor lineage prior to 

rods, between E11.5 to E18.5 in the mouse. Conversely, rods are born from E12.5, 

with the peak of rod birth around postnatal day (P) 0 and rod genesis is complete by 

~P5 (Carter-Dawson and LaVail, 1979; Young, 1985). Although committed to the 

photoreceptor cell fate, both rods and cones undergo several more phases of 

development until developing a mature phenotype (Figure 1.10c-d) (Bruhn and Cepko, 

1996; Watanabe and Raff, 1990). During this period several transcription factors 

regulate the photoreceptor differentiation process.  

Otx2 is expressed in several regions in early development, including the eye field. It is 

essential for the correct development of the RPE and is expressed in post-mitotic 

neuroblast cells that later form ganglion cells, bipolar cells and photoreceptors (Baas et 

al., 2000; Bovolenta et al., 1997). In addition to its essential role in the development of 

many retinal cell types, Otx2 promotes photoreceptor cell fate determination: the peak 

of Otx2 expression coincides with photoreceptor cell birth, declining as photoreceptors 

maturation occurs. Otx2 enhances Cone-rod homeobox protein, Crx, promoter activity 

in photoreceptor precursor cells. Crx, is the principle transcription factor that directs rod 

and cone photoreceptor cell differentiation and together with Otx2, activates the 

transcription of many photoreceptor genes (Furukawa et al., 1997). Rorβ is 

downstream of Crx and through its downstream target Nrl, acts as a switch directing 

photoreceptors to the rod cell fate (Jia et al., 2009).  

Nrl is a transcription factor expressed only in rod photoreceptors in the retina and is 

essential for rod development (Akimoto et al., 2006; Mears et al., 2001; Swain et al., 

2001). Coupled with the actions of Nrl, photoreceptor nuclear receptor, Nr2e3, is also 

expressed specifically by rod photoreceptors and acts as a dual transcription regulator. 

Together with Crx, it activates transcription of rod specific genes while repressing cone 
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specific genes. Many other transcription factors are involved rod survival and 

maturation including, NeuroD and bHLH. 

Synaptogenesis between retinal neurons occurs in distinct phases (Figure 10c-d) and 

there is a progressive restructuring throughout the development process (see review 

(Reese, 2011). The lateral retinal circuits are formed first, starting with connections 

between ganglion and amacrine cells in the IPL followed by connections between 

photoreceptors in the OPL. Bipolar cells are last to differentiate and so the vertical 

retinal networks are formed much later in the developmental process. 
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1.6. RETINAL DEGENERATION  

Retinal degenerations are the leading cause of blindness in the developed world 

(World Health Organisation, 2010). Many retinal degenerative disorders share a 

common fate: the death of retinal neurons and the subsequent loss of vision. The loss 

of photoreceptor cells, as a result of age-related, genetic or environmental factors, 

occurs in diseases such as age-related macular degeneration (AMD), retinitis 

pigmentosa (RP) and diabetic retinotopy (DR) and accounts for over 50% of all cases 

of blindness (Congdon et al., 2004).  

 

1.6.1. COMMON RETINAL DISEASES 

A) RETINITIS PIGMENTOSA 

RP is the most common form of inherited retinal degeneration and can be inherited in 

an autosomal dominant, autosomal recessive or X-linked fashion. RP encompasses an 

extraordinary range of heterogenic disorders, affecting 1 in 4000 individuals worldwide 

(Resnikoff et al., 2004; Shintani et al., 2009; Sohocki et al., 2001). To date more than 

240 gene mutations have been associated with RP (Retinal Information Network), 

causing defects in a variety of cellular components involved in structure, function and 

maintenance primarily within the rod photoreceptor cell but also within the underlying 

RPE cells. Many RP diseases result from mutations affecting the rod rhodopsin gene, 

accounting for approximately 25% of autosomal dominant inherited disease forms 

(Hartong et al., 2006). Photoreceptor cell death in many forms of RP follows a two-

stage process. Rod photoreceptors degenerate first, as indicated by the early clinical 

symptoms of night-blindness and loss of peripheral vision. As the disease progresses, 

the fundus develops a pigmented appearance and the second wave of cell death 

occurs and affects the cone photoreceptor cells, as a result of which, central vision, 

visual acuity and colour vision begins to deteriorate. Traditionally, the mechanism of 
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photoreceptor cell death was attributed to apoptosis. However, current investigations 

reveal a more complex pathway involving non-apoptotic processes.  Several groups 

have implicated that necrotic cell death mechanisms may also be involved as indicated 

by deregulation of cyclic nucleotide metabolism, increased activation of calpain and 

PARP (see review (Shintani et al., 2009).  

 

RP: Current and future treatment options 

To date there are no routinely available treatment options for patients with RP to 

reverse the photoreceptor cell loss. Current management of the disease aims to slow 

down the disease progression, including vitamin supplementation and light avoidance 

therapies.  Daily supplementation with vitamin A can reduce disease progression in 

some patients postponing blindness by up to 10 years (Berson, 2007). Future 

treatments can be divided into three strategic approaches, each categorised by the 

stage of disease it is suited to treat (Jacobson and Cideciyan, 2010; Kalloniatis and 

Fletcher, 2004; Sahni et al., 2011). Firstly, in the early stages of disease prior to 

photoreceptor cell death, it may be possible to halt degeneration using gene therapy, 

which aims to correct the underlying genetic abnormality. This strategy involves the use 

of viral or non-viral vectors to either replace or silence the expression of a mutated 

gene. In recent years, some exciting advances in treatment Leber’s congential 

amaurosis (LCA) have been reported. LCA is an autosomal recessive X-linked RP 

disease. One of the genes frequently affected is RPE65, whereby mutations in RPE65 

lead to loss of function. RPE65 is expressed in RPE cells and is involved in the 

regeneration of visual pigment. Three human phase II clinical trials using AAV-2 to 

replace the mutant RPE65 gene with the wildtype version are underway (Bainbridge 

and Ali, 2008; Hauswirth et al., 2008; Maguire et al., 2008). Sustained improvements 

were reported in some patients and importantly no major side effects have been found 

to date. These studies are now moving onto phase III. Future challenges for gene 

therapy include treating autosomal dominant conditions, where siRNA and ribozymes 
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could be employed to silence the abnormal gain of function gene mutation prior to gene 

replacement with the wildtype corrected version. In addition, only 60% of the causative 

gene mutations causing RP are known, consequently, gene therapy relies on 

identification of the gene mutation and application of such a therapy is therefore 

restricted (Hartong et al., 2006). Finally, this condition can involve multiple genetic 

changes and mechanisms: gene replacement of a single mutated gene may not 

completely halt disease progression.  

Neuroprotective strategies have been examined by administration of neurotrophic 

growth factors or agents that inhibit pro-apoptotic pathways to prolong photoreceptor 

viability. Although some promise has been shown using ciliary neurotrophic factor 

(CNTF) and brain derived growth factor (bFGF), such studies were also associated 

with significant adverse effects with variable treatment outcomes (Emerich and Thanos, 

2008; Uteza et al., 1999). 

Electrical implants and retinal transplants have been proposed as a potential future 

therapy to treat patients with advanced degenerative retinal disease following major 

neuronal cell death and loss of laminar structure as a means to restore vision. Different 

types of electrical implants have been developed including cortical visual prosthesis, 

supra-choroidal implant, epiretinal implant and subretinal implants. Several studies 

have demonstrated tolerance and some functional improvements in human patients 

receiving epiretinal and subretinal implants (Ahuja et al., 2011; Chader et al., 2009; 

Gerding et al., 2007; Rizzo, III et al., 2003; Zrenner et al., 2011). Although these 

devices are effective at generating electrical impulses following light stimulation 

(Humayun et al., 2003), the connection of electronic hardware to the remaining 

recipient biological tissue is likely to be complex and the degree of rescue of visual 

acuity is unknown.  

An alternative and potentially complementary approach the strategies described above 

is the replacement of photoreceptors by transplantation. Indeed this may be a more 
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feasible and practical option as cells have an innate ability to make synaptic 

connections with secondary neurons (Maclaren and Pearson, 2007). Photoreceptor 

replacement therapy will be discussed in detail in section 1.6. 

B) AGE-RELATED MACULAR DEGENERATION 

AMD is associated with both genetic and environmental risk factors and is a disorder 

affecting 10-20% of people aged over 65 years old, with 14 million suffers worldwide 

(Enzmann et al., 2009; Klein et al., 1992; Penfold et al., 2001). With the aging 

population likely to increase significantly over the coming years, the socio-economic 

impact of age-related conditions is set to rise. Four key risk factors have been 

identified: age, genetic, high body mass index and smoking. In particular, mutations in 

the genes encoding proteins of the complement immune system, such as factor H 

(CFH), have been identified as potential risk factors for the development of AMD.  

AMD is primarily a disease of the RPE around the macular region.  The secondary 

degeneration of the neurosensory retina results in loss of central vision and thus AMD 

has a dramatic impact on patient quality of life, often rendering them unable to live 

independently. It occurs in the nonexudative form, affecting 90% of AMD sufferers 

(Curcio et al., 1996; Singh and Maclaren, 2011), and the more severe yet treatable 

exudative form. Clinical signs of nonexudative AMD include pigmented disruption of the 

macular and the appearance of extracellular deposits called drusen residing between 

the RPE and Bruch’s membrane. The resulting geographic atropy of the RPE, 

photoreceptors and underlying choriocapillaris is thought to be associated with 

widespread oxidative damage (Shen et al., 2007). Activation of the complement 

immune system has also been attributed to the pathogenesis of AMD: it is suggested 

that accumulation of extracellular deposits activates a local inflammatory response 

accelerating the development of drusen formation (Anderson et al., 2002; Donoso et 

al., 2006; Enzmann et al., 2009; Tezel et al., 2004). Approximately 10-15% of patients 

with nonexudative AMD progress to the exudative form of AMD, which involves 



64 
 

abnormal growth of blood vessels into the retina (Sunness, 1999). Exudative AMD is 

characterized by choroidal neovascularization (CNV) whereby choroidal blood vessels 

break through Bruch’s membrane and extend into the retina. These blood vessels are 

often very leaky leading to accumulation of blood below the macular causing secondary 

damage to the photoreceptor cells.  

 

AMD: Current and future treatment options 

Currently there are no treatment options for nonexudative AMD however some 

therapies do exist for exudative AMD. The most successful treatment option to date 

has been achieved with frequent vitreal injections of anti-VEGF agent, including 

ranibizumba (Lucentis) and bevacizumba (Avastin). These anti-angiogenic agents 

cause a regression of CNV blood vessels and visual improvement in 25-40% of 

patients (Brown et al., 2006; Enzmann et al., 2009; Rosenfeld et al., 2006). Several 

studies investigated the role of dietary supplementation of antioxidants to slow 

progression of nonexudative AMD and the use of laser therapy to reduce CNV, both 

with limited success.  

As a consequence of the lack of treatment options for nonexudative AMD patients, 

current research in stem cell therapy has intensified as it offers the potential to replace 

both the degenerate RPE and photoreceptor cells. Central macular RPE replacement 

by translocating autologous RPE tissue from the periphery can prevent loss of central 

visual in some patients with AMD (Joussen et al., 2006). This has lead several groups 

to investigating the potential a cell-based transplantation therapy as a strategy that will 

avoid destruction of peripheral RPE tissue. Various cell types have been investigated, 

however, human ES-derived RPE cell generated in vitro for transplantation purposes 

have shown the most promising results so far. Some preservation of retinal function 

has been demonstrated in the RCS rat after transplantation of hES-derived RPE cells 

(Carr et al., 2009; Idelson et al., 2009; Lund et al., 2006; Vugler et al., 2008). In 
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addition, some promising results using iPS-derived RPE cells in the RCS rat have been 

demonstrated (Carr et al., 2009). Phase I/II safety trials using hES-derive RPE cells to 

treat patients with Stargardt’s disease, a juvenile onset macular degeneration, are now 

underway and have been shown to be well tolerated with no signs of tumorigenicity or 

immune rejection (Schwartz et al., 2012). However, despite these recent advances, the 

restoration of vision in patients with late stage disease will also require replacement of 

photoreceptors. 
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1.6.2. GENERAL PATHOLOGY OF RETINAL DEGENERATION 

A) PHOTORECEPTOR DEGENERATION 

The stress pathways and cell death mechanisms involved in many retinal degenerative 

diseases are an area of intense investigation and are likely to be very different in each 

disease subtype. However, in both rod-cone and cone-rod degenerations, a number of 

typical changes occur in the degeneration process. During the initial stress phase of 

degeneration, photoreceptor neurites sprout and extend towards the inner retina. Prior 

to death, these neurites and the pre-synaptic terminals are retracted.  As the 

photoreceptors begin to die, the interphotoreceptor matrix becomes compressed and 

the remaining photoreceptor outer segments become compromised resulting in 

remodeling of the inner segment followed eventually by retraction of the remaining 

photoreceptor axons and cell death (see reviews (Jones et al., 2005; Jones et al., 

2012; Jones and Marc, 2005).  

 

B) INNER RETINAL RE-MODELING 

The retina comprises of many specific neural circuits, as previously described. The 

death of the photoreceptors leaves the remaining neural retina de-afferented. In the 

final stages of photoreceptor loss, the cone photoreceptors die acting as a key trigger 

for negative global remodeling of the remaining neural retina (Jones and Marc, 2005). 

Both rod and cone bipolar cells, located in the INL, retract their dendrites from the OPL, 

and some undergo cell death at this point. In addition, rod horizontal cells retract their 

dendrites whereas cone horizontal cells undergo hypertrophy and elaborate new 

neurites towards the IPL. Neurons in the IPL begin to extend new neurites into the 

inner nuclear layer towards the remnant OPL. This remodeling process is accompanied 

by global neuronal cell death, migration and rewiring by new synaptic connections 

(Jones and Marc, 2005).  
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C) GLIAL RESPONSE 

The Müller cell plays a pivotal role in the degenerative process and become activated 

in response to injury or disease. Initially, Müller glial cells may promote neuron survival 

by producing a variety of neuroprotective growth factors and antioxidants (Frasson et 

al., 1999). However, as degeneration progresses activated Müller cells undergo 

reactive gliosis and form a glial scar. Retinal gliosis functions to protect the retina 

following injury. The development of the glial scar functions to stabilize the fragile 

retinal tissue after injury and cell death (Jones and Redpath, 1998) and to protect the 

healthy part of the retina from the damaged area (Bush et al., 1999). In advanced glial 

scar formation, where extensive photoreceptor cell death ensues, a fibrous seals forms 

between the retina and RPE to allow re-modeling of the inner retinal neurons (Jones 

and Marc, 2005).  

Typically, gliosis is characterized by a dramatic increase in intermediate filament 

expression and a pronounced hypertrophy of Müller cells (Figure 1.11b). This occurs 

throughout the retina and is the first step in the formation of the gliotic scar (Bignami 

and Dahl, 1979; Bringmann et al., 2000; Bringmann and Reichenbach, 2001; Eisenfeld 

et al., 1984; Fan et al., 1996; Iandiev et al., 2006; Jones and Marc, 2005; Sethi et al., 

2005). Indeed, upregulation of the intermediate filaments glial fibrillary acidic protein 

(GFAP) and vimentin is considered the hallmark of gliosis. Intermediate filaments are 

highly stable structural components of the cellular cytoskeleton. However, little is 

known of their exact function in the stress response. Studies in the brain suggest that 

intermediate filaments play a major structural role to allow the process of glial 

hypertrophy and stabilization of the fragile tissue after injury (Eng and Ghirnikar, 1994). 

Upregulation of GFAP and vimentin originates in the end foot region of the Müller cell 

at the vitreous side of the retina (Sarthy et al., 1989). As the reactive gliosis process 

continues, the intermediate filaments extend outward into the Müller cell body and up 

into the apical processes forming lateral branches (Figure 1.11b) (Lewis and Fisher, 

2003). The main process and lateral branches undergo further hypertrophy and 
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processes can extend into the subretinal space forming a subretinal gliotic scar (Lewis 

and Fisher, 2003). The gliotic scar refers to the lateral GFAP+ve processes that extend 

along the outer edge of the ONL and into the subretinal space. 

Much of our understanding of retinal gliosis was pioneered in the CNS and later 

investigated in the retina.  In the quiescent retina, GFAP expression is restricted to the 

retinal astrocytes whose cell bodies reside at the inner margin of the retina in the 

ganglion cell layer and the end foot domain of the Müller cells with very few filaments 

extending deeper than the border between the GCL and inner plexiform layer (Figure 

1.11a). One exception is at the very periphery of the retina, where GFAP is expressed 

throughout the Müller cells. In addition, a gradual increase in GFAP expression has 

been shown to occur with age (Eng et al., 1998).  

 

There is still much to be investigated with regard to what stimulates reactive gliosis and 

intermediate filament expression and how expression is regulated. The accumulation of 

GFAP in Müller cells is probably not a direct effect of neuronal cell death. Indeed, 

GFAP accumulation can either precede photoreceptor cell death, as it does in the 

Prph2rds/rds mouse, or it can occur after cell death, as it does in the PDE6βrd1/rd1 mouse 

(Ekstrom et al., 1988). GFAP expression is modulated by a wide variety of factors. 

Lewis et al. and other groups reported that intravitreal injections of basic fibroblast 

growth factor (bFGF) or CNTF resulted in an increase in the expression of both GFAP 

and vimentin and that CNTF mediates this response via the JAK/STAT signaling 

pathway (Lewis et al., 1999; Wang et al., 2002). Other reports have suggested that glial 

activation is mediated by the resident microglia in the retina (Harada et al., 2002).  

 

 

 



69 
 

 

FIGURE 1.11. RETINAL GLIOSIS 

 (a) In the quiescent retina, intermediate filament, such as GFAP, expression is 

restricted to the retinal astrocytes in the inner retina. (b) GFAP upregulation begins in 

the end foot region of the Müller cell at the vitreous side of the retina and extends 

throughout the retina. At the outer edge of the ONL lateral branches form and 

processes extend into the subretinal space forming a lateral gliotic scar. Adapted from 

(Franze et al., 2007). 
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D) CHANGES IN THE INTERPHOTORECEPTOR MATRIX 

In addition to the changes in intermediate filament expression and Müller cell 

morphological changes, the gliotic scar also includes changes in the composition of the 

surrounding ECM and in the case of the retina, the IPM.  

Many groups have shown that chondroitin sulphate proteoglycans (CSPGs) are 

upregulated in response to CNS injury (Davies et al., 1997; Fitch and Silver, 1997; 

Gates et al., 1996; Levine, 1994; Lips et al., 1995; McKeon et al., 1991; Pindzola et al., 

1993). It has also been reported that CSPGs are upregulated in the retina in response 

to injury and disease (Escher et al., 2008; Inatani et al., 2000; Kennan et al., 2002; 

Landers et al., 1994). A number of studies indicate that many different cell types 

secrete CSPGs. In vitro studies in which the neural retina was cultured as explants 

demonstrated that CSPGs were secreted into the media, suggesting that it the neural 

retinal cells are responsible for the secretion of proteoglycans in injury (Murillo-Lopez et 

al., 1991). Inatani et al. (2000) reported that GFAP was co-localised with the CSPG 

neurocan in the ischemic retina suggesting that Müller cells may be responsible for the 

secretion of CSPGs. This has also been observed in the retina of Rd1 mice and in the 

RCS rat (Zhang et al., 2003; Zhang et al., 2004). However, other studies have 

indicated that some CSPGs are also produced by RPE cells and exist as both soluble 

and membrane bound forms (Iwasaki et al., 1992).  

It is thought that CSPGs act as guidance cues for neurite growth in both development 

and injury. Much of the early work examining the role of CSPG was pioneered in the 

CNS. In vitro studies by several groups have demonstrated the inhibitory role of 

CSPGs in the developing CNS where CSPGs act as boundary cues for neurite 

outgrowths (Dou and Levine, 1994; Emerling and Lander, 1996; Fawcett et al., 1989; 

Friedlander et al., 1994; Smith-Thomas et al., 1994). In addition, the role of CSPGs in 

CNS injury has been thoroughly investigated and several groups have demonstrated 

inhibition of neurite outgrowths in the region of the glial scar in vivo (Davies et al., 1999; 
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Kerschensteiner et al., 2005; McKeon et al., 1991). Furthermore, the removal of CSPG 

in the spinal cord enhanced neurite outgrowth in vivo (Bradbury et al., 2002). Brittis et 

al. (1992) showed that CSPGs also play a role in retinal development; this in vitro study 

demonstrated that CSPGs also act to negatively regulate axon growth of ganglion cells 

in the developing retina and that removal of CSPG in vitro enhanced ganglion cell 

axonal growth (Brittis et al., 1992).  
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1.7. REGENERATIVE MEDICINE 

The regenerative capacity of mammalian photoreceptors is limited and treatment 

options are available for only a minority of patients suffering from a subset of the 

diseases mentioned previously. Thus there is a very real need for the development of 

new therapies (Shintani et al., 2009).  

The field of regenerative medicine focuses on tissue/organ regeneration or 

replacement when the body’s own repair mechanisms fail in patients with severe 

injuries or chronic diseases. Many of these conditions, including Alzheimer’s, 

Parkinson’s, spinal cord injury, congenital heart-failure and retinal degenerative 

disorders have limited treatment options and regenerative medicine offers hope to 

replace the lost tissue and ultimately restore physiological function. 

Several concurrent approaches have been pursued to promote successful tissue 

regeneration. These include the stimulation of endogenous regeneration mechanisms 

to regenerate damaged tissue, the restoration of function by transplanting 

bioengineered artificial organs and finally, cell replacement therapy, which aims to 

replace the cells lost in disease and injury. Investigation into cell therapy has included 

the use of many donor cell populations. However, recently much of the focus has been 

on the use of stem cells because of their self-renewal properties and ability to give rise 

to a variety of specialized cell types. 
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1.7.1. PHOTORECEPTOR REPLACEMENT THERAPY 

 

As described in the previous section, some photoreceptor preservation can be 

achieved using therapeutic strategies, such as gene replacement therapy or 

neuroprotection therapies. Photoreceptor transplantation offers a complementary 

approach by replacing the cells lost in the degenerative process. There has been a 

long-standing interest in using cells to repair the degenerate retina. Over a number of 

years, several transplantation strategies using immature donor tissue, either as whole 

retinal sheets or cell aggregates, have shown morphological integration into recipient 

rodent models. Success of either transplantation strategy will be reliant on the ability of 

the donor cell/tissue to form segment structures capable of capturing light and the 

ability to integrate into the visual system by forming synaptic connections with the 

recipient retina.   

A) RETINAL SHEET TRANSPLANTATION 

Many studies have attempted transplantation of whole retinal sheets, from either 

embryonic or neonatal sources, into the subretinal space of the degenerating recipient 

(Arai et al., 2004; Seiler and Aramant, 2005). The rationale of this approach lies in the 

highly organized laminar structure of the retina; a retinal sheet has a fully formed 

structure and may be a feasible option for the treatment of late stage disease when the 

ONL is completely degenerate and the foetal sheets could replace large sections of 

retina. In order for the transplanted sheets to connect to the recipient retina, either the 

retinal ganglion cells of the donor sheet must extend processes through the 

degenerating host retina or the recipient inner retinal cells must elaborate dendrites into 

the graft. Morphological host-recipient integration has been reported on the basis of 

donor neurite extension and synaptic tracer experiments, although the number of 

contacts was extremely low (Ehinger et al., 1991; Seiler et al., 2005). These studies 
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demonstrated survival, lack of immune rejection and some differentiation of the grafted 

tissue.  

Several reports have reported functional improvements following neuroblastic 

progenitor sheet transplantation in the rat (Arai et al., 2004; Seiler et al., 2010; Seiler 

and Aramant, 2005). The precise explanation for the improvements observed in these 

studies remains unclear, although is likely that growth factors released by the foetal 

tissue improved the survival of the endogenous photoreceptor cells via a neurotrophic 

effect (Liljekvist-Soltic et al., 2008). Further studies would be required to prove the 

specificity of the visual improvements reported. Clinical studies in humans using this 

approach showed some subjective improvements in vision (Radtke et al., 2008), but as 

these patients also received intraocular lens implants, it is difficult to assess the source 

of the improvement. 
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B) CELL SUSPENSIONS 

Other strategies have investigated the potential of transplanting single cell 

suspensions. Successful transplantation of photoreceptors in this manner requires a 

donor cell that is capable of migrating into the outer nuclear layer of the recipient retina; 

differentiating into the mature photoreceptor phenotype, forming segment structures 

capable of capturing light, and successful integration into the visual system by forming 

synaptic connections with second order neurons. The quest to find a donor cell capable 

of all of these feats has been a long-standing investigation.  

 

Neural progenitor cells 

Brain-derived and retinal-derived neural precursor cells share a common origin, both 

originating from the neuroectoderm of the neural plate in development (Chow and 

Lang, 2001). It was thought that using neural progenitor cells, rather than more mature 

neural cells, would be optimal because immature neurons retained their intrinsic 

capacity to migrate and differentiate. Several studies examine the use of brain-derived 

neural stem (NS) cells and neural progenitor (NP) cells as a donor cell source 

(Conover and Allen, 2002; Klassen et al., 2007; Mellough et al., 2007; Mizumoto et al., 

2003; Sakaguchi et al., 2003; Takahashi et al., 1998). Although early studies 

demonstrated that brain-derived neural precursor cells were able to robustly integrate 

into the immature recipient retina (Chacko et al., 2000; Sakaguchi et al., 2003; Van 

Hoffelen et al., 2003), further studies yielded disappointing results when transplants 

using neural progenitor cells were performed into adult recipients, as cell migration and 

integration into the adult recipient retina was limit (Sakaguchi et al., 2005; Young et al., 

2000). It was concluded that the age of the host played a key role in determining 

transplantation outcome. Furthermore, although these cells were capable of migrating 

and integrating into all layers of an immature host retina, the cells did not differentiate 

into mature retinal phenotypes (Marquardt and Gruss, 2002). While some cells 
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developed retinal neuronal morphologies, they did not express retinal specific markers 

(Sakaguchi et al., 2005; Sam et al., 2006; Takahashi et al., 1998; Young et al., 2000). 

 

Retinal progenitor cells  

The linage restriction of brain-derived NS and NP cells and their subsequent inability to 

differentiate into mature retinal phenotypes led groups to investigate immature retinal 

neural cells as a potential donor source for photoreceptor transplantation. These cells 

are clearly already programmed to become retinal cells and were therefore thought to 

be better able to  form retinal phenotypes after transplantation. 

Retinal progenitor cells isolated from E17 rat retina and expanded in culture prior to 

transplantation into S334ter recipient rats showed the ability to differentiate into 

photoreceptor phenotypes expressing photoreceptor markers such as recoverin and 

rhodopsin. However, although donor neurite extensions were observed when 

transplanting RPC into the immature recipient retina very limited integration was 

observed in the adult retina (Qiu et al., 2005).  

 

Post-mitotic retinal precursor cells 

It was assumed that the adult retina was not permissive to donor cell integration as it 

lacked the environmental development extrinsic cues needed to promote RPC 

migration in to the adult host retina. These studies had assumed that only immature 

progenitor cells retained the ability to migrate and integrate into the recipient retina, 

however, two studies indicated that an older donor cells may also retain this ability.. 

Kwan et al. (1999) demonstrated that donor cells isolated from postnatal day 7-9 mice 

transplanted into adult Rd1 recipients were able to survive in the subretinal space and 

extend neurites towards the host retina. In addition, further studies using cultured P1 

GFP positive retinal cells, demonstrated some integration in the Rho-/- recipients 
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(Klassen et al., 2004). However, despite expression of mature photoreceptor markers 

in the latter study, the integrated cells shown in both reports lacked mature 

photoreceptor morphologies.  

The breakthrough came in 2006 by MacLaren and Pearson et al., later confirmed by 

Bartsch et al. 2008, when it was demonstrated that robust integration and 

differentiation can be achieved in the adult retina if the donor cells that are transplanted 

are at the correct ontogenic stage in development. Post-mitotic precursor cells, as 

opposed to stem/progenitor cells or more mature retinal cells, were identified as the 

most efficient donor cell population to integrate in the adult retina. Furthermore, it was 

demonstrated that these cells could form synapses in the correct location, respond to 

glutamate stimulation and restore a basic visual response, the pupillary light reflex, in 

the Rho-/- mouse model of retinal degeneration (Maclaren et al., 2006). This study 

demonstrated proof-of-concept for rod photoreceptor transplantation, showing robust 

migration, integration and some basic functional connectivity in both the adult and 

degenerate retina. 
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1.7.2. LONGEVITY AND IMMUNOLOGICAL CONSIDERATION 

 

Depending on the nature of the donor cell source, immune rejection may present a 

major problem for photoreceptor replacement therapy. Traditionally the eye has been 

described as an ‘immune-privileged’ site that will allow survival of grafted tissue.  

However, it has been demonstrated that despite survival of integrated cells up on 12 

months post transplant, there is a marked decline in the number of integrated cells from 

4 months post transplant, an effect associated with activation of an adaptive immune 

response (West et al., 2010). Although autologous donor cells are likely to be optimal 

for long-term survival of transplanted cells, immune suppression maybe effective to 

ensure survival of successfully transplanted cells from non-autologous donor sources. 

Continuous immune suppression using cyclosporine A enhanced long-term survival of 

transplanted cells in wildtype recipients (West et al., 2010).  In addition, an acute 

inflammatory innate immune response was demonstrated 1 month post transplantation 

in some wildtype recipients, suggesting that immune modulation of both the innate and 

adaptive immune response maybe required. It must also be considered that long-term 

survival of transplanted photoreceptor cells in the degenerating recipients retina maybe 

far more compromised than in the wildtype recipient as a result of the pro-inflammatory 

microenvironment. A donor cell source that could circumnavigate the potential 

immunological complications would be a significant advantage.  
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1.7.3. GENERATION OF APPROPRIATE DONOR CELL SOURCES 

When considering photoreceptor replacement therapy as a treatment for human retinal 

disease, a fundamental problem arises in that an appropriate source of donor cells is 

required. There are a number of considerations that need to be addressed in the 

search for a suitable donor cell source: ethical suitability, ease of availability, and 

immunological compatibility. The MacLaren and Pearson et al. (2006) study 

demonstrated that the precise developmental stage of the donor cell is a key 

requirement for successful photoreceptor transplantation. Harvesting human 

photoreceptor precursor cells at the correct ontogenic stage would require donor tissue 

from the developing retinae of foetuses between 10-16 weeks gestation, a strategy that 

raises both ethical and practical concerns because of the limited availability of such 

tissue. Stem cells may offer an attractive alternative because of their capacity generate 

an abundant supply of cells and the potential to avoid any immunological 

complications. The future challenge is to generate an equivalent post-mitotic precursor 

phenotype in vitro to provide a integration-competent alternative donor cell source. 

The fundamental properties of a true stem cell are that they are pluripotent and able to 

differentiate into all cell types from all three germ layers; that they are able to proliferate 

indefinitely; and finally that they are able to self-renew by asymmetric division 

producing both a replacement stem cell and a daughter cell. Many research groups are 

investigating the potential of stem cells, including adult retinal stem-like cell (RS), 

Müller stem-like cells (MS), embryonic stem cells (ES) and induced pluripotent stem 

cells (iPS) as a future donor cell source for photoreceptor replacement therapy. Their 

potential as donor source is discussed below. 
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A) MÜLLER STEM-LIKE CELLS (MS) 

Müller glia cells from the mammalian adult retina have been reported to have some 

stem-like properties when cultured in vitro; they can grow as neurospheres, express 

some neural stem cell markers and following differentiation promoting culturing 

conditions express mature retinal cell markers such as recoverin, S-opsin and 

peripherin (Das et al., 2006; Lawrence et al., 2007; Nickerson et al., 2008; West et al., 

2009). However, their functional capabilities have yet to be characterized and their 

ability to integrate into the host retina following transplantation appears limited (Bull et 

al., 2008; Lawrence et al., 2007; Singhal et al., 2008).  

 

B) ADULT RETINAL STEM-LIKE CELLS (RS) 

Adult derived-RS cells harvested from the ciliary body, iris and, in some circumstances 

retinal tissue, can be grown as neurospheres in culture (Ahmad et al., 2000; Carter et 

al., 2007; Gu et al., 2007; Gualdoni et al., 2010; Haruta et al., 2001; Kokkinopoulos et 

al., 2008; Macneil et al., 2007; Mayer et al., 2005; Tropepe et al., 2000). Furthermore 

these cells can proliferate and differentiate into glial and neuronal cell types. Although 

several studies have suggested to have successfully induced differentiation into 

photoreceptor phenotypes whereby a number of mature photoreceptor markers, such 

as rhodopsin, recoverin and transducin are expressed (as reviewed in (West et al., 

2009) differentiation efficiency remain low and recent reports question the extent of true 

photoreceptor differentiation (Gualdoni et al., 2010). Furthermore, following 

transplantation the integration efficiency of these cell types remains poor (Akagi, 2005; 

Canola et al., 2007; Chacko et al., 2000) and the functional capabilities of these cells 

remains unknown as they have not been demonstrated to be light-sensitive (Jomary 

and Jones, 2008). The usefulness of adult derived RS cells at present remains limited 

and ES and iPS cells may offer a more promising alternative (Boucherie et al., 2011; 

West et al., 2009). 



81 
 

C) Embryonic stem cells (ES) 

ES cells proliferate and differentiate to produce all of the cells of the developing 

embryo. ES cells isolated from the inner cell mass of the mouse, monkey and human 

blastocyst have shown the ability to differentiate into retinal cell types, including 

photoreceptors (Boucherie et al., 2011; Ikeda et al., 2005; Lamba et al., 2006; Lamba 

et al., 2009; Osakada et al., 2008). Differentiation efficiency into photoreceptor cell 

fates remains relatively low, with ~17% expressing rod markers such as rhodopsin and 

recoverin (Osakada et al., 2008). Interestingly, differentiation efficiency of human ES 

towards retinal cell fates appears to be lower than mouse, with only ~8.5% of cells 

expressing rhodopsin (Osakada et al., 2008). More recently, it was discovered that 

mouse ES cells grown in 3D Matrigel cultures generated a synthetic retina with a self-

organised laminar structure producing all the major classes of retinal neurons, including 

photoreceptors (Eiraku et al., 2011). If this 3D culturing system could be used to grown 

human ES, it may provide a method for more efficient production and identification of 

photoreceptor precursors at the correct ontogenetic stage for transplantation (Ali and 

Sowden, 2011; Eiraku et al., 2011). Human ES cells have been shown to integrate into 

the mouse retina and express mature rod photoreceptor markers such as recoverin 

and rhodopsin (Lamba et al., 2009). A major challenge surrounding the use of ES cell 

for regenerative medicine is the ethical issues concerned with the use and destruction 

of human embryos to isolate ES cells. In addition, ES derived donor cells do not 

address the immunological complications and tissue matching would still be a technical 

challenge.  



82 
 

D) INDUCED PLURIPOTENT STEM CELLS (IPS) 

In 2006, it was discovered that adult somatic cells can be reprogrammed to produce 

pluripotent stem cells by inducing forced retroviral expression of four transcription 

factors: Oct4, Sox2, c-Myc and Klf4 (Takahashi et al., 2007; Takahashi and Yamanaka, 

2006). Although very similar to ES cells in their molecular, morphological and 

development profile, the true extent of their reprogramming is still being assessed and 

some epigenetic abnormalities exist (Stadtfeld et al., 2010). Efficiency of iPS cell 

differentiation in vitro towards photoreceptor cell fates remains low, with only 6-8% of 

cells expressing rhodopsin in vitro (Osakada et al., 2009). It is also emerging that 

specific iPS cell lines retain epigenetic memory restricting retinal differentiation (Hirami 

et al., 2009; Lamba et al., 2010; Osakada et al., 2009). Transplantation of iPS derived 

retinal cells has, to date, largely been unsuccessful. There are reports of some 

integration into the recipient retina, but convincing examples of photoreceptor 

morphologies are lacking (Lamba et al., 2010; Parameswaran et al., 2010). This may 

be due to the donor cells not being at the correct development stage required for robust 

cell integration (Maclaren et al., 2006). An additional challenge of using photoreceptor 

donor cells derived from iPS cells for transplantation is the safety issues surrounding 

teratoma formation. The transcription factors used to reprogram somatic cells are 

known oncogenes that could be reactivated during the differentiation process thus 

posing a safety risk for their use in humans (Nakagawa et al., 2008). Several groups 

are working to restrict the use of these transcription factors and using non-integrating 

viruses to circumvent this problem (Brambrink et al., 2008; Kiskinis and Eggan, 2010). 

In addition, if the underlying cause of disease was genetic, correction of the mutated 

gene in the autologous iPS derived cells using gene therapy will be required. 

Provided that the safety issues are be addressed, the differentiation efficiency is 

improved and the integration efficiency is robust, the use of iPS generated 

photoreceptors for transplantation could offer a number of advantages compared with 

other donor cell sources, namely the immunological benefit of transplanting autologous 
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cells and avoidance of the ethical issues surrounding use of ES cells derived from 

embryos.   

 

 

1.8. FUTURE CHALLENGES FOR PHOTORECEPTOR 

REPLACEMENT THERAPY 

 

In order for photoreceptor transplantation to be considered as a future therapy to treat 

retinal degenerative disorders, a number of key issues need to be addressed. 

Transplantation efficiency needs to be enhanced, as far greater numbers of integrated 

cells are likely to be required than previously reported to restore higher visual functions 

(Bartsch et al., 2008; Lakowski et al., 2010; Maclaren et al., 2006; West et al., 2008; 

West et al., 2010; Yao et al., 2010). Furthermore, the functionality of the transplanted 

cells needs to be assessed, as does the breadth of application of cell transplantation 

therapy. Robust integration in the degenerating retina must be demonstrated and the 

ability to restore higher visual functions must be achieved before photoreceptor 

replacement therapy can be seriously considered as a future treatment for retinal 

degenerative disorders.  



84 
 

1.8.1. DIFFICULTIES IN INTERPRETATION OF CELL 

INTEGRATION 

Before addressing the key issue highlighted in the previous paragraph, it is worth 

noting that a common problem in the field has been the terminology used to describe 

successful transplantation. Indeed, the term ‘integrated’ has been used to describe 

transplanted cells showing full morphological integration through to geographic 

proximity to the host ONL. 

Figure 1.12 illustrates some of the different interpretations of cell integration and 

successful transplantation. The images present in Figure 1.12a were taken from 

several reports where the authors suggested that transplanted donor cells were 

correctly integrated into the host retina (Klassen et al., 2004; Lamba et al., 2009; Ma et 

al., 2011; Tucker et al., 2011). Some of these studies suggested that these cells 

presented processes extending into the plexiform layer (Klassen et al., 2004; Ma et al., 

2011), formed functional synapses (Lamba et al., 2009; Tucker et al., 2011) and 

developed segments structures that co-stained with phototransduction cascade 

markers (Tucker et al., 2011), statements that are not clearly represented in the images 

presented in the reports. The morphology of the transplanted cells is ambiguous and 

their location within the retina is disorganized (Figure 1.12a). Indeed, many of the cells 

described as integrated lacked clear mature photoreceptor morphologies, including 

synapse and segment structures, and co-staining with mature photoreceptor marker is 

not clearly demonstrated (Figure 1.12a i, ii, iv, v, vi). In addition, in the studies 

performed by Lamba et al (2009) and Tucker el al (2011), identification of the donor cell 

within the recipient retina is compromised. The former study relies on staining for 

dsRED, which in the images presented appears weak and possibly non-specific, as the 

entire ONL shows positive staining (Figure 1.12a iv; (Tucker et al., 2011)). The latter 

study used an adenovirus to drive GFP expression in the human-ES-derived donor 

cells prior to transplantation (Figure 1.12a iv, v and vi). The use of viruses to label 
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donor cells must be carefully controlled as any virus particles left in the donor cell 

media can transduce the endogenous recipient photoreceptors creating false positives, 

a phenomenon that has been observed in our lab (pers com Emma West). 

Furthermore, in many of the images it is difficult to distinguish the host ONL (Figure 

1.12a ii and iii) and several of the images are not co-stained with DAPI to facilitate 

identification of the retinal laminar structure (Figure 1.12a iv, I and vi). In contrast, 

images presented in Figure 1.12b demonstrate transplanted cells with defined mature 

rod morphologies consisting of an easily identifiable cell body clearly located within the 

recipient ONL, synaptic-bouton like structures correctly located in the OPL and 

elongated segment structures extending into the subretinal space (Bartsch et al., 2008; 

Jiang et al., 2010; Maclaren et al., 2006; West et al., 2010; Yao et al., 2010).  

Another potential pitfall in the interpretation of integration efficiency data is the 

methodology used to quantify the number of integrated cells. Several groups count the 

total number of integrated cells in alternate serial sections, a method that will account 

for the uneven distribution of the cell mass and integration across the retina (Jiang et 

al., 2010; Maclaren et al., 2006; West et al., 2010; Yao et al., 2010). However, other 

groups either failed to mention their method of quantification (Gust and Reh, 2011; 

Lamba et al., 2009) or assessed the number of integration by counting the number of 

cells located in the ONL within one microscopic field of view (Ma et al., 2011; Tucker et 

al., 2011). This method is very limited as it does not account for the very uneven 

distribution of integration and may easily introduce unintentional bias.  Of equal 

importance is the exclusion criteria adopted when removing data values from a data 

set. In this report, exclusion criteria was based on where the cell mass was present in 

the subretinal space or whether any there was evidence of a severe immunological 

response (for further information of exclusion criteria, see Chapter 2.3.4.1). However, in 

one study, data was excluded if no integration was observed, despite the presence of a 

good cell mass and no clear evidence of donor cell mass or an acute recipient 
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immunological response (Gust and Reh, 2011). This may falsely increase the average 

integration efficiency. 
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FIGURE 1.12. DIFFERENT INTERPRETATIONS OF DONOR CELL INTEGRATION  

(a) Examples of ambiguous donor cell integration where donor cell body location is not 

clearly located in the recipient ONL and integrated cell morphology is poor. (i) 

Transplantation of donor P1 cultured RPCs isolated from the cba.GFP+ve mouse into 

Rho−/− recipient mice. Donor RPCs (green) were described to have migrated into all 

retinal layers and extended cellular processes within the recipient retina. The ONL was 

visualized by recoverin-positive staining (red). Adapted from Klassen et al., 2004. (ii), 

(iii) Transplantation of P1 cultured RPC isolated from the cba.GFP+ve mouse 
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into Rho−/− recipient mice. Scale bar: 20 μm. (ii) Integrated cells (green) were described 

as co-localising with recoverin (red) as indicated by the white arrow. Adapted from Ma 

et al., 2011. (iv) Immunocytochemical analysis performed on Rho-/- retinal degenerative 

eyes 21 days after receiving subretinal injections of mouse iPS derived rod precursor 

donor cells. Cells were generated from the dsRED mouse and identification of donor 

cells in the recipient retina relied on dsRED staining (red). Integrated cells were 

described to co-localise with recoverin (green). Scale bar 50µm. Adapted from Tucker 

BA, et al 2010. (v) and (vi) Examples of transplanted hES-derived rod precursor cells, 

described to have integrated into the adult Crx-/- recipient retina. To allow identification 

of donor cell post transplantation, a GFP-expressing virus was added to the culturing 

media. Adapted from Lamba, et al., 2009. (v) Integrated cell were described to co-

localise with rhodopsin (red). (vi) Integrated cell were described to co-localise with 

human Nrl (red). 

(b) Examples of clearly defined donor cell integration: donor cell body is clearly located 

in the recipient ONL and integrated cells adopt a mature rod morphology with well 

defined synaptic boutons in the OPL and segment structures in the IPM. (i) Examples 

of integrated Nrl.GFP+ve rod precursor donor cells transplanted into the Rd9 recipient 

mouse. Adapted from Yao, et al., 2010. (ii) Examples of integrated P1 RPC donor 

cells, cultured from the cba.GFP donor mouse, and transplanted into wildtype 

recipients. Integrated RPCs co-label with rhodopsin (red), and recoverin (blue). 

Adapted from Jiang, et al., 2010. (iii) P4 cba.GFP donor cell integrated into the 

wildtype recipient mouse demonstrating clearly defined donor cell bodies (full arrows) 

located in the ONL (data not shown) and synaptic bouton structure (small arrow heads) 

located in the OPL. Adapted from Bartsch et al., 2008. (iv) Post-mitotic Nrl.GFP rod 

precursor donor cells integrated into the wildtype ONL following subretinal 

transplantation. Adapted from West, et al., 2010. Scale bar 50µm. (v) P1 donor cells 

from the cba.GFP donor mouse integrated in the immature recipient wildtype retina. 

Adapted from MacLaren, et al., 2006. 
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1.8.2. IMPROVING TRANSPLANTATION EFFICIENCY 

 

The proof-of-concept of photoreceptor transplantation has been demonstrated. 

However, to date the efficiency of photoreceptor transplantation remains low with only 

a few hundred to a few thousand cells integrating into the recipient (Lakowski et al., 

2010; Lakowski et al., 2011; Maclaren et al., 2006; Pearson et al., 2010; West et al., 

2008; West et al., 2010). Far greater numbers of successfully integrated cells are likely 

to be required in order to restore meaningful vision. There are a number of ways to 

maximize integration efficiency. Firstly, purifying the optimal donor cell population using 

fluorescent activated cell sorting (FACS) and optimizing transplantation techniques, 

such as cell density and exploring multiple transplantation sites, could improve 

efficiency. Secondly, transplant outcome is likely to be enhanced by modifying the 

recipient environment by targeting disruption physical barriers present in the host 

retina, such as the outer limiting membrane (West et al., 2008). In addition, the 

degenerating retinal host environment is likely to present some additional challenges 

for successful transplant outcome. Glial scaring, a hallmark of degenerative disorders, 

has been show to be inhibitory to neurite extension and regeneration in the CNS 

(Bradbury et al., 2002; Fawcett et al., 1989; Moon et al., 2001; Morgenstern et al., 

2002; Smith-Thomas et al., 1994). A similar glial response in the retina can also be 

observed and it’s exact role in transplant outcome is yet to be clarified (Kinouchi et al., 

2003; Zhang et al., 2003; Zhang et al., 2004) and destruction of the retinal 

cytoarchitecture of the host. In addition, the use of growth factors is likely to improve 

the migratory capacity of the donor cell population. Some of these issues will be further 

addresses in Chapter 3. 
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1.8.3. ASSESSING FUNCTIONALITY OF TRANSPLANTED CELLS 

 

Considering the low integration efficiency reported in many studies, some impressive 

and perhaps questionable improvements in visual function has been reported. 

Currently, there is a lack experimental cohesion in the published reports, making it 

difficult to cross-reference reported findings from different research groups. Studies use 

different donor cell types and different recipient at a variety of ages, factors which are 

likely to affect transplantation and functional output efficiency. Many studies choose to 

test only one visual output (Klassen et al., 2004; Kwan et al., 1999; Lamba et al., 2009; 

Maclaren et al., 2006; Tucker et al., 2011) but a thorough assessment of transplanted 

photoreceptor function, using one type of donor cell and recipient, is required, starting 

from the level of the photoreceptor up to cortical responses in the brain and finally to 

demonstrate visual perception by assessing visually guided behavior. In addition, 

validation of the visual functional assays needs to be affirmed to address the question 

of how many cells are needed to generate a functional response; this will allow some 

comparison between research groups using different strategies.  Chapter 3 aims to 

assess the functionality of transplanted photoreceptor cells along with correlating the 

number of cells required to generate responses in some of the tests used to measure 

visual output.  
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1.8.4. ASSESSING BREADTH OF APPLICATION  

 

A fundamental question remains as to how broad an application photoreceptor 

transplantation therapy will have for the very heterogeneous degenerations 

encompassed within AMD and Retinitis Pigmentosa (RP). Until now, much of the work 

concerning photoreceptor transplantation as a strategy for retinal repair has used the 

wildtype retina (Bartsch et al., 2008; Chacko et al., 2000; Eberle et al., 2011; Gust and 

Reh, 2011; Kwan et al., 1999; Mizumoto et al., 2003; Pearson et al., 2010; Suzuki et 

al., 2007; Takahashi et al., 1998; West et al., 2008; West et al., 2009; West et al., 

2010) or isolated models of degeneration as a recipient (Lakowski et al., 2011; Lamba 

et al., 2009; Maclaren et al., 2006; Mellough et al., 2007; Pearson et al., 2010; Singhal 

et al., 2008; Suzuki et al., 2007; Takahashi et al., 1998; Yao et al., 2010). In order for 

cell therapy to be established as a feasible approach to treat human retinal disease, 

photoreceptor transplantation must be assessed in different models of retinal 

degeneration. The degenerating retinal environment is very different from the wildtype 

retina and potentially hostile to transplanted cells (Vugler et al., 2007; West et al., 

2009), which have to migrate from the site of transplantation, typically the subretinal 

space, across the inter-photoreceptor matrix and outer limiting membrane (OLM) and 

into the recipient outer nuclear layer (ONL) which undergoes extensive glial scaring. In 

additional, global cell death of endogenous photoreceptors results in changes to the 

remaining retinal cytoarchitecture and creation of a pro-inflammatory host environment. 

Different disease types are likely to present with very different micro-environments.   

Moreover, photoreceptor replacement been proposed as a complementary therapy to 

treat late-stage disease, however, it is not known to what extent this is possible. 

Studies in the opossum demonstrated that transplanted neural progenitor cell 

integration efficiency declines as the recipient matures suggesting that the age of the 

recipient host may inhibit successfully cell migration (Sakaguchi et al., 2003; Sakaguchi 
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et al., 2005). Several studies to date have shown that integration into the adult wildtype 

retina can be achieved when using donor rod photoreceptor precursor cells (Maclaren 

et al., 2006), however, the impact of the age and degenerative status on transplant 

outcome has not adequately examined. Photoreceptor transplantation must be 

assessed at different stages of the degenerative process to address both the feasibility 

of application and identify any therapeutic time windows.  
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EXPERIMENTAL AIMS 

While considerable progress has been made in recent years concerning the prospects 

for photoreceptor transplantation as a treatment for retinal degeneration, a number of 

very significant challenges and questions remain. This thesis addresses two of these:  

1) Are transplanted photoreceptors capable of restoring visual function in the 

dysfunctional recipient retina?  

2) Is photoreceptor transplantation efficiency equivalent across different retinal 

degenerations?  

 

Question 1 is addressed in Chapter 3, with the following specific experimental aims: 

(1) To optimise transplantation protocols and techniques in order to improve 

transplanted rod-precursor cell integration efficiency firstly into wildtype recipient 

retinae and then into a model of stationary night-blindness, the Gnat1-/- mouse. This will 

be done by assessing the impact of (i) donor cell injection concentration; (ii) multiple 

injection sites; (iii) recipient retinal injury, induced by a scleral stick wound and 

subretinal pre-detachment on transplantation efficiency; and (iv) purification of the 

donor cell population to include only Nrl.GFP+ve-rod precursor cells, using FACS. 

(2) To assess the functional capabilities of integrated rod precursor donor cells in the 

Gnat1-/- mouse model of stationary night-blindness. This includes assessing the ability 

of transplanted cells to integrate and assume mature rod cell morphology, express 

appropriate components of the phototransduction cascade and respond to light in an 

appropriate manner  

(3) To determine whether integrated cells form functional synaptic connections to 

second order neurons within the recipient retina and whether visual signals generated 
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by integrated cells are propagated to higher visual areas and are able to drive visually-

guided behavior. 

 

Chapter 4 addresses the breadth of application of photoreceptor replacement therapy 

to ask whether disease type and degeneration state impact upon transplanted cell 

integration efficiency. To do this I will: 

(1) Assess transplantation efficiency across 6 murine models of retinal degeneration at 

different stages of the disease process, both in terms of the total number of cells 

integrated into the recipient retina and the morphology of integrated cells.  

(2) Assess key factors of the recipient microenvironment known to change during 

degeneration, namely ONL composition, glial scarring and OLM integrity, at all 

degeneration stages, to determine whether these correlate with transplantation 

outcome. 

(3) Manipulate glial scarring and OLM integrity using enzymatic and molecular 

strategies, respectively, to determine their role in transplantation outcome and ask 

whether their disruption improves integration efficiency.  
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LIST OF ABBREVIATIONS 

RP – Retinitis pigmentosa 

AMD - Age-related macular degeneration 

RPE - Retinal pigmented epithelium 

ONL – Outer nuclear layer 

INL – Inner nuclear layer 

GCL – Ganglion cell layer 

OPL – Outer plexiform layer 

IPL – Inner plexiform layer 

IPM – Interphotoreceptor matrix 

RPC - Retinal progenitor cells 

E - Embryonic day 

P – Postnatal day 

ECM – Extracellular matrix 

CSPG - Chondroitin sulphate proteoglycans 

CNS – Central nervous system 

NS – neural stem cells 

NP – neural progenitor cells 

ES – embryonic stem cells 

hES – human embryonic stem cells 

iPS – induced pluripotent stem cells  
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CHAPTER 2 

METHODS 

 

2.1. ANIMALS 

 

C57Bl/6J (Harlan, UK), Nrl.gfp+/+ (A. Swaroop, University of Michigan, USA (Akimoto, 

2006)), Crb1r8d/rd8 (Jackson Laboratory, (Mehalow et al., 2003)), Gnat1-/- (J. Lem, Tufts 

University School of Medicine, USA, (Calvert et al., 2000)), Prph2rd2/rd2 (G. Travis, 

UCLA (Connell et al., 1991; Travis et al., 1989)), Prph2+/ Δ307 (J. Farrar, Trinity College 

Dublin, Ireland (McNally et al., 2002)) PDE6βrd1/rd1 (Harlan, Wyton, UK) and Rho-/- ( P. 

Humphries, Trinity College Dublin, Ireland, (Humphries et al., 1997)) mice were 

maintained in the animal facility at University College London. All experiments have 

been conducted in accordance with the Policies on the Use of Animals and Humans in 

Neuroscience Research, revised and approved by the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research (Rockville, MD). Animals were maintained 

under standard cyclic lighting conditions (12 hour light-dark). Adult mice (male and 

female) were aged 6-8 weeks, unless otherwise stated. C57Bl/6J mice were used as 

wildtype controls. Nrl.gfp+/+ were used as the donor cell source for transplantation. 
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2.2 TRANSPLANTATION 

The transplant procedure is illustrated in the methods schematic presented in Figure 

2.1. 

2.2.1. DISSOCIATION OF RETINAL CELLS  

 

Cells were prepared from postnatal day (P) 4-8 Nrl.gfp+/+ littermates. The mice were 

sacrificed by cervical dislocation and the neural retina was dissected.  Cells were 

dissociated using a papain-based kit (Worthington Biochemical, Lorne Laboratories 

UK). Unless otherwise stated, flow cytometry (FACs) was used to isolate the GFP-

positive rod precursor cell population. Dissociated cells were re-suspended at a 

concentration of 20,000,000 cells/mL in oxygenated EBSS containing 1% fetal calf 

serum (FCS) and stored on ice prior to FACs sorting. Cells were sorted under sterile 

conditions using the MoFLO DXP cell sorter (Beckman Coulter, High Wycombe UK). 

The sort uses sterile PBS and a sample pressure of 60psi and a sheath pressure of 

60.8psi using a 70m nozzle. Viability of both the original sample and FACS sorted 

sample was assessed at the end of the sorting session using Propidium Iodide (PI) to 

label dead and dying cells. Sorted cells were collected in EBSS containing 20% FCS 

and stored on ice before being spun at 150G for 12 minutes before re-suspending in 

re-suspension buffer (EBSS containing 0.005% DNAse) prior to transplantation. Cells 

were stored on ice until transplantation.  Unless otherwise stated, cells were re-

suspended at a concentration of 200,000 live cells/l using a re-suspension buffer 

(EBSS containing 0.005% DNAse). Cell viability counts were performed using trypan 

blue and the Sceptre handheld cell counter (Millipore, Watford, UK). 
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FIGURE 2.1. SCHEMATIC SUMMARY OF TRANSPLANT METHOD 

Donor cells are harvested from the central neural retina of P4-8 Nrl.GFP+/+ pups (i) and 

dissociated using papain (ii). Either FACS-sorted purified GFP+ve rod precursor cells or 

an unsorted mixed population of dissociated retinal cells are transplanted subretinally 

at a density of 200,000 live cells per µl in recipient mice (iii). Recipient animals are 

sacrificed 3 weeks post transplant (iv) and the number of Nrl.GFP+ve donor cell 

correctly integrated in the ONL of the recipient retina is quantified as illustrated in (v) 

whereby a schematic of integrated cells are shown on the right panels and a representative 

confocal image is shown on the left.   
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2.2.2. TRANSPLANTATION PROCEDURE  

 

Surgery was performed under direct ophthalmoscopy through an operating 

microscope, as previously described (Maclaren et al., 2006). Briefly, recipient mice 

were anaesthetised using a reversible anaesthetic regime.  A single intra-peritoneal 

injection of 0.2 ml of a mixture of Dormitor (1 mg/ml medetomidine hydrochloride, Pfizer 

Pharmaceuticals, Kent UK), ketamine (100 mg/ml, Fort Dodge Animal Health, 

Southampton, UK) and sterile water for injections in the ratio of 5:3:42 for adult mice. 

Recipient mice were reversed using antisedan. 

 

The eye was dilated using tropicamide (Bausch&Lomb, Surrey UK) and kept moist with 

viscotears (Dr Winzer Pharma GmbH, Berlin Germany). Where stated, a scleral 

puncture wound was performed at the level of the anterior chamber using a sterile 

8 mm 34-gauge hypodermic needle (Hamilton, Switzerland). Using the same 

hypodermic needle, cells were transplanted via a single subretinal injection (1 µl, 

unless otherwise stated), made at an oblique angle through the superior sclera into the 

subretinal space, and injected slowly to produce a standard and reproducible retinal 

detachment in the superior hemisphere. The needle was slowly withdrawn, leading to a 

self-sealing of the wound tunnel (Figure 2.1, iii) 

Chloramfenicol (Martindale Pharmaceuticals, Romford UK) was used as post-operative 

care for the eye and animals were kept warm during the procedure to minimize the 

development of cateract. Animals were sacrificed by cervical dislocation 3 weeks post 

cell transplantation, unless otherwise stated. 
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2.2.3. INTERVENTIONS 

 2.2.3.1. siRNA ZO-1 

Targeting siRNA against ZO-1 was generated using the sequence 5’ 

AAGATAGTTTGGCAGCAAGAG 3’ (Invitrogen, UK) as reported previously 

(Sourisseau et al., 2006). Sterile buffer containing oligofectamine was used to re-

suspend the siRNA to the appropriate concentration using RNAase-free plasticware. A 

proven non-targeting siRNA (AllStars negative control siRNA; cat. no. 1027281; 

Qiagen, UK), or vehicle (buffer + oligofectamine) was used for control experiments at 

the equivalent concentration and volume.  siRNAs were introduced by subretinal 

injection (1.5µl) to the superior retina 48 hrs prior to cell transplantation.  

 

 2.2.3.2. Chondroitinase ABC 

ChABC was prepared and administered according to previous reports (Singhal et al., 

2008; Suzuki et al., 2007). Briefly, ChABC was made up in TBS according to 

manufacturer’s preparation instructions (Sigma-Aldrich, USA). ChABC was 

reconstituted in 0.01% bovine serum albumin (BSA) aqueous solution. Immediately 

prior to use, subsequent dilutions were made with buffer (50nM Tris, 0.02% BSA), 

containing 60mM sodium acetate to activate the ChABC. The buffer solution was 

adjusted to the optimal pH (8.0) for ChABC activity:  ChABC was added to the cell 

suspension medium at a final concentration of 0.025U/µL, containing 0.005% DNAse. 
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2.2.4. SLO IMAGING 

A HRA2 scanning laser ophthalmoscope (SLO (Heidelberg engineering, Heidelberg, 

Germany)) with a 55 angle lens was used to perform fluorescence imaging, a method 

previously described (Luhmann et al., 2009). Briefly, a 488 nm laser was used to scan 

the retina. The optic disc was positioned at the center of the image and the image 

focused on the outer retina. Projection images of 30 frames per fundus were taken and 

evaluated for the appearance of fluorescence.  

  



103 
 

2.3. HISTOLOGY, MICROSCOPY & WESTERN BLOT 

2.3.1. IMMUNOHISTOCHEMISTRY AND HISTOLOGY  

 

 2.3.1.1. Immunohistochemistry 

For counting, eyes were enucleated and the cornea and lens removed before fixation 

with paraformaldehyde (PFA). For immunohistochemistry, a corneal burn was used to 

identify the superior retina before fixation. See Table 1 for specific fixation regimes. The 

eyecup was cryoprotected before embedding in optimal cutting temperature (OCT) 

embedding medium (TissueTek, Thermo Fisher Scientific UK) using isopentane and 

liquid nitrogen. 

Serial coronal sections were cut at 20µm thick for counting and sagittal sections were 

cut at 15µm thick for immunohistochemistry and affixed to super-frosted poly-lysine 

coated slides (Thermo Scientific, UK). Retinal cryosections were air-dried for 15-30 

mins and frozen at -20oC. For immunohistochemistry, retinal cryosections were thawed 

at room temperature for 30 mins prior to staining. Some antibody protocols required 

post-fixation and in these cases sections were incubated with PFA at this point. 

Sections were washes with Tris-buffered saline (TBS) and incubated in blocking 

solutiuon (see Table 1 for specific blocking buffers) for 2 hours at room temperature 

and then incubated with primary antibody at 4 ° C overnight. Sections were washed 5x 

5 mins with TBS and incubated with secondary antibody for 2 hours at room 

temperature (RT). Again sections were washes 5x 5mins with TBS before counter-

staining with Hoechst 33342 (stock solution 5mg/mL diluted 1:1000 with TBS for 

working dilution). Negative controls were treated identically and in parallel except the 

primary antibody was omitted. The following antibodies and staining protocols were 

used:  
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Antibody Fixation Blocking 
solution 
with TBS 

Primary Ab 
concentration 

Secondary Ab 
concentration 

Polyclonal anti -
GFAP   

Produced in rabbit  
DAKO Z0334 

4% PFA, 

1hr 

2% NGS,  

1% BSA 

0.05% Triton-X 

1:500 Gt-anti-rabbit 

Alexa 546, 

1:500 

Molecular Probes 

Monoclonal anti-
Vimentin  

Produced in mouse  

SIGMA V5255 

No fixation. 

1% PFA post fix 

5 mins 

5% NGS 

2.5% BSA 

0.5% Triton-X 

1:200 Gt-anti-Mouse 

Alexa 488, 

1:500 

Molecular Probes 

Monoclonal anti-
CS56 (CSPGs) 

Produced in mouse 

SIGMA C8035 

No fixation. 1% NGS 

5% Milk 

0.05% Triton-X 

1:200 Gt-anti-Mouse 

Alexa 488,  

1:500 

Molecular Probes 

Polyclonal anti- 

ZO-1  

Produced in rabbit 

ZYMED 

1% PFA,  

30min 

5% NGS 

2% BSA 

0.05% Triton-X 

1:250 Gt-anti-rabbit 

Alexa 546, 

 1:500 

Molecular Probes 

Monoclonal anti-
CtB2 (ribeye) 

Produced in mouse 

BD Bioscience 
612044 

4% PFA,  

15min. 

1% NGS 

1% BSA 

0.1% Triton-X 

1:500 Gt-anti-Mouse 

Alexa 546, 

 1:500 

Molecular Probes 

Polyclonal anti-  

Rod Transducin 
(gnat1)  

Produced in rabbit 

SantaCruz Biotech 
SC-389 

4% PFA,  

1hr 

1% NGS 

1% BSA 

0.1% Triton-X 

1:1000 Gt-anti-rabbit 

Alexa 546, 

 1:500 

Molecular Probes 

Monoclonal anti-
Rho4D2  

Produced in mouse 

Gift from Professor 
Robert Molday 

4% PFA,  

1hr 

1% NGS 

1% BSA 

0.1% Triton-X 

1:250 Gt-anti-Mouse 

Alexa 546, 

 1:500 

Molecular Probes 
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Antibody Fixation Blocking 
solution 
with TBS 

Primary Ab 
concentration 

Secondary Ab 
concentration 

Polyclonal anti-
Peripherin2 

Produced in rabbit 

Gift from Professor 
Gabriel Travis 

 

4% PFA,  

15min 

1% NGS 

1% BSA 

0.1% Triton-X 

1:1000 Gt-anti-rabbit 

Alexa 546, 

 1:500 

Molecular Probes 

Monoclonal anti-  

Dystophin 

Produced in mouse 

Novacastra 

NCL-DYS2 

1% PFA 

30 min 

2% NGS,  

1% BSA 

0.05% Triton-X 

1:20 Gt-anti-Mouse 

Alexa 546, 

 1:500 

Molecular Probes 

Monoclonal anti-  

Bassoon 

Produced in mouse 

Stressgen 

VAM-PS003 

1% PFA 

30 min 

2% NGS,  

1% BSA 

0.05% Triton-X 

1:2000 Gt-anti-Mouse 

Alexa 546,  

1:500 

Molecular Probes 

Polyclonal anti-  

Arrestin 

Produced in rabbit 

ThermoScientific 

PAI-731 

1% PFA 

30 min 

2% NGS,  

1% BSA 

0.05% Triton-X 

1:500 Gt-anti-rabbit 

Alexa 546, 

 1:500 

Molecular Probes 

Polycolonal anti-  

CRB1 

Produced in rabbit 

Gift from Jan 
Wijnholds 

1% PFA,  

15 min 

10% NGS 

1% BSA 

0.5% Triton-X 

1:1000 Gt-anti-rabbit 

Alexa 546, 

 1:500 

Molecular Probes 

Polyclonal anti-  

B-catenin 

Produced in rabbit 

ABCAM 

Ab6302 

4% PFA 

1 hr 

5% NGS 

2% BSA 

0.1% Triton-X 

1:2000 Gt-anti-rabbit 

Alexa 546, 

 1:500 

Molecular Probes 
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TABLE 2. 1. ANTIBODY PROTOCOLS 

NGS: Normal goat serum (Abd serotec, Oxford UK). BSA: Bovine Serum Albumin 

(Sigma Aldrich, Dorset UK).  

  

Antibody Fixation Blocking 
solution 
with TBS 

Primary Ab 
concentration 

Secondary Ab 
concentration 

Polyclonal anti-  

Pancaderin 

Produced in Rabbit 

SIGMA  

C3678 

1% PFA 

1 hr 

5% NGS 

2% BSA 

0.1% Triton-X 

1:500 Gt-anti-rabbit 

Alexa 546, 

 1:500 

Molecular Probes 

Polyclonal anti-rabbit 

PKC-α 

Produced in Rabbit 

ABCAM 

4% PFA 

1 hr 

2% NGS,  

1% BSA 

0.05% Triton-X 

1:500 Gt-anti-rabbit 

Alexa 633, 

 1:500 

Molecular Probes 
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2.3.1.2. TUNEL staining for apoptotic cell bodies 

TUNEL staining using an Apoptosis Detection kit according was performed according 

to the manufacturer’s instructions (Chemicon Apoptosis Detection Kit, S7165, Millipore, 

USA). Briefly, retinal cryosections were fixed with 1% PFA for 10 mins at RT. After 

washing with PBS, tissue was post-fixed in pre-cooled ethanol:acetic acid (2:1) for 5 

mins. Following a series of washes, equilibration buffer* was applied for 10 seconds at 

RT prior to incubation with TdT enzyme* at working strength for 1 hour in a humidified 

chamber. Sections were then submerged in stop/wash buffer* for 10 min. After 

washing, sections were incubated with anti-digoxigenin conjugate* in a humidified 

chamber for 30 mins before further washing and counter staining with Hoechst 33342. 

* reagents supplied in kit. 

 

2.3.1.3. H&E staining 

For histological assessment, eyes were enucleated while leaving the superior rectus 

muscle in place to provide a landmark for the superior retina. Tissue was fixed in 

buffered formalin overnight at 4oC. Retinal sections were prepared by step-wise 

dehydration in isoproponal prior to paraffin embedding (Histocentre). Sections (5 µm 

thick) were cut in a nasal-temporal direction and affixed to glass slides. Staining using 

standard haematoxylin and eosin protocols was performed.  
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2.3.2. ELECTRON MICROSCOPY  

 

 2.3.2.1 EM for transplanted cell synapse analysis 

For ultrastructural analyses, trans-cardiac perfusions were performed on anesthetized 

animals via the ascending aorta. Animal were perfused with: (1) 10 ml of heparin saline 

(1,000 units/ml), (2) 20 ml of 4% PFA/3.75% acrolein (Polysciences, Warrington, PA) in 

0.1 M phosphate buffer (pH 7.4), (3) 60 ml of 4% PFA in 0.1 M phosphate buffer. Eyes 

were enucleated and the eye-cups were fixed with 4% PFA/ 0.1% glutaraldehyde in 

0.15 M cacodylate buffer (pH 7.4) overnight. Eye-cups were transported to our 

collaborators at Cornell University, USA for further preparation, imaging and analysis 

by Sung C.H. and Chuang J.Z. The methods used are described briefly below.  

Eye cups were embedded in agarose embedding and sectioned using a vibratome. 

The free-floating method described by Chuang et. al.  (2001, 2007) was used for 

peroxidise immunolabeling. GFP antibody was used to label Nrl.GFP+ve transplanted 

cells and a biotinylated D-anti-rabbit secondary was used and visualised with 

ABC/DAB. All immunolabelled sections were examined by a Leica TCS SP2 

microscope (Nussloch, Germany). Immunoreactivity appears as dark precipitation. For 

ultrastructural analysis, retinal sections were permeabilized by the “freeze-thaw” 

method, immunolabelled with GFP antibody and post-fixed with 2% glutaraldehyde for 

10 mins after incubation with a biotinylated D-anti-rabbit secondary antibody 

incubation. The immunolabelled sections were visualised using ABC/DAB. Finally, the 

sections were then flat embedded in Epon resin, and ultrathin sections (70nm thick) 

were cut. The most superficial sections were counterstained and examined on a Philips 

CM10 electron microscope. Negative controls were performed in parallel where 

application of the primary antibodies was omitted.  
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2.3.2.2. EM analysis of the OLM 

Mice were sacrificed and the eyes were fixed (3 % glutaraldehyde / 1 % PFA buffered 

to pH 7.4 with 0.08 M sodium cacodylate-HCL) for a minimum of 12 hours at 4ºC. Eye 

cup dissections were performed by removing the cornea and lens and a nasal stitch 

was made to orientate the eye cups. Following a 15 minute washing step with 2.5% 

glutaraldehyde buffered to pH 7.4 with 0.1 M cacodylate, specimens were processed 

as previously described (Tschernutter et al., 2005; West et al., 2008). Briefly, eye-cups 

were post fixed in the dark for 2.5 hours with 1% aqueous solution of osmium tetroxide. 

Specimens were then dehydrated using a series of ascending ethanol solutions (from 

50-100%) in 10 minute steps with rotation, followed by 2 x 10 minute changes of 100% 

ethanol and 3 x 10 minutes submersion in 1,2-epoxypropane.  Specimens were 

maintained in a 50:50 mixture of 1,2-epoxypropane and araldite resin for a minimum of 

3 hours with rotation, then the submersion solution was changed to fresh 

araldite resin and maintained for 5 hours with rotation. Eye-cups were embedded and 

cured for 48hr at 60ºC.  Semi-thin sections (0.7µm) and ultrathin sections 

(0.07µm) were cut using an appropriate diamond knife fitted on a Leica ultracut S 

microtome (Diatome histoknife Jumbo and Diatome Ultrathin, respectively). Ultrathin 

sections were collected on copper grids (100 mesh, Agar Scientific), contrast-stained 

with 1 % uranyl acetate and lead citrate and analysed using a JEOL 1010 

Transmission Electron Microscope (80 kV), fitted with a digital camera for image 

capture.  1% toluidine blue was used to stain semithin sections and imaged using a 

Leitz Diaplan microscope fitted with a digital camera (DC 500).   
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2.3.3. CONFOCAL MICROSCOPY 

 

Retinal sections were imaged on a confocal microscope (Leica TCS SPE, Leica 

microsystems, Milton Keynes, UK). Single confocal sections or merged projection 

images of a xyz confocal stack are shown. Confocal stacks were approximately 10µm 

thick with a step size of approximately 1µm. Hoechst 33342 was excited by the 405nm 

laser, Alexa-488 fluorophore using the 488nm laser and the Alexa-546 fluorophore 

using the 543nm laser. Images were taken at a resolution of 1024x1024. All images 

examining glial scaring, OLM integrity, ONL thickness and density presented in 

Chapter 4 were taken from a standardized location superior to the optic nerve. Where 

possible, all images showing GFAP, vimentin, CS-56 and ZO-1 presented in Chapter 4 

were taken using the same laser intensity, gain and offset settings.   

 

2.3.4. CELL COUNTS 

 

Counts of integrated cells were taken 3 weeks after transplantation using a 

fluorescence microscope (Observer Z.1, Zeiss, UK), unless otherwise stated. The use 

of the Nrl.gfp+/+ mouse as a source of donor cells provides a genetic marker for the 

identification of rod photoreceptors (Akimoto et al., 2006). The average number of 

integrated cells per eye was determined by counting all the integrated GFP-positive 

cells in alternate serial sections through each eye. This was doubled to give an 

estimate of the mean number of integrated cells per eye. Please note that this 

methodology of counting may result in an overestimation of the total cell number owing 

to the possibility of double counting one cell in separate sections. Cells were 

considered to be integrated if the whole cell body was correctly located within the outer 

nuclear layer, and at least one of the following was visible; spherule synapse, 

inner/outer processes, inner/outer segments.  
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2.3.4.1. Exclusion criteria 

Animals were omitted from quantification analysis only if there was clear evidence of 

(1) a transplant occurring intravitreally, rather than subretinally, or (2) if no cell mass (< 

200 cells) was evident in the subretinal space at the time of counting, an indication that 

complete reflux of the donor cell suspension had occurred at the time of injection or (3) 

if eyes demonstrated evidence of significant inflammation or acute immune rejection, 

as described previously (West et al., 2010, Figure 2.2).  Briefly, significant inflammation 

or immune rejection is indicated by a large influx of auto-fluorescent macrophages 

within the subretinal space and host retina; this is often accompanied by decreased 

Nrl.GFP expression in the donor cell mass and the presence of autofluorescent cell 

debris, indicative of cell death, and morphological disturbances in the recipient retina, 

including retinal folding and thinning (Figure 2.2, iii). Approximately 22% of wildtype 

recipients exhibit this morphological appearance, which was accompanied by a 

significant decline in integration efficiency (West et al., 2010). 
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FIGURE 2.2. GRADING SCHEME USED TO DETERMINE EXCLUSION CRITERIA BY IMMUNOLOGICAL 

REJECTION 

This grading scheme was described by West E.L., et al., 2010. Activated tissue 

macrophages are stained with CD68 (red). Few subretinal macrophages are 

demonstrated in Grade 1 (i), indicating a lack of immunological response. Several 

subretinal macrophages are demonstrated in Grade 2 (ii). Grade 3 indicates acute 

immune rejection at 1 month post transplant and transplanted animals with this 

appearance would be excluded from analysis. Grade 3 includes accumulation of 

subretinal and retina macrophages, a reduction in GFP expression in the donor cell 

mass and disturbances in host retinal morphology.  
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2.3.4.2. Apoptotic cell counts 

TUNEL-staining was used to quantify the number of apoptotic cells counting all 

TUNEL-positive profiles in each layer of the retina in alternate serial sections. Only 

sections that encompassed the site of subretinal injection were used, and are thus not 

representative of apoptosis in the whole eye. 

 

 

2.3.4.3. Cell count statistics 

All data was presented and analysed in keeping with previous reports (Lakowski et al., 

2011; Maclaren et al., 2006; West et al., 2008; West et al., 2010). All means are stated 

± the standard error of the mean (SEM), unless otherwise stated. N= number of eyes 

examined, where appropriate. For assessment of integration efficiency, statistical 

analysis is based on at least two independent transplantation sessions (encompassing 

cell preparation, FACs sorting and transplantation). Statistical significance was 

assessed using Graphpad Prism 5 software (Graphpad Inc, La Jolla, USA). P values 

are presented as P<0.05 = *, p<0.01 = ** and p<0.001 = ***. All data was normally 

distributed, as assessed using the d’Agostino and Pearson omnibus normality test. 

Appropriate parametric tests were applied including student t-test when comparing 2 

groups; ANOVA with Dunnett’s (when comparing treatment to control) or Tukey’s (inter-

group comparison) correction for multiple comparisons, and Pearson’s correlation 

where appropriate. 

  



114 
 

2.3.5. HISTOLOGY ASSESSMENTS: ONL, SEGMENTS & 

SYNAPSES 

 

2.3.5.1. Outer nuclear layer assessment: thickness & density 

ONL thickness measurements presented in Chapter 3 were recorded from image taken 

at x40 magnification on a Leica fluorescence microscope captured by ImagePro 

software.  Images were taken from 5 regions around the injection site, as indicated by 

the cell mass. Control images were taken from the same eye but at a site away from 

the injection site on the opposite hemisphere. ONL thickness was measured at three 

points in each image for each site. These values were pooled to give an average 

thickness, which was normalized to the average ONL thickness at the control region. 

Similarly, ONL measurements were taken from uninjected wildtype mice and 

normalised in the same fashion.  

The ONL thickness measurements presented in Chapter 4 were assessed using 

ImageJ software from single section confocal images taken at x80 magnification.  

Measurements were taken from 3 regions of the superior central retina, giving an 

average ONL thickness.  Average ONL measurements were obtained from three 

independent animals, giving an overall average ONL thickness for that model at a 

given age. The rate of degeneration was calculated using the overall average ONL 

thickness measurements: the total loss of ONL thickness between early and late stage 

degeneration was divided by the number of days over which the degeneration had 

taken place.  ONL density analysis was performed using single section confocal 

images taken at x80 magnification from one field of view of the superior central retina 

for three independent animals. ONL density was calculated by counting the number of 

cell nuclei within the ONL, normalised to the area of the ONL as measured by ImageJ, 

and expressed as the number of nuclei per 100µm2. Measurements were taken using 

ImageJ software. 



115 
 

Statistics  

All means are stated ± the standard error of the mean (SEM), unless otherwise stated. 

N= number of eyes examined, where appropriate. Statistical significance was assessed 

using an AVONA with Dunnett’s (comparing against wildtype) or Tukey’s (inter-group 

comparison) correction for multiple comparisons using Graphpad Prism 5 software 

(Graphpad Inc, La Jolla, USA). P values are presented as P<0.05 = *, p<0.01 = ** and 

p<0.001 = *** 

 

2.3.5.2. Outer segment and synapse assessment 

In Chapter 4, an estimate of the number of segments and synapses formed by 

integrated Nrl.GFP+ve-rod-photoreceptors was achieved by counting 100 integrated 

cells randomly selected from regions across the whole integration site, from 3 

independent recipient retinae. The percentage of integrated cells that had developed 

segments and synapses was calculated. Note that this is likely to be an underestimate 

because only a proportion of integrated cells will be in perfect alignment with the plane 

of sectioning. 

 Statistics 

All means are stated ± the standard error of the mean (SEM), unless otherwise stated. 

N= number of eyes examined, where appropriate. Statistical significance was assessed 

using AVONA with Dunnett’s (comparing against wildtype) correction for multiple 

comparisons using Graphpad Prism 5 software (Graphpad Inc, La Jolla, USA). P 

values are presented as P<0.05 = *, p<0.01 = ** and p<0.001 = *** 
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2.3.6. WESTERN BLOT ASSESSMENT 

Neural retinae were dissected from 4 mice per time point and snap frozen in liquid 

nitrogen. Retinal tissue was lysed in RIPA buffer (Sigma Aldrich, Gillingham, UK), then 

cell membranes were disrupted using a sonicator with micro-tip (Soniprep 150, MSE 

London, UK). Equal amounts of protein (20 µg in Laemmli’s loading buffer, unless 

otherwise stated) were run on a 12% sodium dodecylsulfate–polyacrylamide gel. The 

separated proteins were electrotransfered to PVDF membranes (Millipore Watford, 

UK). Membranes were incubated with blocking solution for 1 hour at room temperature 

and incubated with primary antibody overnight at 4 °C, diluted in blocking solution. After 

washing in PBST, membranes were incubated with secondary antibody for 2 hours. 

Chemiluminescence detection was performed using a Fujifilm LAS-1000 Luminescence 

Image Analyser after incubation with enhanced luminescence reagent (ECL plus GE 

Healthcare UK Ltd. Amersham, UK). 

 2.3.6.1. GFAP 

Western blotting for GFAP was performed by Dr Claire Hippert. For assaying GFAP 

expression from the different mice models, neural retinas from 4 mice per time point 

were harvested. Samples were run on a 12% sodium dodecylsulfate–polyacrylamide 

gel. Blocking solution: 5% (w/v) non fat milk, 1% (w/v) BSA in PBS 0.05% Tween, 

Primary antibody: 1:2500 goat-anti-rabbit GFAP (Dako, Cambridge, UK) diluted with 

GFAP blocking solution and 1:5000 mouse-anti-mouse Histone H2B (Biolabs, 

Wilbury.UK) dilutied in 5% (w/v) BSA in 0.05% PBST. Secondary antibody: 1:5000 – 

1:10000 (Pierce Immunopure goat-anti-rabbit and anti-mouse IgG (H+L) HRP 

conjugated, Perbio Science UK Ltd., Northumberland, UK).  Band intensities were 

quantified using Image J software and normalized to H2B levels. 
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 2.3.6.1. CSPG 

For assaying CSPG expression, neural retinas from at least 3 Rho-/- mice were 

harvested. Due to the nature of CSPG, a non-reducing loading buffer was used 

(Kinouchi et al., 2003). Samples were run on a 5% sodium dodecylsulfate–

polyacrylamide gel. Blocking solution: 5% (w/v) non-fat milk, in PBS 0.05% Tween. 

Primary antibody: 1:1000 goat-anti-mouse CS-56 (Sigma, UK) diluted with blocking 

solution and 1:5000 goat anti mouse β-actin (Sigma, UK) diluted blocking solution. 
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2.4. FUNCTIONAL ASSESSMENTS 

Assessment of visual function was performed within the first 8 hours of the light cycle. 

In order to test rod photoreceptor function, scotopic lighting conditions were employed 

based on previous reports assessing murine vision, which indicated that light intensities 

below 0.01 cd.s/m2 are considered within the scotopic range (Cachafeiro et al., 2010; 

Toda et al., 1999). Where appropriate, all procedures carried out prior to testing were 

performed under dim red light, which is reported to be below the spectral sensitivity of 

murine detection (Govardovskii et al., 2000).  In some of the experiments presented 

(watermaze testing, optomotor, intrinsic imaging), light intensity was adjusted using 

neutral density filters where appropriate and stimulus intensities were confirmed by 

measuring light levels with a IL700 photometer. Under all circumstances, the light 

intensity was below 0.007 cd.s/m2, well within the scotopic range. Untreated Gnat1-/- 

control mice were tested at these same intensities to confirm an absence of visual 

responses.  
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2.4.1. SINGLE CELL RECORDINGS 

 

Animal were transplanted here in the UK and transported to our collaborators at the 

Johns Hopkins University School of Medicine, Baltimore USA for single cell recording. 

These experiments were performed by Xue T. and Yau K.W., and the methods they 

used are described below. 

Mice were dark-adapted overnight, anesthetized by Avertin, and enucleated before 

euthanasia. Each eye was hemisected and the retina removed. The retina, with 3-4 

radial cuts around the periphery, was flat-mounted photoreceptor-side up on a GSTF 

Millipore filter paper and placed in bicarbonate-buffered Ames medium (Sigma-Aldrich) 

before being chopped into 100-µm slices with a custom-built tissue chopper. The retinal 

slices together with the underlying filter paper were transferred and mounted sideways 

in the recording chamber. All procedures were performed in infrared or dim-red light.  

Recordings were carried out at physiological temperature, ~35-37 °C, on a Zeiss 

upright microscope with infrared DIC optics and imaging. The bath solution 

(bicarbonate-buffered Ames medium equilibrated with 5% CO2/95% O2) was 

temperature-controlled and run at ~5 ml/min through the 1-ml experimental chamber. 

Temperature was monitored by a thermistor in the chamber. Integrated Nrl.GFP+ve-rods 

were identified by their GFP-fluorescence. Data presented is from Nrl.GFP+ve-rod-

photoreceptors correctly located within the ONL with an intact inner segment, cell body 

and synaptic terminal. A total of 9 Nrl.GFP+ve cells were recorded. The number of cells 

examined for each group was not always because not all parameters were obtainable 

for each cell. In order to minimize rhodopsin bleaching during fluorescence-based cell-

finding, excitation light intensity (450-490 nm) was kept low and the GFP signal was 

visualized with a highly-sensitive EM-CCD camera (Lucas, ANDOR). The image 

sampling of the camera was also synchronized with the exciting flash (30 msec). The 

infrared DIC image of the retinal slice was overlaid with the GFP-fluorescence image to 
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guide the recording pipette. Despite these measures, the Nrl.GFP+ve-rods were still 

desensitized by the GFP-excitation light (63.2 µW 450-490nm, ~1.5 sec in total). 

Accordingly, for all of the experiments reported here, 100-µM 9-cis-retinal (a readily 

available analog of 11-cis-retinal; Sigma) in 1% BSA-Ames solution was run through 

the chamber for 1 hour in complete darkness before light stimulation of the recorded 

cell began.  

The recording configuration was modified from a previously-described procedure (Fu et 

al., 2008; Nikonov et al., 2006). The Nrl.GFP+ve-rod soma was drawn into a snug-fitting 

glass pipette with a 3-4 µm opening at its tip and containing HEPES-buffered Ames 

solution, which was made from Ames stock (without NaHCO3, Sigma-Aldrich) with 

additional 10mM HEPES and 15mM NaCl, pH 7.4 by NaOH. The osmolarity was 

adjusted to 283 mOsm/L by glucose to match the bicarbonate-buffered Ames. The 

recorded rod was stimulated with an LED light (λmax at 505 nm, with 30-nm bandwidth) 

delivered through a light guide into the microscope epifluorescence port. The light 

intensity and duration (10 msec) were controlled by custom circuitry and flashes were 

delivered at time zero. The intensity of the light source was periodically calibrated with 

a radiometer. For flash response family recordings (Chapter 3, Figure 3.5A), the flash 

intensity was calculated retrospectively to adjust for the difference in spectral and 

response sensitivity as described below. The flash intensities were: 1.1, 8.8, 57, 280, 

1403 and 4962 photons µm-2 for dark-adapted wildtype; 50, 244, 1,221, 4,318 and 

15,973 photons µm-2 for bleached/regenerated wildtype rod and 222, 854, 2,675, 

9,257, 26,862, 75,701 and 229,766 photons µm-2 for bleached/regenerated 

Nrl.GFP+ve-rod.  

Membrane current was measured with a current-to-voltage amplifier (Axopatch 200B, 

Axon Instruments). All signals were low-pass filtered at 20 Hz (8-pole Bessel) and 

sampled at 500 Hz. The response–intensity relationship at the transient peak of the 

response was fit with the Michaelis equation, R = Rmax [I / (I + σ)], where R is transient-

peak response amplitude, Rmax is saturated peak-response amplitude, I is flash 
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intensity, and σ is the half-saturating flash intensity. Rod sensitivity is inversely 

proportional to σ. The following parameters were measured: Time-to-peak (the time 

lapse from flash to transient peak of dim-flash response); the integration time, ti, of the 

dim-flash response (a measure of its overall duration, and is given by ti = ʃ f(t)dt/fp, 

where f(t) is the response profile and fp is its transient-peak amplitude); half-saturating 

flash intensity (i.e., intensity that elicited a half-maximum response); and σ, which is 

inversely proportional to sensitivity. The LED light source was converted to “equivalent” 

monochromatic light with the λmax of the respective visual pigment for data analysis and 

display. For rods without bleaching, the LED light was converted to equivalent 498nm 

light, the λmax of 11-cis-rhodopsin. The GFP epifluorescence-excitation light (see 

above) bleached over 99.9% rhodopsin (calculated by equation in (Luo and Yau, 

2005)). So for bleached/regenerated rods, the light was converted to equivalent 485nm 

light, the λmax of 9-cis-rhodopsin. The conversion was done by using the normalized 

action spectrum of rhodopsin, f(λ) with λmax of 498nm and 485nm, respectively, and the 

power-scaled spectrum of the LED light, L(λ).The conversion ratio is:  

 

  

Statistics 

Data is presented as mean ± SEM, except the sensitivity (σ) data which was presented 

as median + range.   N= number of cells examined as indicated in parentheses. 

Statistical significance was assessed using the ANOVA test, or Kruskal Wallis test for 

the sensitivity (σ) data, analysed using Origin (Origin Lab Corp.) P values are 

presented as P<0.05 = *, p<0.01 = ** and p<0.001 = ***  
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2.4.2 ELECTRORETINOGRAM RECORDING 

Electroretinogram (ERG) recordings utilize extracellular currents that are generated 

when a retina responds to light stimulation. Electrical currents generated by the retina 

spread along the extracelluar matrix and can be measured at the cornea. Full field flash 

ERGs record the mass electrical response generated in the retina. Flashes of light 

typically elicit a biphasic waveform as recorded by electrodes at the corneal surface. 

This is comprised of two major components: the negative a-wave, and the positive b-

wave (Figure 2.3). The a-wave directly reflects photoreceptor function, whereas the b-

wave reflects the function of inner retinal cells including ON bipolar cells.  Measuring 

the amplitude of the wave peaks (Figure 2.3) provides a quantitative assessment of 

function.  
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a.      b. 

 

FIGURE 2.3. ELECTRORETINOGRAM ORIGINS AND WAVEFORMS 

 (a) Schematic of the retina indicating that the a-wave in generated by photoreceptors, 

whereas the B-wave in generated by inner retinal cells, including ON-bipolar and Müller 

cells. (b) Example ERG traces illustrating the characteristic biphasic appearance of 

ERG recording (top) and how the amplitudes are measured (bottom). The negative A-  

Adapted from: http://webvision.med.utah.edu. 

  

http://webvision.med.utah.edu/book/electrophysiology/the-electroretinogram-clinical-applications/
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Animals were dark-adapted overnight and all subsequent procedures were performed 

under dim red light. Following anesthesia (using the Ketamine/Dormitor regime 

described in section 2.2.2), the pupils were dilated using Tropicamide 1%. Viscotears 

were placed on each cornea to keep it moistened after corneal contact electrodes and 

midline subdermal reference and ground electrodes were placed. Animals were left for 

a further 10 mins in complete darkness prior to recording. The use of a thermostatic 

heat mat and the effect of increasing anesthesia dosage by 10 % of the dose stated in 

section 2.2.2 was examined in Chapter 3.  

ERGs were recorded using an Espion E2 system with ColourDome stimulator 

(Diagnosys LLC, Lowell, MA).  Ganzfeld ERGs were obtained simultaneously from both 

eyes to provide an internal control. Single flash recordings were obtained at light 

intensities of 0.003, 0.007, 0.03, 0.5 and 3 cd.s/m2 presented in a ganzfeld dome using 

a sampling frequency of 5 kHz, a flash duration of 4 ms, and a frequency stimulus of 

0.5 Hz. Data were recorded from 10 ms before stimulus onset to 400 ms post-stimulus. 

The bandpass filter was set between 0 and 1 kHz. Ten responses per intensity level 

were averaged with an interstimulus interval of 10 s (0.003, 0.007, and 0.03 cd.s/m2) or 

a 20 s interstimulus interval (0.5 and 3 cd.s/m2). For analysis, the a-wave and b-wave 

amplitudes (measured from the a-wave trough to b-wave peak) of the treated eyes 

were paired with the contralateral control eyes.  

ERGs were recorded prior to and at 3, 4, 5 & 6 weeks after transplantation. Test eyes 

received dual (superior and inferior) subretinal injections of 200, 000 FACS Nrl.GFP+ve 

rod-precursors. The contralateral control eye received an identical injection of sham 

cells from an age-matched Gnat1-/- donors, or remained untreated. A masked protocol 

was employed such that the person performing the ERGs and analysis did not know 

which eye received sham and which eye received Nrl.GFP+ve-rod-precursor-cells. 
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Statistics 

The data was analysed in keeping with previous reports (Carvalho et al., 2011; Mihelec 

et al., 2011). All means are stated ± standard deviation (SD). N= number of animals 

examined, where appropriate. Statistical significance was assessed using the student t-

test or ANOVA with Dunnett’s correction for multiple comparison. Graphpad Prism 5 

software (Graphpad Inc, La Jolla, USA). P values are presented as P<0.05 = *, p<0.01 

= ** and p<0.001 = *** 

 

2.4.2.1. AAV2/8 Rho.Gnat1  

 Plasmid construction and production of recombinant AAV2/8 

Preparation of AAV2/8 Rho.Gnat1 was performed by Dr Claire Hippert and is briefly 

described here. Murine Gnat1 cDNA followed by a polyadenylation site was 

enzymatically digested and extracted from the CMV-Gnat1.SPORT6 plasmid (Source 

Bioscience, Cambridge UK). This cassette was cloned into pD10 containing the 

rhodopsin promoter and AAV-2 inverted terminal repeat (ITR) sequences to form the 

construct pD10/Rho-Gnat1 (total length 8230 bp). The construct was verified by 

sequencing. Recombinant AAV2/8 serotype particles were produced through a tripartite 

transfection method into HEK293T cells. AAV8 packaging, helper and pD10/Rho-Gnat1 

plasmids were combined with polyethylenimine (PEI, Polysciences, Inc., Eppelheim, 

Germany) and left to form complexes for 10 minutes. The mixture was added to 

HEK293T cells and left for 24 hours. The cells were harvested and concentrated 2 

days after transfection and lysed using repeated freeze/thaw cycles to release the viral 

particles. HEK293T cell nucleic acid components were removed by Benzonase (Sigma 

Aldrich, Dorset, UK) treatment and virus preparation was cleared of cellular debris by 

multiple centrifugation steps, followed by purification using ion exchange 

chromatography. The virus preparation was concentrated using a Vivaspin 4 

concentrator (10 kDa, Sartorius Stedim Biotech, Fisher Scientific, Loughborouh, UK), to 
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100 – 150 μl. Viral particle titres were determined using dot-blot analysis of purified 

virus DNA and plasmid controls of known concentrations. 

 

 

FIGURE 2.4. SCHEMATIC DIAGRAM OF PD10/RHO-GNAT1CONSTRUCT 

Murine Gnat1 cDNA was obtained from the CMV-Gnat1.SPORT6 plasmid and cloned 

into pD10 plasmid containing the rhodopsin promoter and AAV-2 inverted terminal 

repeat (ITR). Total length 8230 base pairs. 

 



127 
 

 ERG recordings  

ERGs were recorded prior to and at 3, 4, 5 & 6 weeks post injection of AAV2/8 

Rho.Gnat1 vector. The test eyes received dual (superior and inferior) 2 µl subretinal 

injections of AAV2/8 Rho.Gnat1 at 109, 107or 105 viral particles per µL. The 

contralateral control eye was left untreated. Again, a masked protocol was employed 

whereby the assessor was blinded to which eye remained untreated and which was 

treated. 

 

Cell Counts 

In order to assess the number of cells transduced with the AAV2/8 Rho.Gnat1 vector, 

prior to termination, mice were light-adapted for 30 mins to ensure translocation of rod 

α-transducin into the cell body (Elias et al., 2004). Serial sections, 15 µm thick, were 

cut and stained for rod α-transducin (as described previously in section 2.3.1). The 

number of rod α-transducin+ve
 cells was counted in every 3rd section, this number was 

multiplied by three to give an estimate of the total number of rod α-transducin+ve
 cells 

per eye. Please note that this methodology of counting may result in an overestimation 

of the total cell number owing to the possibility of double counting one cell in separate 

sections. 
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2.4.3. INTRINSIC IMAGING OF THE VISUAL CORTEX 

Intrinsic imaging of the mouse visual cortex was performed using a method pioneered 

by Grinvald et. al. (1986), to measure the haemodynamic responses in V1. The 

experiments carried out here were performed with Dr Matteo Rizzi under the guidance 

of Dr Andrea Benucci and Professor Matteo Carandidi (Institute of Ophthalmology, 

UCL). 

 2.4.3.1.Lighting conditions 

All experiments were performed under scotopic lighting conditions to test rod-mediated 

responses (<0.007 cd.s/m2). This was achieved by using neutral density filters to cover 

the computer screens. Procedures were performed under dim red light, below the 

spectral sensitivity of murine detection (Govardovskii et al., 2000). Scotopic conditions 

were confirmed by measuring light intensity with a IL700 photometer and by testing 

unprocedured Gnat1-/- mice to confirm the absence of rod mediated responses.  

 2.4.3.2. Surgery, alignment & visualisation 

Following overnight dark-adaptation, anaesthetized mice (using the Ketamine/Dormitor 

regime reported in section 2.2.2) were mounted in a stereotactic frame and maintained 

on a thermostatic heat mat. Pupils were dilated using Tropicamide 1% and viscotears 

are continually re-applied to the cornea throughout the duration of the experiment to 

keep it moistened and to prevent cataract formation. Surgery to expose the cortex 

involved resection of the contralateral scalp region covering the occipital cortex. A 

extra-cranial chamber was formed by securing a circular metal head plate to the skull 

using Lambda and Bregma as reference point, with a glass coverslip placed within the 

metal ring. A large cortical area (5mm x 5mm) was visible through the extra-cranial 

imaging chamber, which included V1 (see Figure 2.5A).   

Following the surgical procedure, mice were positioned relative to the stimulus screen 

such that the eye contralateral to the exposed cortex was facing the stimulus screen. 

The screen was approximately 30cm away of the animal. The eye ipsilateral to the 



129 
 

exposed cortex was covered throughout testing. Alignment of the mouse is noted on 

each figure whereby an arrow (black) indicates the anterior-posterior axis of the brain.  

The exposed cortex and intrinsic signal images were visualised using a CMOS camera 

(MV-D1024E-160-CL, Photonfocus AG) running at 10Hz and illuminated with 660-nm 

light. Two 50 mm Nikkor lenses were used in a macroscope configuration with 1:1 

magnification.  

 

 2.4.3.3. Visual Stimuli 

Figure 2.5B illustrates the visual stimuli used. These were presented on two LCD 

monitors (60 Hz refresh rate) and consisted of striped black and white bars enclosed 

within one of four rectangular windows. Visual stimuli were designed under the 

guidance of Dr Andrea Benucci. The striped bar stimuli inside the windows were 

vertical square-wave gratings (0.03 cycles/⁰, 100% contrast) whose contrast reversed 

sinusoidally (2 Hz frequency, 3 s duration). The rectangular windows were aligned 

either in the horizontal (to the left or right of the visual field) or vertical plane (to the top 

or bottom of the visual field). The two vertical rectangular windows (50 deg width, 60 

deg height) partially-overlapped and covered 90 deg of azimuth (0 to 90 deg). The two 

horizontal rectangular windows (90 deg width, 30 deg height) covered 60 deg of 

elevation (-10 to +50 deg). The rectangular windows were partially overlapping to allow 

maximal coverage stimulation of the visual field. In addition, a blank stimulus (0% 

contrast, i.e. grey screen) was also presented. The four tessellating rectangular window 

stimuli and blank were presented 15-20 times in a random order.  
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FIGURE 2.5. SCHEMATIC OF OPTICAL INTRINSIC IMAGING SET UP 

(A) The cortex is surgically exposed and V1 is visible through the extra-cranial imaging 

chamber secured to the skull. The contralateral eye is aligned with the stimulus screen. 

Heamodynamic responses are illuminated with a 660nm LED light source and captured 

with a CMSO camera. (B) Illustrated the stimulus design where 4 rectangular windows 

and blank screen are presented randomly. Stimuli 1-4 consist of overlapping windows 

containing striped black and white bars whose contrast reverses sinusoidally. (C) 

Combined colour-coded maps of retinotopy were obtained, whereby each quadrant 

was assigned a colour. Abbreviations: Au, auditory cortex; S1, somatosensory cortex. 
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2.4.3.4. Imaging and analysis 

Images were captured for 3 seconds post-stimulus offset, and maps of the 

haemodynamic response were obtained for each stimulus presentation. 

First, averaged maps were obtained by taking the mean over time and over stimulus 

repetitions. Each map was then divided by its grand-average (over space and time) 

thus to obtain relative intensity values (ΔI/I). Finally, correction for uneven illumination 

and reflectance was made by subtracting the response to the blank stimulus (a grey 

screen). Unless otherwise stated, the resulting maps were blurred in space with a 2D 

Gaussian filter (σ= 52μ) to remove pixel noise. These intensity maps were multiplied by 

a wide 2-D Gaussian window with unit amplitude (sigma = 100 pixels, 1.4 mm) to 

reduce artefacts at the borders of the window.  

Combined colour-coded maps of retinotopy were obtained and illustrated in Figure 

2.5C. The four stimuli covered to the top (stimulus 1), bottom (stimulus 2), right 

(stimulus 3) and left (stimulus 4) of the screen. Each pixel of the response image, was 

assigned a colour hue depending on the preferred stimulus quadrant: the top left 

stimulus response was assigned a blue hue; the top right stimulus was assigned a 

green hue; the bottom left stimulus response was assigned a red hue and the bottom 

right was assigned a yellow hue. The strength of the response is indicated by the 

colour saturation. Each colour quadrant represents the average response to two stimuli 

covering the preferred position; i.e. the left red quadrant refers to the stimulus 2 and 4 

in the area where they overlap.  
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2.4.4. OPTOMOTOR TESTING 

Optokinetic head-tracking reflexes can be used as a method to measure contrast 

sensitivity and visual acuities of mice treated with Nrl.GFP+ve rod precursor cells. In the 

presence of rotating vertical gratings (OptoMotryTM and (Alexander et al., 2007; 

Prusky et al., 2004; Umino et al., 2008)), mice will involuntarily move their head in the 

direction of the rotation, as driven by the optomotor reflex pathway. This system allows 

one to independently test left and right eye function (Figure 2.6A). Clockwise pattern 

rotation results in clockwise head tracking, a response that is driven by the left eye 

(Figure 2.6A, white arrow). Conversely, anti-clockwise pattern rotations result in anti-

clockwise head tracking and are driven by the right eye (Figure 2.6A, black arrow). It 

must be noted, that while this protocol allows independent assessment of left and right 

eye sensitivities, the contralateral eye is not ‘blind’ to the stimulus and some ‘cross talk’ 

may be evident. A double-blinded testing protocol was adopted whereby the assessor 

was masked to both the direction of the rotation and to which eye received transplants 

of Nrl.GFP+ve rod-precursor cells. Figure 2.6A illustrates the optomotor testing set up, 

whereby the mouse was placed on a central pedestal surrounded by four inwardly 

facing LCD computer monitor screens. The mouse was observed by an infrared video 

camera located above the pedestal. The OptoMotry TM software presents random 7s 

trials where a sinusoidal striped pattern is rotated either clockwise or anti-clockwise 

across the computer screens. The assessor is required to select the direction of the 

pattern rotation based on the animal’s involuntary head tracking optomotor response. 

In between trials the computer screen returns to 50 % grey. Contrast sensitivity refers 

to the ability to distinguish between increments of light versus dark, whereas visual 

acuity is a measure of special resolution and is assessed by changing the width of the 

striped bars (Figure 2.6B). The program uses a staircase paradigm to titrate the visual 

acuity and contrast sensitivity thresholds, as determined by ≥ 70 % correct observer 

responses.  
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FIGURE 2.6. OPTOMOTOR
TM

 SCHEMATIC SET-UP 

(A) The mouse is placed in a centrally located pedestal surrounded by four inwardly 

facing computer screens and viewed above by an infra-red camera. Sinusoidal rotation 

of the striped pattern results in small head tracking movements. Integrative function of 

each eye can be assessed independently as rotation clockwise is dominated by the 

right eye and rotation anti-clockwise is dominated by the left eye. (B) Contrast 

sensitivity refers to the ability to discriminate between increments of light and dark and 

is assessed by changing the shades of the striped bar patter (top). Visual acuity is a 

measure of special resolution and is assesses by changing the width of the striped bars 

(bottom).  
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Testing of both visual acuity and contrast sensitivity were performed under scotopic 

conditions lighting condition (<0.007 cd.s/m2) achieved by using neutral density filters 

to cover the computer screens. Scotopic conditions were confirmed by measuring light 

intensity with an IL700 photometer and by testing unprocedured Gnat1-/- mice to 

demonstrate the absence of rod mediated responses. Prior to testing, animals were 

dark-adapted over night. Testing was performed at least three times before and after 

(4-6 weeks) cell transplantation on independent days within the first 6 hours of the light 

cycle. 

Contrast sensitivity was measured at the reported optimal special and temporal acuity 

frequencies whereby wildtype mice respond maximally in scotopic lighting conditions: a 

spatial frequency of 0.064 cycles/° and at a speed of rotation of 0.75 Hz (Umino et al., 

2008). Visual acuity was assessed at 100 % contrast whereby the grating appeared as 

black and white.  

Testing under photopic lighting conditions was also performed, both before and after 

transplantation, as a positive control and to assess any damage that occurred during 

surgery. Following a 30 min period of light adaptation (60 cd.s/m2) visual acuity and 

contrast sensitivity were tested under photopic lighting conditions (60 cd.s/m2). In order 

to test visual acuity, contrast was fixed at 100 %, whereas to test photopic contrast 

sensitivity, the spatial frequency was fixed at 0.128 cycles/degree. 

Following optometry assessment, animals were sacrificed and the number of correctly 

integrated cells was quantified (see section 2.3.4.).  
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Statistics 

All data are presented as mean ± standard error of the mean (S.E.M). N = number of 

animals examined. Statistical significance was assessed using Graphpad Prism 5 

software, and applying ANOVA with Tukey’s or Dunnett’s correction for multiple 

comparisons, or a Fisher’s exact test (2-tailed), where appropriate. P values are 

presented as P<0.05 = *, p<0.01 = ** and p<0.001 = ***. 
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2.4.5. VISUALLY GUIDED WATER MAZE TESTING  

The water maze task provides a method to measure visual ability in rodents (Prusky et 

al., 2000).  

 Stimulus & experimental set up 

Mice were trained to discriminate between a neutral stimulus (in this case a 50% grey 

screen) and a grated pattern stimulus to swim to a hidden platform associated with 

latter visual cue. The visual stimuli were presented on 2 computer monitors (Mitsubishi 

Diamond Plus 7458, 17’’); each placed side by side facing inwardly into a Y-shaped, 

water filled tank. The grated visual stimulus consisted of striped black and white bars 

set at 0.086 cycles/°. All spatial frequencies are calculated with respect to the decision 

point. Mice were placed in the release shoot and the end of the mid-line divider was 

considered the decision point (Figure 2.7, red line), whereby once the mouse swims 

beyond this line the decision was scored as either pass or fail accordingly, irrespective 

of whether the mouse reached the platform. In addition, the swim-time latency was 

measured from the time the mouse swam beyond the release shoot until the time is 

reached the platform. Each session consisted of 10 trials presented in a pseudo-

random pattern, LRLLRLRRLR (L-Left monitor, R- Right monitor). Each mouse was 

tested over at least three sessions on separate days.  
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FIGURE 2.7. SCHEMATIC OF WATER-MAZE SETUP 

Animals are releases into a Y-shaped, water-filled tank at the release shoot and trained 

under photopic lighting condition to swim to a hidden platform was associated with a 

striped grating visual cue presented on a computer monitor. The decision point (red) 

demarks whether the animal made a correct or incorrect choice. Animals were 

considered to have been successfully ‘trained’ when they made > 70 % correct choices 

in 3 sessions (10 trials per session). Testing was performed under scotopic lighting 

conditions. Adapted from (Wong and Brown, 2007).  
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Lighting conditions, training & testing 

Monitor brightness was calibrated so both screens were equal in luminance and that 

both the uniform grey stimulus and grating stimulus had an equal level of average 

luminance. All animals were successfully trained over a 3 week period under photopic 

lighting conditions (30 cd.s/m2) and were considered ‘trained’ once they had achieved a 

pass rate of 70% or greater over the previous 30 trials. Prior to phototopic testing, 

animals were light adapted (>60 cd.s/m2) for 30 minutes to bleach any potential rod 

responses.  To test rod-mediated vision, all animals were dark-adapted over-night and 

trials were performed in scotopic lighting conditions using dim red lighting to view the 

maze and an infra-red camera to record trials.  

 

 Experimental cohorts & post-transplant testing 

Once successfully trained, animals were divided into four testing cohorts: 1) Gnat1-/- 

mice receiving dual injections of Nrl.GFP+ve-rod-precursors to both eyes (N=9); 2) 

Gnat1-/- mice receiving dual injections of sham age-matched Gnat1-/- cells to both eyes 

(N=6), and 3) uninjected Gnat1-/- (N=6) and 4) age-matched C57Bl/6J wildtype control 

mice (N=4). Animals were transplanted with the appropriate treatment and water-maze 

testing was performed 3-6 weeks post-transplant at scotopic lighting levels to test rod-

mediated vision. Animals continued to receive photopic maintenance training 

throughout the 3 week interval between transplantation and testing (regardless of 

having received cells or not) and in between scotopic test sessions to ensure good task 

recall. The assessor was blinded to which treatment each independent animal had 

received. Control photopic recordings were taken in between and two days after the 

final scotopic testing as a positive control.  
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 Statistics 

All data are presented as mean ± standard error of the mean (S.E.M). N = number of 

animals examined. Statistical significance was assessed using Graphpad Prism 5 

software, and applying ANOVA with Tukey’s or Dunnett’s correction for multiple 

comparisons, or a Fisher’s exact test (2-tailed), where appropriate. P values are 

presented as P<0.05 = *, p<0.01 = ** and p<0.001 = ***. 
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CHAPTER 3 

OPTIMISATION & FUNCTIONAL ASSESSMENT 

OF PHOTORECEPTOR TRANSPLANTATION 

 

3.1. INTRODUCTION 

Work in this lab and others, has established proof-of-concept for photoreceptor 

transplantation (Bartsch et al., 2008; Lakowski et al., 2010; Lakowski et al., 2011; 

Maclaren et al., 2006; West et al., 2008; West et al., 2010). The fundamental question 

remains, however, as to whether and to what extent these transplanted photoreceptor 

cells can restore vision.  

Many previous reports have attempted to demonstrate restoration of visual function 

following the transplantation of a variety of sources of donor cells in different models of 

retinal degeneration (Klassen et al., 2004; Kwan et al., 1999; Lamba et al., 2009; 

Maclaren et al., 2006; Tucker et al., 2011). Despite reports of very low numbers of 

transplanted cell integration, there have been some potentially surprising claims 

regarding restoration of vision. Restoration of vision is usually reported following 

assessment of one, or at best two, visual parameters. Rigorous functional testing of 

transplanted photoreceptor function, both in terms of the potential to integrate within 

the visual pathway and the ability to contribution to higher visual function, is lacking in 

current research. The aim of this chapter is to assess the functionality of transplanted 

photoreceptors from the level of the individual photoreceptor through to higher visual 

areas.  
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In the first instance, the ability of the transplanted cells to respond to light must be 

assessed. To examine whether the transplanted cells have the potential to respond to 

light most studies thus far have focused on the histological assessment demonstrating 

photoreceptor segment formation and expression of phototransduction cascade 

markers (Bartsch et al., 2008; Jiang et al., 2010; Kwan et al., 1999; Lakowski et al., 

2010; Lakowski et al., 2011; Maclaren et al., 2006; West et al., 2008; West et al., 2010; 

Yao et al., 2010). However, the ability of these cells to hyperpolarize in response to a 

light stimulus has not been yet been adequately assessed. 

The functional connectivity of the transplanted cells to the recipient second order 

neurons must be examined both by demonstrating the formation of new synapses and 

by demonstrating that the electrical signal generated by the transplanted cell can be 

effectively propagated to second and third order neurons within the recipient retina. 

Using electron microscopy, Gouras et al. demonstrated some segment and synapse 

formation of transplanted P1/P2 retinal cells in both the wildtype and Rd1 recipient 

(Gouras et al., 1994).  However, this study relied on a LacZ reporter and the enzyme β-

galactosidase to identify their transplanted cells population. This technique can be 

inaccurate and difficult to interpret as the product of β-galactosidase activity can spread 

outside of the LacZ positive cell. The development of the Nrl.gfp+/+ donor mouse has 

allowed a more accurate tool to examine transplanted cell synapse formation within the 

recipient retina. Several groups have used immunohistochemistry to confirm the 

morphological appearance of synaptic boutons that co-express with synapse marker 

(Gouras et al., 1991; Gouras et al., 1994; Kwan et al., 1999; Maclaren et al., 2006; 

West et al., 2010). However, a closer inspection of transplanted rod photoreceptor cell 

synapses is required at the ultra structural level to confirm whether these cells form 

typical rod triad synaptic structures. Progress has been made to demonstrate the 

functional propagation of the neural signal to second order neurons. Following 

extracellular field recordings of the ganglion cell layer, threshold responses in scotopic 

lighting conditions in Rho-/- recipients receiving P1 retinal donor cells were reported, 
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compared to sham injected and uninjected control animals (Maclaren et al., 2006).  In 

addition, a recent study reported some improvements in ERG b-wave amplitudes 

following transplantation of human ES derived retinal cells into adult Crx-/- recipient 

mice, despite a very low integration efficiency and poor transplanted cell morphology 

(Lamba et al., 2009). In contrast, other groups have failed to report improvement in 

ERG despite successful graft-host connectivity (Seiler et al., 2009), suggesting there 

are some inconsistencies using ERG recordings as a readout for retinal function. It 

must be noted that full field flash ERG recording, which measures the current 

associated with the phototransduction cascade and the subsequent downstream 

activation of the second order neurons by recording the changes in electrical current at 

the cornea, offers a global assessment of retinal function. Although this technique can 

demonstrate the ability of photoreceptors to respond to light (by measuring the a-wave) 

and whether they are capable of propagating the electrical signal to second and third 

order neurons (demonstrated by the b-wave), it is likely that many fully functional cells 

are needed to generate a large enough signal to be detected by an electrode located 

distal to the retina at the corneal surface.  

 

Finally, propagation of the neural signal to the visual centers in the brain must be 

examined and the ability to integrate visual input from transplanted photoreceptor cells 

must be assessed. Visual reflex tests offer a method to assess whether visual 

information is propagated to lower visual centers in the brain and integrated into an 

appropriate reflex response. For example, in 2006 it was demonstrated that the basic 

subcortical light response, the pupillary light reflex, could be restored in a Rho-/- model 

of blindness, following transplantation of P4-5 rod photoreceptor precursors (Maclaren 

et al., 2006). Optomotor head tracking reflex testing offers an elegant alternative to 

pupillometry testing and can be used to measure both visual acuity and contrast 

sensitivity (Alexander et al., 2007; Prusky et al., 2004; Umino et al., 2008).  



144 
 

In order to address whether the electrical signal generated by engrafted cells can be 

propagated to the visual cortex, imaging the haemodynamic response (intrinsic signals) 

in vivo in the visual cortex in response to visual stimuli can be employed. This method 

was first developed by Grinvald et. al. (1986) in the rat and cat cortex as an alternative 

to using extrinsic dye-signals. Visually mediated behavioural tests can be used to 

demonstrate that the higher visual centers receive and integrate the visual information 

generated by grafted donor tissue. Several groups have attempted to demonstrate 

functional rescue of vision using behavioural testing (Klassen et al., 2004; Kwan et al., 

1999), however, many have done so in the absence of any other measure of function. 

It is therefore difficult to attribute any improvements in behavioural testing specifically to 

the integration of the transplanted photoreceptors into the visual circuitry. Kwan et al. 

transplanted P7-9 retinal cells into Rd1 recipients aged 6-8 weeks and reported an 

improvement in a simple light/dark discrimination test 2 weeks post transplantation 

compared to untreated control animal (Kwan et al., 1999). However, in that study, they 

did not perform sham cell injected controls so they could not dismiss the possibility that 

this behavioural response is mediated by enhancing the survival or activity of the 

remaining endogenous cones. In 2004, Klassen et al transplanted GFP+ve multipotent 

P1 retinal progenitor cells into Rho-/- recipients and reported an improvement in light 

mediated behaviour using the exercise-wheel test (Klassen et al., 2004). In this study 

they demonstrated that when a light stimulus was presented during the dark phase of 

the diurnal cycle, wheel running was suppressed in the treated aged Rho-/- mice, 

whereas untreated and fibroblast sham treated animals stopped running only at the 

brightest light stimulus, suggesting that some rod-mediated vision was restored.   

Many of the techniques mentioned above will be employed in this chapter to 

comprehensively assess transplanted rod-mediated visual function. Histological and 

electronmicroscopy will be used to analyse expression of phototransduction cascade 

markers and the morphology of synaptic structures of the transplanted photoreceptor. 

Electrophysiological techniques, ERG and single cell recordings, will be used to assess 
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the ability of the transplanted cells to respond to a light stimulus. Haemodynamic 

imaging of the visual cortex, the visually-guided watermaze test and optokinetic head 

tracking behavior will be employed to assess whether the responses generated by 

transplanted cells are propagated to the high visual areas and can contribute to higher 

visual functions. In order to assess functional rescue, the Gnat1-/- mouse was used as 

the recipient. After an initial 10% loss of ONL thickness, the degeneration rate in Gnat1-

/- mouse remains stationary and the gross morphology of the retina is maintained until 

12 months, thus providing a stable cytoarchitectural structure to maximize integration of 

transplanted cells. Endogenous rod outer segment development in the Gnat1-/- mouse 

is normal, indicating that the recipient retina is able to provide the necessary structural 

support of development of transplanted cell outer segments. Rod photoreceptors are 

non-functional in the Gnat1-/- mouse (Calvert et al., 2000), resulting in a flat baseline to 

test any improvement in scotopic rod-mediated vision. Finally, cone photoreceptors are 

reported to function as normal in this model, indicating that the inner retinal circuitry 

maintains afferent input (Calvert et al., 2000). All of these factors make this model an 

ideal candidate to test the function of the transplanted photoreceptors. 

 

In order to restore meaningful vision, it is likely that a far greater number of successful 

transplanted cells than previously reported will be required (Bartsch et al., 2008; 

Lakowski et al., 2010; Maclaren et al., 2006; West et al., 2008; West et al., 2010; Yao 

et al., 2010). In this chapter, transplantation techniques are optimized to maximize 

integration efficiency prior to functional assessment. We assess the optimal donor cell 

density for maximal integration efficiency. In previous experiments, transplantation of 

400,000 P3-5 retinal cells in 1µl volume administered to the superior retina via 

subretinal injection resulted in several hundred cells successfully integrating into the 

wildtype recipient retina (Maclaren et al., 2006). However, only 0.25% of the injected 

cells correctly migrated and integrated into the recipient ONL and the vast majority of 

cells remained in the subretinal space. Prolonged retinal detachment is known cause 
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ONL degeneration (Fisher et al., 2005; Mervin et al., 1999) and a study in 2010 

demonstrated that transplantation of 400,000 cells results in prolonged periods of 

retinal detachment and significant host ONL loss (West et al., 2010). Therefore, it is 

essential to minimize further host retinal injury and ONL damage by maximizing cell 

integration and reducing cell mass volume.  

 In previous studies, transplantations were performed by a single injection to the 

superior retina (Bartsch et al., 2008; Lakowski et al., 2010; Lakowski et al., 2011; 

Maclaren et al., 2006; West et al., 2008; West et al., 2010). However, it is possible to 

transplant cells into both the superior and inferior retina and this possibility is explored 

in this chapter. Administering dual transplants to the superior and inferior retina is likely 

to increase the both the total number of integrated cells and the distribution across 

which the integration occurs. From a therapeutic perspective, this approach would 

potentially rescue larger areas of the visual field. Another method that might improve 

transplantation efficiency is the intentional induction of retinal injury (Guo et al., 2003; 

Kurimoto et al., 2001; Nishida et al., 2000). Despite a lack of mature retinal phenotypic 

differentiation, reports using adult hippocampal-derived neural stem cells demonstrated 

that donor cell migration in the adult recipient was only possible following either 

mechanical or ischemic injury, (Guo et al., 2003; Kurimoto et al., 2001; Nishida et al., 

2000). Similarly, Jiang et al. demonstrated enhanced integration efficiency of cultured 

retinal progenitor donor cells following photocoagulation laser treatment prior to 

transplant compared to untreated control (Jiang et al., 2010). Here we assess the 

impact of two injury techniques on transplantation outcome: the scleral stick wound and 

subretinal detachment. The scleral stick wound strategy has been previously reported 

to protect photoreceptor survival in rat models of degeneration (Sakai et al., 1999) and 

the subretinal detachment model initiates a well characterized, reproducible and robust 

acute retinal injury response (Fisher et al., 2005; Lewis and Fisher, 2003; Sethi et al., 

2005).  
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Many previous studies have transplanted freshly isolated tissue from the early 

postnatal retina (Bartsch et al., 2008; Klassen et al., 2004; Kwan et al., 1999; Lakowski 

et al., 2010; Lakowski et al., 2011; Maclaren et al., 2006; West et al., 2008; West et al., 

2010) which contains a mixed population of retinal cells, many of which are 

inappropriate cell types or are not at the ideal ontogenic stage for successful 

integration (Maclaren et al., 2006). The Nrl.GFP+/+ donor mouse contains a genetic 

marker that enables the identification of the donor cell population that is able to 

integrate into the recipient retina: indeed, onset of Nrl expression correlates with the 

integration ability of transplanted rod precursor cells (Maclaren et al., 2006).  GFP 

expression in the Nrl.GFP+/+ donor mouse is driven by the Nrl promoter, which is 

activated immediately post terminal differentiation resulting in GFP expression in the 

newly born post-mitotic rod precursor cells. This donor cell population can be purified 

using Florescence Activated Cell Sorting (FACS) to isolate the GFP+ve rod precursors 

from postnatal Nrl.GFP+/+ retinas and this technique is explored with in this chapter.  
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3.2. RESULTS 

 

3.2.1. OPTIMISING TRANSPLANTATION TECHNIQUES 

 

3.2.1.1. Impact of donor cell density on transplanted photoreceptor 

integration 

Here we assessed the impact of donor cell density both on transplanted photoreceptor 

integration efficiency and recipient ONL integrity. Wildtype adult recipients received a 

single superior 1µl subretinal injection of 40,000, 100,000, 200,000, 400,000 or 

800,000 live unsorted postnatal retinal cells from P3-5 Nrl.GFP+/+ donors. Animals were 

sacrificed 3 weeks post transplant and the number of cells correctly integrated into the 

recipient ONL was quantified. The results are summarised in Figure 3.1a. Reducing 

donor cell density to 200,000 cells / µl (N = 4) did not result in a significant reduction in 

integration efficiency compared to the standard injection (N = 9) of 400,000 cells / µl 

(939 ± 57 compared to 952 ± 206 integrated cells, P > 0.05, ANOVA with Dunnett’s 

correction). Interestingly, increasing donor cell density to 800,000 cells / µl did not 

significantly increase donor cell integration efficiency (981 ± 163 cells / eye; P > 0.05, 

ANOVA with Dunnett’s correction; N = 6). A small, but not significant reduction in 

integration efficiency was observed in those animals transplanted with a donor cell 

concentration of 100,000 cells / µl (677 ± 106 integrated cells; P > 0.05, ANOVA with 

Dunnett’s correction, N = 6). However, a significant reduction in integration efficiency 

was present using a donor cell density to 40,000 cells / µl compared to the standard 

400,000 cell / µl transplant (388 ± 100 cells / eye; P < 0.05, ANOVA with Dunnett’s 

correction; N = 7).  

Thus, changing the number of cells transplanted in 1µl from 100,000 to 800,000 cells / 

µl had little impact on integration efficiency. This means that significant numbers of 
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cells are likely to remain in the recipient subretinal space. To assess the effect of donor 

cell density on survival of the underlying recipient ONL, ONL thickness was measured 

at the site of transplantation (white bars) and normalized to control measurements 

taken inferiorly in the same coronal section of the same eye. Control measurements 

from uninjected wildtype animals were also recorded as a reference guide (black bars). 

As shown in Figure 3.1b (black bars), ONL thickness of uninjected regions of the 

recipient retina remains comparable to uninjected wildtype ONL thickness. Recipient 

ONL thickness around the site of injection remained comparable to the adjacent 

uninjected regions in recipients receiving 40,000 and 100,000 cells/µl (P > 0.05, paired 

t-test, N = 7 and N = 6, respectively). Recipients receiving 200,000 cells / µl 

demonstrated a small reduction in ONL thickness although this was not statistically 

significant (P > 0.05, paired t-test, N = 4). In keeping with previous findings (West et al., 

2010), a significant reduction in ONL thickness was observed in those recipients 

receiving 400,000 cells / µl (P < 0.05 paired t-test, N = 9, Figure 3.1b and 3.1c). 

Together, these findings indicate that a density of 200,000 cells per µL is the optimal 

donor cell density both in terms of maximizing donor cell integration but also for 

minimising the ONL thinning associated with the presence of the remaining donor cell 

mass in the subretinal space. 
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FIGURE 3.1. IMPACT OF DONOR CELL DENSITY ON TRANSPLANTED PHOTORECEPTOR CELL INTEGRATION 

AND RECIPIENT ONL HEALTH 

 (a) The number of Nrl.GFP
+ve

 cells integrated within the wildtype recipient retina following 

subretinal injection of different densities of P4-6 donor cells (expressed as cells/µl; mean ± 

SEM; ANOVA with Dunnett’s correction for multiple comparisons). (b) The ONL thickness of the 

recipient retina following transplant of different densities of P4-6 donor cells. Measurements are 

obtained from around the injection site and expressed as a percentage of control -a region 

adjacent to the injection site (mean ± SEM; paired t-test). (c) Confocal image demonstrating 

recipient ONL thinning around the injected cell mass 3 weeks post a superior subretinal 

transplant of 400,000 donor cells. Scale bar 200 µm.  

Abbreviations: NS, not significant; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer 

nuclear layer; RPE, retinal pigment epithelium; HOE, Hoechst 33342. 
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3.2.1.2. Impact of injury on transplanted photoreceptor integration 

Previous studies using neural donor stem cells demonstrated that donor cell migration 

into the adult recipient retina was only possible following mechanical or ischemic injury 

(Guo et al., 2003; Kurimoto et al., 2001; Nishida et al., 2000). Enhanced RPC 

integration efficiency has also been reported following photocoagulation laser treatment 

immediately prior to transplant to induce a localized injury in the retina (Jiang et al., 

2010). Here, we examined two methods introducing injury to improve transplantation 

efficiency that may be more amenable to a clinical setting and less destructive than 

laser therapy. These approaches include a sclera puncture at the time of 

transplantation and a subretinal detachment 48 hours prior to the transplantation 

procedure. 

 

a) Scleral Puncture 

Figure 3.2a shows the impact of a minimal surgical injury intervention, using a trans-

sclera needle stick puncture was assessed. A scleral puncture was performed in one 

eye (grey bars) prior to cell transplantation, leaving the contralateral eye as an 

untreated control (black bars). Immediately after scleral puncture, both control and 

injury eyes received a single superior subretinal injection of 200,000 unsorted cells in 

1uL. Introducing a scleral puncture had no effect on integration efficiency (1329 ± 192 

versus 1130 ± 389 in the contralateral control eye; P > 0.05, paired t-test, N = 6). 

However, although not quite statistically significant, a reduction in the variation of the 

data was observed (P = 0.06, variance ratio test [F test], N = 6, Figure 3.2b).  
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b) Subretinal detachment 

An acute retinal injury can be introduced by a subretinal detachment. The retinal 

detachment model is well characterized and the injury response is robust and 

reproducible (Fisher et al., 2005; Fisher and Lewis, 2003; Sethi et al., 2005).  

The superior retina of the treated eye (grey bars) was pre-detached using 1uL EBSS 

48 hours prior to transplant, whereas the contralateral control eye (black bars) 

remained untreated. Donor cells were transplanted into the subretinal space as a single 

superior 1uL injection of 200,000 unsorted donor cells in both control and injured eyes. 

Following termination 3 weeks post transplant, a significant 2.4 fold increase in cell 

integration efficiency was observed in those eyes receiving pre-detachment surgery 

compared to contralateral control eyes (2547 ± 261 versus 1044 ± 369 integrated cells; 

P < 0.05, paired t-test; N = 5, Figure 3.2 a). 
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3.2.1.3. Impact of multiple injection sites on transplanted 

photoreceptor integration 

Here we examined the effects of injecting both the superior and inferior retina (grey 

bars) with 1uL of cell suspension containing 200,000 unsorted cells per injection site, 

compared to contralateral control eyes receiving a single superior 1uL injection of the 

same cell suspension (black bars). Dual injections significantly increased cell 

integration to 2689 ± 390 cells/eye compared to contralateral control eyes where 904 ± 

219 cells were observed to integrate into the recipient retina (Figure 3.2a, P < 0.05, 

paired t-test, N = 4). As might be expected, integrated cells were observed across a 

much larger region of the retina following dual transplants. 

 

3.2.1.4. Purifying donor cell population using FACS  

Many previous studies have transplanted tissue isolated from the early postnatal retina 

containing a mixed population of retinal cells, many of which are inappropriate cell 

types or are not at the correct ontogenic stage for successful integration (Maclaren et 

al., 2006).  Fluorescence Activated Cell Sorting (FACS) was used to purify GFP+ve rod 

precursors population from postnatal donor Nrl.GFP+/+ retina (P4 - P6). 

First, the effect of FACS on cell viability was examined (Figure 3.2c, grey bars). 

Viability of the total cell sample and GFP+ve FACS sample was assessed using 

propidium iodide (PI). Viability of the mixed cell population following retinal dissociation 

was 88 ± 3 % (N = 6), of which 38 ± 3 % were GFP+ve (Figure 3.2c, grey bars and black 

bars, respectively). GFP+ve cells were collected in EBSS media containing a high 

concentration of FCS. PI was added to purified GFP+ve cells and re-sorted to determine 

the viability, revealing a 93 ± 2 % viability, of which 90 ± 2 % were GFP+ve (N = 6). To 

conclude, GFP+ve donor cell population purity was significantly boosted from 38 % to 90 

% following FACs purification (Figure 3.2c, black bars, P < 0.0001, paired t-test, N = 6).  



154 
 

Transplants were performed using a single 1uL superior injection of 200,000 FACS 

cells, while the contralateral control eyes received a mixed population of retinal cells 

that had been processed through the MoFlow FACS analyser but were not sorted 

based on fluorescence to control for any viability issues caused by the physical stress 

of being forced through the FACS machine: these cells were termed ‘ungated’. In both 

cases, donor cell suspensions were adjusted in order to transplant 200,000 live cells/µl. 

Integration in wildtype recipients receiving a FACS purified donor cell population was 

significantly higher than contralateral control eyes (4359 ± 711 cells versus 438 ± 85 

cells; paired T-TEST) P<0.001; N=9, Figure 3.2a). It should be noted that integration 

efficiency using the ungated donor cell population was lower than when using the 

unsorted population (438 ± 85 cells versus 953 ± 206 cells, Figure 3.2a, compare to 

white bar), presumably due to the shearing stress caused by being passed through the 

FACS machine.  

In addition to integrating more efficiently, transplanted FACS purified donor cells (grey 

bar) integrated over a wider area following transplantation compared to ungated 

controls (Figure 3.2d, black bar, P < 0.05, paired t-test; N = 5): qualitatively, the region 

over which cells integrated appeared to extend beyond the injection site and cell mass 

(Figure 3.2eii). Similarly, the number of cells remaining in the cell mass appeared 

reduced (Compare Figure 3.2e, i and ii). 

To conclude, transplantation of FACS purified rod precursor cells significantly 

increases integration efficiency and widens the area over which integrated cells are 

found within the recipient retina.  
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FIGURE 3.2. TECHNIQUES TO IMPROVED CELL INTEGRATION EFFICIENCY 

 (a) Cell integration following various treatments to increase integration efficiency 

(mean ± SEM, paired t-test) (b) Scatter graph showing the variation in cell integration 

between eyes receiving trans-scleral puncture wound (variance ratio test [F test], N = 

6). (c) Histogram showing cells viability assessed using PI viability dye (grey bars) and 

purity assessed by GFP (black bars) of the initial dissociated mixed population sample 

and the post-sorted sample (mean ± SEM, paired t-test, N = 6). (d) Histogram showing 

the degree of spread of integrated cells over histological sections following FACS 

sorting compared to un-gated controls (mean ± SEM, paired t-test, N = 6). (e) Confocal 

section highlighting integration and cell mass using (i) unsorted P4 retina and (ii) FACS 

purified Nrl.GFP+ve donor cells. 
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3.2.1.5. Combined approach 

Next we used techniques described above and combined them to assess whether their 

effects were additive. Wildtype recipients received subretinal pre-detachment surgery 

48 hours prior to cell transplantation. Nrl.GFP+ve donor cells were purified using FACS 

and 200,000 live cells in 1 uL were transplanted subretinally both in the superior and 

inferior retina. Interestingly, this combined approach did not result in large increases in 

cell integration, as anticipated, with only 2294 ± 604 cell found to integrate into the 

recipient ONL (Figure 3.3a, N = 6). In addition, a high exclusion rate was noted: 21 out 

of 27 eyes analysed were excluded based on our exclusion criteria (see Methods 

section 2.3.4.1). 13 of the 21 eyes excluded were so due to evidence of an acute 

immunological response. The remaining 8 were excluded because of an absence of 

cell mass within the subretinal space. To address whether the surgical trauma of dual 

pre-detachment surgery followed by dual transplant surgery accounts for the 

unexpectedly poor integration efficiency and high exclusion rate, the combined 

approach was repeated omitting pre-detachment surgery. Recipient animals received 1 

uL superior and inferior injections each containing 200,000 live FACS purified 

Nrl.GFP+ve donor rod precursor cells. Three weeks post transplantation, a significant 

improvement in cell integration efficiency was observed, with an average of 16,759 ± 

1705 cells integrated (N = 9) in the recipient retina (Figure 3.3a, P < 0.0001, unpaired t-

test). The maximum number of integrated cells found within the wildtype recipient ONL 

post transplantation was 26,602 integrated cells.  
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3.2.1.6. Integration in the Gnat1-/- recipient retina 

In order to assess the function of transplanted rods, the Gnat1-/- model of stationary 

night blindness was selected as the recipient model. We first assessed integration in 

the Gnat1-/- recipient using the optimized transplantation protocols identified above. 

FACS purified Nrl.GFP+ve rod precursor were injected both to the superior and inferior 

retina at a density of 200,000 live cells in 1 uL, using the scleral puncture technique to 

minimize cell suspension reflux. Three weeks post transplant animals were sacrificed 

and the number of integrated cells was assessed. Integration was very similar to 

wildtype (18,196 ± 1477 (N = 29), compared with 16,759 ± 1705 (N = 9), respectively, 

P > 0.05, unpaired t-test, Figure 3.3a). The maximum number of integrated cells 

observed to integrate in to the Gnat1-/- recipient ONL was 32,015 Nrl.GFP+ve cells. 

Figure 3.3b shows representative in vivo SLO images of both the superior and inferior 

cell mass prior to termination, demonstrating that the cell mass covers a large 

proportion of the retina. Figure 3.3c demonstrates that integration of Nrl.GFP+ve rod-

precursor cells occurs primarily around the regions of the two injection sites.  

 

Nrl.GFP+ve rod cells integrated within the Gnat1-/- recipient appear similar in morphology 

to those that integrate into the wildtype retina (Figure 3.3d, compare i and ii). In both 

instances, integrated cells were appropriately located within the ONL and presented 

with typical rod photoreceptor morphologies, with long segment regions and processes 

extending into the OPL forming synaptic bouton-like structures (Figure 3.3c and d). 
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FIGURE 3.3. COMBINED TRANSPLANT APPROACH AND INTEGRATION IN Gnat1
-/- 

RECIPIENTS 

 (a) Cell integration in the wildtype and Gnat1-/- recipient retina using the combined 

optimized transplant method (mean ± SEM, unpaired t-test). (b) In vivo SLO images of 

Gnat1-/- recipients 1.5 weeks post transplant. (c) Confocal montage of Gnat1-/- recipient 

4-6 weeks post transplant, with a clear integration region observed in both the superior 

and inferior retina. Scale bar 200µm. Inset, high power confocal image of (i) superior 

and (ii) inferior injection site, scale bar 50µm. (d) High power confocal image of 

integrated cell morphologies in (i) Gnat1-/- and (ii) wildtype recipients. Scale bar 25µm. 
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3.2.2. DO INTEGRATED CELLS RESPOND TO LIGHT AND IS THE 

SIGNAL PROPAGATED TO SECOND ORDER NEURONS? 

 

3.2.2.1. Histological analysis of phototransduction and synapse 

proteins 

Previous work in this lab has demonstrated that rod precursor cells isolated from the 

early postnatal retina integrate within the wildtype recipient retina and are 

morphologically identical to endogenous rods (Lakowski et al., 2010; Maclaren et al., 

2006). Here we sought to determine whether the cells integrating within the Gnat1-/- 

recipient retina were comparable. We therefore performed a closer analysis of 

integrated rod cells to determine whether these cells appropriately express proteins 

necessary for phototransduction. We also sought to address the important question of 

whether these cells form correct synaptic connections with second order neurons.  

 

a) Integrated cells functional expression mature phototransduction markers 

As shown in Figures 3.4a and 3.4b, rod -transducin, which is absent in endogenous   

Gnat1-/- rods, and rod arrestin, which is responsible for quenching photoactivated 

rhodopsin, are both expressed appropriately in the segment region of the transplanted 

photoreceptor. These phototransduction markers are known to translocate between the 

segment region and cell body in a light-dependent manner (Elias et al., 2004). Rod -

transducin translocates to the cell body and synapse upon light stimulation, whereas 

rod arrestin translocates from the inner to the outer segment region upon light 

stimulation. To test whether these markers correctly translocate in response to light in 

the transplanted rod photoreceptors, animals receiving donor cell grafts were either 

light adapted for 2 hours or dark-adapted over night prior to termination. Eyes were 

processed for immunohistochemical staining and the location of rod -transducin and 
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rod arrestin in both light and dark conditions was analysed. Figures 3.4a and 3.4b 

illustrate that rod -transducin was located in the outer segment regions of integrated 

Nrl.GFP+ve cells in animals culled after dark-adaptation (Figure 3.4ai). Moreover, 

staining of retinal sections of animals culled after light adaptation demonstrated that rod 

-transducin expressed in GFP+ve-integrated rod cells correctly translocated to the cell 

body and synapse (Figure 3.4a ii). Conversely, rod arrestin was located in the cell body 

region of integrated Nrl.GFP+ve transplanted cell in recipient animals culled after dark 

adaptation (Figure 3.4b i), as reported in the wildtype (Philp et al., 1987). Similarily, in 

those recipient animals culled after light adaptation, rod arrestin in integrated 

Nrl.GFP+ve cells had successfully translocated to the outer segment region (Figure 3.4b 

ii).  

 

b)  Integrated cells develop classic triad synapse structures 

The ability of the transplanted cells to integrate into the host visual circuitry is 

dependent on their ability to form functional synapses with second order neurons. 

Histological analysis demonstrated that integrated Nrl.GFP+ve-rods formed spherule-like 

structures, typical of normal rod synapse morphology (Okuda, 1969), in the inner most 

layer of the OPL (Figure 3.4c, i-iii). These synaptic structures appropriately contained 

dystrophin, bassoon and/or ribeye (Figure 3.4c, i-iii insets, respectively), which are 

major components of the photoreceptor ribbon synapse (Garner et al., 2000). Sections 

co-staining with antibodies raised against PKC-α, a rod bipolar cell marker showed that 

these synaptic structures appeared to terminate immediately adjacent to bipolar cell 

dendritic processes (Figure 3.4c, iii).  

We next sought to examine the synapses formed by integrated Nrl.GFP+ve rod 

photoreceptor cell at the ultrastructural level. This work was carried out in collaboration 

with Sung C.H and Chuang J.Z., at Cornell University. Figure 3.4d shows electron 

micrographs, kindly supplied by Sung C.H. and Chuang J.Z., of representative synaptic 
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terminals of two transplanted Nrl.GFP+ve rod photoreceptor cells, tT1 and tT2 

(Figure3.4d, inset). Figure 3.4 demonstrates that tT1 clearly adopts the classic rod triad 

innervated synapse structure (Figure 3.4e), with a central bipolar dendritic terminal 

(pseudo-coloured brown) and lateral horizontal cell axon terminals (pseudo-coloured 

green). In addition, several classic features of a synapse were observed in tT1: the rod 

ribbon synapse is easily identifiable (arrow), as are the synaptic vesicles and synaptic 

cleft (Figure 3.4d). 
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FIGURE 3.4. INTEGRATED CELL MORPHOLOGY IN Gnat1
-/- 

RECIPIENTS 

Confocal images of integrated Nrl.GFP+ve rod cells in adult Gnat1-/- recipients 

demonstrating expression of (a) rod -transducin and (b) rod arrestin following (i) dark 

adaptation or (ii) light adaptation, scale bar 50µm. (c) Confocal images of integrated 

Nrl.GFP+ve rod cells in Gnat1-/- recipient, demonstrating the presence of synapse 

structures and expression of the rod synapse markers (i) dystrophin, (ii) bassoon and 

(iii) ribeye, scale bar 25µm. Inserts: high power projection images of defined areas. (d) 

High power electronmicrograph of DAB+ve Nrl.GFP+ve integrated rod cell terminal. Inset 

shows low-power micrograph of two DAB+ve Nrl.GFP+ve-integrated rod cell terminals 

(tT1 and tT2, pseudo-coloured red) surrounded by endogenous DAB-ve rod-cell 

synapse terminals (nT1, nT2, nT3: pseudo-coloured blue). Scale bar 500nm. (e) 

Schematic diagram illustrating classic triad rod synapse morphology, adapted from 

(Kolb, 1970). (f) Electronmicrographs of four DAB+ve Nrl.GFP+ve integrated rod cell 

terminals (i-vi). (g) Electronmicrographs of four DAB-ve unlabelled endogenous rod cell 

terminals (i-vi). Abbreviations: mit, mitochondria; H, horizontal cell axon terminal; B, 

bipolar cell terminal; tT1 & tT2, transplanted rod cell synapse terminals; nT1, nT2, nT3, 

endogenous rod cell synapse terminal. Bipolar cell processes are pseudo-coloured 

brown, horizontal cell axon terminals are pseudo-coloured green. Arrow indicates rod 

ribbon synapse structure. 
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3.2.2.2. Electrophysiology: single cells recordings 

In order to assess whether integrated rod photoreceptors can respond to light, suction 

pipette recordings were performed on integrated Nrl.GFP+ve rod photoreceptor cells by 

our collaborators Xue T. and Yau K.W. at the Johns Hopkins University School of 

Medicine, Baltimore USA (Fu and Yau, 2007; Nikonov et al., 2006). Retinal slices were 

obtained from Gnat1-/- recipients 4-6 weeks post transplant. Correctly integrated 

Nrl.GFP+ve rods were identified using GFP-fluorescence and the Nrl.GFP+ve cell body 

was drawn into a glass pipette. The cell searching process resulted in bleaching of the 

rhodopsin pigment and desensitization of the Nrl.GFP+ve rods. In order to enable for 

regeneration of the rhodopsin pigment in the absence of the RPE, retinal slices were 

maintained in the recording chamber for 1 hour in darkness in a bath solution 

containing 9-cis-retinal. Wildtype (C57BL/6J) uninjected control retinas were subjected 

to the same excitation-light/pigment-regeneration regime prior to recording to allow 

comparison between transplanted and normal rods. 

Figure 3.5a, kindly supplied by Xue T. and Yau K.W., shows flash-response families of 

single dark-adapted rods stimuli of increasing light intensities and demonstrate that 

transplanted GFP+ve rod cells (blue) can respond in a similar fashion to wildtype naive 

and regenerated rod cells (black and red, respectively). As light intensity increases, the 

photocurrents also increase in all three cohorts (Figure 3.5a). Figure 3.5bi 

demonstrates that the maximal amplitude response, as measured by the saturated 

photocurrent, of Nrl.GFP+ve transplanted rods, although slightly smaller (4.6 ± 0.5 pA, N 

= 9; blue), is not significantly different to the maximal amplitude responses recorded 

from naive wildtype rods or wildtype rods subjected to the same excitation/regeneration 

regime (6.1 ± 0.8 pA, N = 4, black; 6.4 ± 0.7 pA, N = 8, red, respectively; ANOVA, P > 

0.05). Figure 3.5bii and 3.5biii demonstrate the dim flash response kinetics. In Figure 

3.5bii, Nrl.GFP+ve rod cells are shown to respond significantly slower (175 ± 10 ms, N = 

6, blue), as measure by the time-to-peak, compared to untreated wildtype controls (143 

± 6 ms, N = 8, black; ANOVA; P < 0.05). Whether this effect is a consequence of 
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pigment regeneration by the 9-cis-retinal treatment regime or an intrinsic feature of the 

Nrl.GFP+ve transplanted rods remains unclear; 9-cis treated wildtype controls (168 ±4 

ms, N = 4, red) were not statistically different to either untreated wildtype rods (black) 

or Nrl.GFP+ve transplanted rod (blue) (ANOVA, P > 0.05). The significant technical 

challenges involved in obtaining these recordings prevented the inclusion of further n 

numbers. However, it seems probable that these differences are a consequence of the 

regeneration treatment regime as the overall duration of the response/integration time 

is significantly longer in Nrl.GFP+ve rod (292 ± 28 ms, N =6 , blue) and wildtype controls 

treated with 9-cis-retinal (267 ± 21 ms, N = 4, red) compared to untreated wildtype 

controls (163 ± 11 ms, N=8, black), suggesting that the treatment regime alone slows 

the dim flash response kinetic (Figure 3.5B iii; ANOVA, both P < 0.05). Figure 3.5b iv 

shows the amount of light needed to elicit a half maximum response, σ, which is 

inversely proportional to sensitivity. Nrl.GFP+ve transplanted rods were less sensitive 

than untreated wildtype controls, requiring significantly more light to produce a half 

maximal response (1.9E4 ± 1.3E4 µm-2  versus 76 ± 14 µm-2; N = 4, blue and N = 8, 

black, respectively; Kruskal Wallis, P < 0.05). Again, it is unclear whether this drop in 

sensitivity is an intrinsic issue of the Nrl.GFP+ve transplanted rod or a consequence of 

the 9-cis-retinal regeneration treatment regime, as wildtype 9-cis-retinal treated 

controls (713 ± 130 µm-2  , N=4, red) were not significantly different to either untreated 

wildtype rods (black) or Nrl.GFP+ve transplanted rods (blue) (Kruskal Wallis, both P > 

0.05). It is possible that recorded signals were generated by neighbouring cone cells 

whereby the electrical signal is conducted to the rods via electrically coupled gap 

junctions. Recordings were therefore taken from adjacent GFP-ve cells. On no occasion 

was a light mediated response observed (Figure 3.5 c). 
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FIGURE 3.5. SINGLE CELL RECORDING FROM INTEGRATED Nrl.GFP
+VE

 TRANSPLANTED ROD 

PHOTORECEPTORS 

 (a) Flash-response families from single dark-adapted wildtype (black), 9-cis-retinal 

treated wildtype (red) and 9-cis-retinal treated Nrl.GFP+ve rod cells (blue). (b) Saturated 

response amplitudes (i) and dim-flash-responses (ii) and (iii) recorded from single 

dark-adapted wildtype (black), 9-cis-retinal treated wildtype (red) and 9-cis-retinal treat 

Nrl.GFP+ve rod cells (blue). Mean ± SEM, ANOVA. Individual cell responses are shown 

(open circles). (iv) Rod sensitivity as measure by the half-saturating flash intensity (σ) 

recorded from single dark-adapted wildtype (black), 9-cis-retinal treated wildtype (red) 

and 9-cis-retinal treated Nrl.GFP+ve rod cells (blue). Median ± range, Kruskal Wallis. (c) 

Representative retinal slice demonstrating a light-sensitive Nrl-GFP+ rod (red circle) 

and its associated response trace, and several surrounding non-responsive GFP 

negative rods (white circles) which demonstrated no response. 
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3.2.2.3. Electrophysiology: Electroretinogram recordings 

To assess whether transplanted rod photoreceptors collectively generate electrical 

signals in response to light and propagate the signal to the inner retina, full field 

electroretinogram (ERG) recordings were performed. Full field ERG recordings offer a 

global measure of the electrical response of the retina to light stimulation and by 

measuring the amplitude of the wave peaks, the function of the retina can be 

quantitatively assessed. 

 

a) Designing the ERG scotopic testing protocol  

i) Verifying cone function 

Little is known about the response threshold and the recovery kinetics of the 

transplanted rod photoreceptor. Although outer segment formation of the transplanted 

cells in the Gnat1-/- recipients was good (see Figure 3.3c), even a small reduction in 

disc formation and rhodopsin expression can result in a reduction in light sensitivity 

(Machida et al., 2000; Reuter and Sanyal, 1984). For this reason, we planned to have 

as bright a stimulus as possible to test rod function, in order to maximize the probability 

of a photon activating a rhodopsin molecule.  Although rod photoreceptor function is 

absent in the Gnat1-/- mouse, retention of normal cone function has been reported 

(Calvert et al., 2000). To verify this finding, full flash photopic ERG recordings were 

performed after a 10-min light adaptation on a background light intensity of 20 cd.s/m2 

and compared to wildtype controls. Figures 3.6a and 3.6b show that some differences 

in average Gnat1-/- (blue) photopic b-wave and a-wave amplitudes were observed, 

compared to wildtype controls (black, N = 6). Photopic b-wave amplitudes in Gnat1-/- 

mice were significantly higher at photopic bright light intensities 10 and 20 cd.s/m2, with 

a recorded amplitude of 141 ± 14 µV and 170 ± 7 µV respectively, compared to 

wildtype control at the same light intensities, with a recorded b-wave amplitude of 82 ± 

18 µV at 10 cd.s/m2 and 84 ± 15 µV at 20 cd.s/m2  (Figure3.6a ii, unpaired t-test, P < 

0.01 and 0.001 respectively, N = 6). At a light intensity of 10 cd.s/m2 the average 
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Gnat1-/- b-wave amplitude is 126 ± 13 % of the average wildtype b-wave amplitude 

(Figure 3.6b; unpaired t-test, P <0 .01, N = 6). Conversely, there was a small but 

significant reduction in Gnat1-/- photopic a-wave amplitudes at 1, 2, 3, 5, 10 and 20 

cd.s/m2 , compared to wildtype controls (Figure 3.6a i, unpaired t-test, N = 6). The 

average Gnat1-/- a-wave amplitude was 67 ± 23 % of the average wildtype a-wave 

amplitude at 10 cd.s/m2 (Figure 3.6b, unpaired t-test, P < 0.05, N = 6). A representative 

ERG full-flash response is illustrated in Figure 3.6c, showing the higher b-wave and 

less defined a-wave in Gnat1-/- recipients compared to wildtype controls. In addition, 

qualitative pronounced differences in photopic flicker recordings can be observed; the 

size of the oscillatory potential in Gnat1-/- mice appears reduced in size compared to 

wildtype controls (Figure 3.6d, N = 4). Also at the higher frequencies the amplitudes 

are much reduced in Gnat1-/- mice compared to wildtype controls (Figure 3.6d, N = 4).  
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FIGURE 3.6. PHOTOPIC ERG RESPONSES RECORDED FROM Gnat1
-/-

 AND WILDTYPE MICE 

Photopic ERG responses recorded from light-adapted Gnat1-/- mice is shown in blue 

and recordings from wildtype mice are shown in black. (a) Full flash photopic a-wave (i) 

and b-wave (ii) ERG responses at each light intensity examined. Mean ± SD, unpaired 

t-test. Dashed boxes indicate light intensity examine in b. (b) A- and a-wave full flash 

photopic ERG responses recorded at 10 cd.s/m2 expressed as percentage of wildtype 

(i). Mean ± SD, unpaired t-test. (c) Representative photopic ERG traces recorded at 10 

cd.s/m2. (d) Representative photopic flicker ERG responses recorded from Gnat1-/- 

(left) and wildtype (right) mice.  *, P<0.05; **, P<0.01; ***, P<0.001. 

  



173 
 

ii) Determining scotopic cone response threshold 

To design an ERG protocol suitable for detecting signals from transplanted rod 

photoreceptors, recordings must be performed following dark adaptation in scotopic 

lighting conditions. The response threshold of cone light detection must be considered 

as cone signals may mask any signal from transplanted rod photoreceptor cells. 

Although rods are traditionally thought to respond in dim scotopic light and cones in 

bright photopic light, there is a significant degree of overlap in the light intensity range 

in which both rod and cones can detect. This is called the mesopic range and usually 

spans between 0.01 to 3 cd.s/m2  in humans (Toda et al., 1999). With this consideration 

in mind, the cone response threshold in the Gnat1-/- mice was determined following 

over-night dark adaptation. Full flash ERGs were performed on dark-adapted Gnat1-/- 

mice (Figure 3.7a, N = 6), where light intensity was incrementally increased until a 

robust cone response was detected. A small b-wave response of 16 ± 4 µV was 

consistently detected at 0.03 cd.s/m2 in Gnat1-/- mice (blue) compared with 332 ± 13 µV 

in the wildtype (black) (Figure 3.7a ii and b ii, P <0.001, unpaired t-test, N = 6,); the 

average Gnat1-/- b-wave amplitude (blue) at this light intensity was 5 ± 3 % of the 

average wildtype b-wave (black) (Figure 3.7b i, P <0.001, unpaired t-test, N = 6). Below 

this light intensity stimulus, visual responses were not robustly detected in the Gnat1-/- 

model reflecting the absence of rod function and loss of cone ERG responses. At 0.003 

and 0.007 cd.s/m2 the average b-wave amplitudes were -6.3 ± 6 µV and 1.3 ± 9 µV, 

respectively (Figure 3.7).  At these light intensities where there was no detectable 

waveform, the placement of a-wave and b-wave measurement cursors were positioned 

according to the 0.03 cd.s/m2 waveform. Note that the standard error was higher at the 

0.003 and 0.007 cd.s/m2 light intensities than 0.03 cd.s/m2 light intensity (± 6 µV and ± 

9 µV versus ± 4 µV). This is mostly likely because at the 0.03 cd.s/m2 light intensity 

there is a robust waveform to measure and less noise.  

The b-wave proved a more sensitive measure of scotopic retina function in keeping in 

published data (Lamba et al., 2009). A-wave signals were barely detectable in Gnat1-/- 



174 
 

mice even at bright mesopic light intensities: at 3 cd.s/m2, an a-wave of just -8 ± 2 µV 

was detected in the Gnat1-/- mouse compared with -241 ± 11 µV in wildtype controls 

(Figure 3.7a i, P < 0.001, unpaired t-test, N = 6).   

 

A testing protocol was designed that reflected the above considerations comprising of 

the following light intensities: 0.003, 0.007, 0.03, 0.5 and 3 cd.s/m2  (Figure 3.7a). The 

first two intensities (0.003 and 0.007 cd.s/m2) were chosen to represent two ‘flat’ 

baseline light levels well below the Gnat1-/- cone response threshold. Any responses at 

these intensities can be attributed solely to rod function from the transplanted rod 

photoreceptors. The third intensity, 0.03 cd.s/m2, was chosen as it is at the very bottom 

of the Gnat1-/- mesopic range and provides us with a reliable wave-form to measure. 

The cone response seen at this light level was 16 ± 4 µV (Figure 3.7aii and bii) and any 

small improvements by the transplanted rods may be detectable over and above this 

signal. At 0.03 cd.s/m2 both the light intensity is brighter and the signal to noise ratio is 

more favorable to detect small ERG signal compared to the 0.007 and 0.003 cd.s/m2 

light intensities. Another two brighter intensities (0.5 and 3 cd.s/m2) were chosen as 

positive controls of cone and retinal function. At a light intensity of 0.5 cd.s/m2 the 

average Gnat1-/- b-wave amplitude was 28 ±1 % of the average wildtype b-wave 

response (Figure 3.7bi). 
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FIGURE 3.7. SCOTOPIC ERG RESPONSES RECORDED FROM Gnat1
-/-

 AND WILDTYPE MICE 

Scotopic ERG responses recorded from dark-adapted Gnat1-/- mice are shown in blue 

and recordings from wildtype mice are shown in black. (a) Full flash scotopic a-wave (i) 

and b-wave (ii) ERG responses at each light intensity examined. Mean ± SD, unpaired 

t-test. Dashed boxes indicate light intensity examined in b. (b) A- and b-wave full flash 

scotopic ERG responses at three light intensities expressed as percentage of wildtype 

(i). Mean ± SD, unpaired t-test. (ii) Representative scotopic ERG traces recorded at 

three light intensities.  *, P<0.05; **, P<0.01; ***, P<0.001. 
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iii)  Protocol optimisation: anaesthetic regime & temperature control 

 

In order to minimize the signal to noise ratio, responses at each stimulus intensity were 

averaged over 15 flashes. An interflash delay of 10 seconds was set between each 

flash to allow full recovery of the rod photoreceptors.  

Again, to minimize the signal to noise ratio, the animal must be anaesthetized in such a 

way as to ensure minimal movement. However, too deep an anaesthesia may cause a 

reduction in signal amplitude (Weymouth and Vingrys, 2008). Most importantly, the 

animal must be anaesthetized to the same depth of anaesthesia when recording on 

different days. Here, the dose of anaesthesia was 10% higher than reported in Chapter 

2 (section 2.2.2.) as mice from the Gnat1-/- strain proved to have a higher anaesthetic 

threshold compared to wildtype animals. The additional anaesthesia reduced animal 

movement making it easier to place the corneal electrodes. Figure 3.8a shows that the 

increase in anaesthetic dose did not reduce the signal with Gnat1-/- animals receiving 

the standard anaesthesia volume compared to those receiving an addition 10% (18 ± 3 

µV versus 19 ± 2 µV b-wave amplitude, respectively unpaired t-test, P > 0.05, N = 6).  

Temperature homeostasis is often compromised in small rodents during anaesthesia 

and a drop in temperature can result in significant decreases in the ERG response 

(Weymouth and Vingrys, 2008).  Therefore, it is essential to regulate the temperature 

of the mice during the ERG recording procedure. Temperature homeostasis was not 

routinely used in the existing set up in the lab, so tests using a temperature controlled 

heat mat were performed to assess any benefits and to check there was no electrical 

interference with the recording equipment. Figure 3.8a shows that standardizing the 

temperature of the mice resulted in a small but significant improvement in the 

amplitude of the signal (24 ± 0.8 µV compared to 18 ± 3 µV; P<0.001, unpaired t-test, 

N = 6). In addition, 6 animals were recorded on 2 separate days. Figure 3.8b 

demonstrated that when the variation between the 2 days was calculated for each 

protocol, although not significant, less variation between the 2 days was observed 
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using the fully optimized protocol (the average standard deviation was 2.7 ± 1.7 for the 

optimized protocol compared to 6.4 ± 3.7 for the original un-optimised protocol, P>0.05, 

unpaired t-test, N = 6). Further, there was less variation between the individual 

animals, as indicated by the error bars (Figure 3.8b). 
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b) Testing transplanted Gnat1-/- recipients 

 

i) Assessing impact of transplant surgical trauma on ERG responses 

It is known that prolonged subretinal detachment causes a reduction in ERG 

amplitudes (Kim et al., 2001; Nour et al., 2003). To determine the impact of surgical 

trauma on the recovery of ERG responses in Gnat1-/- mice, sham transplants were 

performed using donor P4-8 cell from Gnat1-/- mice and compared to contralateral 

uninjected control eyes. ERG recordings were taken each week for 7 weeks post 

transplantation following dark adaptation. The amplitude of the b-wave ERG response 

in sham-transplanted eyes were reduced at most time points compared to uninjected 

contralateral control eyes (Figure 3.8c, paired t-test, N = 6). This reduction was 

maximal at 1 week post transplant, but improved and remained largely stable and 

marginally suppressed after 2 weeks post transplant. This is in keeping with previous 

reports demonstrating a prolonged reduction of b-wave amplitudes following retinal 

detachment (Nour et al., 2003).  
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FIGURE 3.8. OPTIMIZATION OF ERG PROTOCOL AND ASSESSING THE LONG TERM IMPACT OF 

TRANSPLANTATION SURGERY ON ERG RESPONSES 

 (a) Scotopic full flash ERG response recorded at 0.03 cd.s/m2 from dark-adapted 

Gnat1-/- mice following increased anaesthesia and use of a heat mat. Mean ± SD, 

unpaired t-test.  (b) Histogram demonstrated the mean Standard Deviation following 

scotopic full flash ERG response recorded at 0.03 cd.s/m2 from dark-adapted Gnat1-/- 

mice recorded on two separate days. Mean ± SD, unpaired t-test. (c) Scotopic full flash 

ERG response recorded at 0.03 cd.s/m2 from dark-adapted Gnat1-/- mice transplanted 

with Gnat1-/- P4-8 cells (sham) to assess the long term surgical impact of the transplant 

procedure on scotopic b-wave responses. Mean ± SD, paired t-test. *, P<0.05; **, 

P<0.01; ***, P<0.001. 
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ii) Testing Gnat1-/- recipients transplanted with Nrl.GFP+ve rod 

photoreceptors  

Having optimized the scotopic recording setup, transplantations of P4-8 Nrl.GFP+ve 

donor cells were performed and compared with Gnat1-/- sham transplanted 

contralateral control eyes (N = 6) to control for the impact of the surgery and presence 

of cells in the subretinal space. ERG recordings were first taken at 3 weeks post 

injection to allow the retina time to recover from the initial surgical trauma and to permit 

maturation of any integrated rod photoreceptor cells. Recordings continued until 5 

weeks post injection to obtain repeat recordings. As any response is likely to be small, 

repeat recording are essential to show whether any treatment effects are robust and 

reproducible.  

No improvements in average scotopic b-wave amplitudes recorded at 0.007 cd.s/m2 

were similar for either Nrl.GFP+ve and sham transplanted eyes compared to uninjected 

control animals (Figure 3.9a, P > 0.05, unpaired t-test, N = 6). The small b-wave 

responses observed at this light intensity can be considered as noise; no defined 

amplitude waveforms were observed on any of the ERG traces. Similarly, at the 

brighter mesopic intensity of 0.03 cd.s/m2, no improvements in average b-wave 

amplitude compared to sham injected eyes were observed over the time course 

examined (Figure 3.9b, P > 0.05, paired t-test, N = 6). Indeed, no consistent 

improvements in average b-wave amplitude in Nrl.GFP+ve transplanted eye were 

observed or at any of the tested light intensity compared to sham injected eyes (Figure 

3.9c, paired t-test, P > 0.05, N = 6), despite an average of 17,539 ± 3426 integrated 

cells / eye (range 7135-26,616 integrated cells, Figure 3.9b).  

Further analysis of the recordings taken from each independent animal showed that 

none of the individual b-wave responses from Nrl.GFP+ve rod photoreceptor 

transplanted eyes demonstrated a sustained improvement over the time frame 

examined compared with contralateral sham treated controls at any of the light 

intensities examined. Figure 3.9d shows the individual b-wave amplitudes recorded at 
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0.03 cd.s/m2 at each time point for the animal with the highest integration efficiency 

(26,616 cells integrated in the ONL, Figure 3.9e).  

It must be noted that any negative factors associated with surgical trauma were no 

worse in Nrl.GFP+ve rod-precursor transplanted eyes compared to sham transplanted 

eyes: b-wave amplitudes of Nrl.GFP+ve transplanted and sham transplanted eyes were 

not statistically different at any time point examined (Figure 3.9b, P > 0.05, paired t-

test, N = 6). At all time points examined post injection, b-wave amplitudes from both 

Nrl.GFP+ve rod precursor and sham transplanted eyes remained significantly lower than 

those from uninjected control eyes (Figure 3.9b; for individual p values see graph, 

unpaired t-test, N = 6).  

To summarise, the data demonstrate that following subretinal transplantation of cell 

suspension, there is a small but significant reduction in b-wave ERG responses, 

indicative of some sustained surgical damage, in keeping with previous reports (Nour 

et al., 2003). Moreover, no repeatable improvements in ERG response were observed 

following transplantation Nrl.GFP+ve donor cells despite robust cell integration.   
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FIGURE 3. 9. FULL FLASH ERG RESPONSES RECORDED FROM TRANSPLANTED Gnat1
-/- 

MICE 

Full flash ERG responses recorded from dark-adapted uninjected (blue), Nrl.GFP+ve rod 

precursor transplanted (green) or sham transplanted (red) Gnat1-/- mice. (a) Average 

scotopic b-wave amplitudes recorded from dark-adapted mice at 0.007 cd.s/m2. (b) 

Average b-wave amplitudes recorded from dark-adapted mice at 0.03 cd.s/m2. .(c) 

Average b-wave responses recorded from dark-adapted mice at each tested light 

intensity 5 weeks post transplant. (d) Individual b-wave amplitudes recorded 0.03 

cd.s/m2 from dark-adapted mice at over 5 weeks for the animal with the highest 

integration efficiency, with 26,616 cells integrated. (e) Confocal image demonstrating 

robust integration in those mice treated with Nrl.GFP+ve rod precursor cells. This is an 

example where integration of ~ 25,000 cells was observed. Scale bar is 50µm.  

Mean ± SD, paired t-test to compare Nrl.GFP+ve rod precursor and sham transplanted 

eyes and unpaired t-test when comparing to uninjected controls. Abbreviations: NS, not 

significant.  
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c) Determining ERG sensitivity threshold using AAV2/8.Rho.Gnat1 

 

The single cell recording experiments described in section 2.4.1 demonstrated that 

transplanted rod photoreceptors are able to hyperpolarize in response to scotopic light 

stimuli in ex-vivo slices. That this response does not lead to a recordable ERG signal 

can be explained by two hypotheses. Firstly, either the transplanted rod photoreceptors 

are not able to propagate these signals to second order neurons. Alternatively, as full 

field ERG responses are a massed response from the entire retina, the number of 

functionally integrated cells may be below the threshold for detectable ERG responses. 

An adeno-associated viral vector carrying the Gnat1 transgene was employed to 

determine the minimum number of functioning rod photoreceptor cells required to 

generate an ERG response. 

 

 i) Assessing efficacy of AAV2/8.Rho.Gnat1 vector 

Subretinal injections of high titre AAV2/8.Rho.Gnat1 vector (109 viral particles per µl) 

were administered. Repeated full flash ERG recordings were performed every week 

from 3 to 6 weeks post injection on fully dark-adapted mice to assess scotopic 

responses and the degree of rescue achievable by AAV2/8.Rho.Gnat1 mediated gene 

transfer. Representative scotopic ERG traces recorded at 0.03 cd.s/m2 are presented 

in Figure 3.10a demonstrating a rescue of a-wave and b-wave in AAV2/8.Rho.Gnat1 

treated mice compare to untreated controls. As shown in Figure 3.10bi and ii, near 

complete rescue of the ERG b-wave amplitude was observed at 0.03 cs.s/m2 following 

treatment of AAV2/8.Rho.Gnat1 vector (dark blue): at all intensities examined, there 

was no significant difference between treated (dark blue) and wildtype (black) b-wave 

amplitudes (Figure 3.10a i, P > 0.05, unpaired t-test, N = 4). At a light intensity of 0.03 

cd.s/m2, an average b-wave amplitude of 290 ± 79 µV was achieved in 

AAV2/8.Rho.Gnat1 treated eyes (dark blue), representing 86 ± 19 % of average 

wildtype responses (337 ±41 µV, black; Figure 3.10a ii, p>0.05, unpaired t-test, N = 4). 
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Untreated contralateral control eyes (light blue) produced a 21 ± 6 µV average b-wave 

response (6 ± 1% of wildtype), which was significantly lower than both wildtype (black) 

and contralateral AAV2/8.Rho.Gnat1 (dark blue) treated eyes (Figure 3.10b ii, P < 

0.001, unpaired t-test and P < 0.01, paired t-test respectively, N = 4). In addition, 

significant improvements in a-wave amplitudes were also observed: the average a-

wave amplitude of untreated Gnat1-/- mice at 0.03 cd.s/m2 was -3 ± 4 µV (7 ± 2% of 

wildtype), which was significantly lower compared to AAV2/8.Rho.Gnat1 treated Gnat1-

/- mice (-23 ± 9 µV or 55 ± 18% of wildtype) (Figure 3.10c i and ii, light blue and dark 

blue, respectively; P<0.05, paired t-test, N = 4). Full restoration of the a-wave was not 

achieved: the wildtype a-wave amplitude (-42 ± 7 µV) remained statistically higher than 

AAV2/8.Rho.Gnat1 treated Gnat1-/- mice (-23 ± 9 µV) (Figure 3.10c ii; P < 0.01, 

unpaired t-test, N = 4).  

Full flash photopic ERG recordings were obtained at 10 cd.s/m2 following 30-min light 

adaptation to suppress rod responses. Figure 3.10d demonstrates that there were no 

significant differences in the average photopic b-wave or a-wave amplitudes from 

AAV2/8.Rho.Gnat1 treated (dark blue) compared to uninjected contralateral control 

eyes (light blue) following stimulus at a light intensity of 10 cd.s/m2. This suggests that 

any improvements in full flash ERGs following dark-adaptation can be attributed to 

restoration of rod function (Figure 3.10d, P > 0.05, paired t-test, N = 4).  A small and 

non-significant reduction in both the a- and b-wave amplitudes was observed for 

untreated (light blue) and AAV2/8.Rho.Gnat1 treated (dark blue) Gnat1-/- mice 

compared to wildtype controls (black). This is consistent with the suppression of ERG 

responses caused by surgical trauma associated with a subretinal injection (Figure 

3.10d, P > 0.05, unpaired t-test, N = 4). Following injection of AAV2/8.Rho.Gnat1 

vector, subretinal detachments are likely to resolve within 48hr (pers com Professor 

Jim Bainbridge) as there is no cell mass remaining within the subretinal space to 

prevent re-attachment. This is likely to explain the reduced impact of surgical trauma 

on ERG responses, compared to the cell transplant experiments. Using 
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immunohistochemistry and fluorescence microscopy, we assessed rod- α-transducin+ve 

(Gnat1) expression in the eyes receiving AAV2/8.Rho.Gnat1 vector (109 viral particles 

per µl). The vast majority (>80%) of the rod photoreceptor cells in the ONL express 

rod-α-transducin suggesting that the transduction efficiency was high (Figure 3.10e). 

With this degree of transduction, quantification of the number of cells expressing the 

Gnat1 protein was not possible. However, it was estimated that 90-100% of the rods 

within the ONL expressed Gnat1, equivalent to >5 million cells.   
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FIGURE 3.10. RESCUE OF ERG FUNCTION FOLLOWING TREATMENT WITH HIGH TITRE AAV2/8.Rho.Gnat1 

VECTOR 

 (a) Representative ERG traces recorded at 0.03 cd.s/m2 from dark-adapted wildtype 

(bottom), AAV2/8.Rho.Gnat1 high titre (109 viral particles per µl) treated (middle) and 

contralateral untreated control eyes (top). Average full flash ERG (b) b-wave responses 

and (c) a-wave responses recorded at (i) different light intensities from dark-adapted 

wildtype (black), AAV2/8.Rho.Gnat1 high titre treated (dark blue) and contralateral 

untreated control eyes (light blue). Striped bars indicated points used for analysis in ii. 

(ii) Average full flash ERG responses recorded at 0.03 cd.s/m2 from dark-adapted mice 

expressed as percentage of wildtype. (d) Average photopic flash ERG a-wave and b-

wave responses recorded at 10 cd.s/m2 from light adapted wildtype (black), 

AAV2/8.Rho.Gnat1 high titre treated (dark blue) and contralateral untreated control 

eyes (light blue). (e) Confocal image demonstrating rod α-transducin staining in eyes 

treated with high titre AAV2/8.Rho.Gnat1. Scale bar 50µm. 

Mean ± SD, paired t-test to compare Nrl.GFP+ve vector treated and untreated animals 

and unpaired t-test when comparing to wildtype controls.  
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 ii) Titrating ERG responses using dilutions of AAV2/8.Rho.Gnat1 

In order to titrate the number of functioning rod cells required to reach the ERG 

response threshold, various dilutions of the AAV2/8.Rho.Gnat1 vector were injected 

subretinally in Gnat1-/- mice, varying from 105 to 107 viral particles per µl. Repeated 

ERG recordings were performed at 3-6 weeks post injection and the average 

responses of these recordings are presented (Figure 3.11). Animals were sacrificed 

following 30-min light adaptation to allow translocation of the Gnat1 (rod α-transducin) 

protein into the cell body. Using immunohistochemistry and fluorescence microscopy, 

the number of rod α-transducin+ve photoreceptor cells was quantified.   

Eyes of AAV2/8.Rho.Gnat1 treated Gnat1-/- mice (dark blue) with >127,000 Gnat1+ve 

cells (range 127,500 - 155,000 Gnat1+ve cells, N = 3) had clear b-wave ERG responses 

even at the lowest scotopic intensity stimuli. Following dark-adapted ERG recording, 

significant improvement in the average b-wave amplitude was demonstrated compared 

to the contralateral untreated control eyes (light blue) at 0.03 cd.s/m2 (Figure 3.11a and 

b, pink box, P < 0.05, paired t-test), and at every other light intensity tested including 

the lowest scotopic light stimuli of 0.007 and 0.003 cd.s/m2. Figure 3.11c i shows the 

averaged scotopic b-wave amplitudes at various light intensities for an individual 

Gnat1-/- mouse treated with AAV2/8.Rho.Gnat1 (107 viral particles per µl) in one eye 

(dark blue) compared to the contralateral untreated control eye (light blue). At 0.007 

cd.s/m2 the average b-wave amplitude was 42 ± 12 µV and at 0.03 cd.s/m2 the average 

b-wave amplitude was 62 ± 19 µV. Significant improvements at all light intensities 

tested were observed compared to the respective uninjected control eyes (Figure 3.11c 

i, P < 0.05, paired t-test).  

Conversely, expression of rod α-transducin in ~60,000 cells or less (N = 8) following 

AAV2/8.Rho.Gnat1 treatment, did not result in any significant improvements in average 

b-wave amplitudes recorded from dark-adapted mice at 0.03 cd.s/m2 or at any other 

light intensity tested (Figure3.11 a and b, P > 0.05, paired t-test). Figure 3.11di shows 

the averaged b-wave amplitude at various light intensities for an individual Gnat1-/- 
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mouse treated with same vector titre (107 viral particles per µl), where only ~59,000 

cells were Gnat1+ve (Figure 3.11c ii). The averaged b-wave amplitudes for 

AAV2/8.Rho.Gnat1 treated eyes (dark blue) were not significantly different to those 

from contralateral uninjected control eyes (light blue) at 0.03 cd.s/m2 (Figure 3.11a: 

treated 26 ± 8 µV versus untreated 23 ± 7 µV, P > 0.05, paired t-test) or at any of the 

light intensities tested (Figure 3.11c i, P > 0.05, paired t-test). 

Therefore, it can be concluded that the ERG sensitivity threshold following gene 

therapy treatment with the AAV2/8.Rho.Gnat1 vector, lies between ~60,000 and 

~127,000 functional rod photoreceptor cells. These data suggests that the number of 

functionally integrated cells following transplantation of Nrl.GFP+ve rod precursor cells 

(max 26,600) is currently insufficient to generate potentials detectable by ERG 

recordings. 
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FIGURE 3.11. TITRATING ERG RESPONSES USING DILUTIONS OF AAV2/8.RHO.GNAT1 VIRAL VECTOR 

 (a) Correlation between individual animal (Gnat1-/-) average b-wave responses 

recorded at 0.03 cd.s/m2 from dark-adapted AAV2/8.Rho.Gnat1 treated eyes (dark 

blue) plotted against the number of the of rod α-transducin+ve cells. The corresponding 

contralateral untreated control eyes’ average b-wave amplitude values are also plotted 

(light blue). (b) ERG b-wave responses recorded from dark-adapted 

AAV2/8.Rho.Gnat1 treated Gnat1-/- mice: graph shows improvement in individual 

animal average b-wave responses from treated eyes compared to the contralateral 

untreated control eyes’ responses recorded at 0.03 cd.s/m2 plotted against the number 

of the of rod α-transducin+ve cells. Pink box denotes those animals that demonstrated 

both a significant improvement compared to the contralateral untreated control eye and 

>127,000 rod α-transducin+ve cells. Dashed boxes indicate individual animals that are 

analysed in c and d. (c) Complete light intensity series ERG responses recorded after 

dark-adaptation demonstrating average b-wave amplitudes for an individual animal with 

~155,000 rod α-transducin+ve cells, represented by the confocal image (ii), below. (d) 

(i) Complete light intensity series ERG responses recorded after dark-adaptation 

demonstrating average b-wave amplitudes for an individual animal with ~59,000 rod  α-

transducin+ve cells, represented by the confocal image (ii), below. Scale bar 50µm.  

Mean ± SD, paired t-test. Abbreviations: ONL, outer nuclear layer; INL, inner nuclear 

layer. 
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3.2.2.4. Intrinsic imaging of the visual cortex 

Retinal signals are amplified along the visual pathway and it is therefore possible that 

despite that the signals generated by integrated Nrl.GFP+ve rods are not sufficient to 

detect a global ERG response, the signals may be transmitted to the higher visual 

centers and detectable in the brain. To test this, optical intrinsic imaging of the primary 

visual cortex (Grinvald et al., 1986) was performed. Optical intrinsic imaging provides a 

measure of cortical intrinsic haemodynamic responses over large regions of the 

primary visual cortex (V1). Activity in neurons in V1 leads to changes in blood flow and 

oxygen levels. Following a period of activation, deoxygenated blood can be detected 

around the region of neuronal activity and this results in changes of reflected light as 

deoxygenated blood has different absorption properties to oxygenated blood. In V1 

areas of the retinal visual field are topically mapped (Maldonado et al., 1997) so 

changes in the position of a visual stimulus will result in a change of the cortical 

haemodynamic response locus. Four partially overlapping visual stimuli were used, 

which covered the majority of the visual field of one eye (Figure 3.12a). The stimuli 

consisted of flickering black and white bars presented on a grey background (Figure 

3.12a). The exposed visual cortex was illuminated with a 660-nm light and imaged 

using a CMOS photodetector camera as illustrated in Figure 3.12a.  

As shown in Figure 3.12bi, photopic stimuli induce a strong intrinsic haemodynamic 

cortical responses in both Gnat1-/- and wildtype mice (N = 5). In addition, retinotopy 

was observed in both strains when the position of the visual stimulus was changed, 

concurrent changes in the locus of the cortical response were also observed (Figure 

3.12b i). The focus of these studies was to assess rod-mediated vision and here we 

present for the first time an assessment of rod photoreceptor derived intrinsic 

responses in the visual cortex under scotopic lighting conditions. Animals were dark-

adapted over night prior to imaging, surgery was performed under dim-red light 

conditions and the visual stimulus intensity was within the scotopic range (0.007 

cd.s/m2). Figure 3.12bii demonstrates that under scotopic conditions, cortical 
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responses were only observed in wildtype mice. Again, these were observed in distinct 

regions of V1, according to the position of the visual stimulus (N = 5). No responses 

were detected in Gnat1-/- mice tested under scotopic lighting conditions (N = 7), 

reflecting a lack of rod-derived signaling.  
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FIGURE 3.12. INTRINSIC IMAGING SETUP 

 (a) Schematic diagram illustrating experimental setup to image intrinsic 

haemodynamic responses in the visual cortex.  Four over lapping stimuli were 

presented on a monitor. (b) Intrinsic imaging of wildtype and Gnat1-/- mice under (i) 

photopic and (ii) scotopic lighting conditions using different stimuli. Black arrows 

indicate the approximate location of the mouse (posterior-to-anterior axis). Scale 

bars=1mm; ΔI/I=relative intensity values   

Abbreviations: Au, auditory cortex; S1, somatosensory cortex; V1, primary visual cortex 
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Next, Gnat1-/- recipient animals were transplanted with either P4-8 Nrl.GFP+ve rod 

precursor cells or age-matched sham (Gnat1-/-) cells. At 3-5 weeks post 

transplantation, animals were imaged under scotopic conditions to test rod-driven 

intrinsic cortical responses in V1 of the visual cortex. Animals receiving Nrl.GFP+ve 

donor cell transplants all demonstrated robust scotopic stimulus driven intrinsic cortical 

responses (Figure 3.13a, N = 5). Furthermore, partial restoration of retinotopy was 

achieved: overlapping visual stimuli resulted in responses in overlapping regions of V1 

as indicated by the colour maps in Figure3.13a. It must be noted that not all stimuli 

resulted in a cortical response in all animals: for example no responses were observed 

in animal 5 when using stimulus 2 and 3 (Figure 3.13a). This is most likely explained by 

the fact that transplanted cells integrate primarily around the injection sites and 

integration occurs patches across of the retinal area, but not the entire visual field. 

Cortical responses, tested under scotopic lighting conditions, was absent in mice 

transplanted with sham donor cells (Figure 3.13b; N = 3), as was seen with untreated 

Gnat1-/- control animals (Figure 3.14; N = 7). Histological analysis of the transplanted 

retinae post testing confirmed robust integration in all Nrl.GFP+ve rod precursor 

transplanted eyes (10,782 - 31,075 integrated cells). 
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FIGURE 3.13. INDIVIDUAL ANIMAL SCOTOPIC HAEMODYNAMIC INTRINSIC IMAGES OF Gnat1
-/- 

MICE 

Scotopic haemodynamic intrinsic images of Gnat1-/- mice post transplant of (a) 

Nrl.GFP+ve rod precursor cells or (b) Gnat1-/- sham cells. Black arrows indicate the 

approximate location of the mouse (posterior-to-anterior axis). Imaging artefacts 

created by uneven bone surfaces are indicated by asterisks (red). Scale bars = 1mm; 

ΔI/I=relative intensity values.  
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FIGURE 3.14. INDIVIDUAL ANIMAL SCOTOPIC HAEMODYNAMIC INTRINSIC IMAGES OF UNTREATED 

CONTROL Gnat1
-/-

 MICE 

Black arrows indicate the approximate location of the mouse (posterior-to-anterior 

axis). Scale Imaging artefacts are indicated by asterisks (red). Scale bars = 1mm; 

ΔI/I=relative intensity values.  
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3.2.2.5. Behavioural testing of Nrl.GFP+ve rod precursor transplanted 

Gnat1-/- recipients 

 

In order to assess whether transplantation of rod photoreceptor precursor cells can 

contribute to and improve higher measures of visual function, two behavioural tests 

were employed: optomotor head-tracking reflex testing and the visually guided water-

maze test. Both require input of visual information, which is integrated by visual centers 

in the brain resulting in motor responses. The optomotor head-tracking response 

reflects functional integration of the visual stimulus orchestrated by the sub-cortical 

brainstem. Conversely, the visually-guided water maze test requires cognitive 

processing of visual information in higher brain regions including the visual cortex.  

 

a)  Optomotor head tracking results 

Optomotor head tracking responses to a rotating pattern can be assessed to measure 

contrast sensitivity and visual acuity (Alexander et al., 2007; Prusky et al., 2004; 

Thomas et al., 2004b; Umino et al., 2008). A full description of the methods used to test 

optomotor head tracking response was previously described in Chapter 2, section 

2.4.4. Optomotor testing and analysis was performed by Dr Rachael Pearson, who 

kindly supplied the data presented in Figure 3.15.  

Optomotor head tracking responses in wildtype and untreated Gnat1-/- mice were 

characterized under scotopic and photopic lighting conditions, to confirm the absence 

of rod mediated vision yet retention of cone mediated vision in Gnat1-/- mice. Under 

scotopic lighting conditions, head tracking responses testing both contrast sensitivity 

and visual acuity were retained in wildtype mice yet, as anticipated absent in untreated 

Gnat1-/- mice (Figure 3.15, ai and aii, N = 4 and N = 12, respectively). In contrast, under 

photopic lighting conditions, optomotor head tracking responses in wildtype and Gnat1-

/- mice were similar (Figure 3.15, a i and ii, both N = 12). Previous reports have 

demonstrated that murine visual acuity is worse in scotopic condition than in photopic 
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conditions (Umino et al., 2008): indeed in wildtype mice the visual acuity threshold was 

0.488 ± 0.003 cycles / degree in photopic lighting conditions and 0.245 ± 0.01 cycles / 

degree in scotopic lighting conditions. 

Gnat1-/- recipient mice were transplanted with FACS sorted Nrl.GFP+ve-rod precursor 

cells by both superior and inferior subretinal injections and the contralateral control eye 

received sham cells (age-matched Gnat1-/- cells). Photopic optomotor head tracking 

responses were recording pre- and post-transplant as a positive control, and 

demonstrated no change in either visual acuity or contrast sensitivity for sham injected 

or Nrl.GFP+ve injected eyes demonstrating that cone function was neither improved nor 

compromised as a result of the surgery or cell transplant. Animals were dark-adapted 

overnight and tested in scotopic lighting conditions to assess rod-mediated vision 

(Figure 3.15, c i and d i). Optomotor responses were observed in mice treated with 

Nrl.GFP+ve-rod precursor cells in rod mediated scotopic lighting conditions: the mean 

contrast sensitivity threshold was 1.3 ± 0.1 compared to 15 ± 0.6 in wildtype animals 

(Figure 3.15, c i) and the mean visual acuity threshold was 0.097  ± 0.007 cycles / 

degree compared to 0.245 ± 0.01 cycles / degree in wildtype animals.  

A small optomotor response was observed in the contralateral sham injected eyes. To 

examine whether effect is a consequence of trophic effects generated by the presence 

of the sham cell mass or surgery or whether this response is can be attributed to 

‘cross-talk’ between the visual fields driving the head tracking response, two further 

experiments were performed. In the first instance, a cohort was transplanted with P1 

unsorted cells (known to have poor integration efficiency) to control for any trophic 

effects of the immature cell mass. No optomotor response was observed in scotopic 

lighting conditions when testing for either visual acuity or contrast sensitivity. Secondly, 

a cohort was injected with sham age-matched Gnat1-/- cells in both eyes (Figure 3.15, c 

and d). Similarly, no optomotor responses were recorded when testing contrast 

sensitivity or visual acuity in scotopic lighting conditions. This indicates that there is 

some degree of ‘cross-talk’ between each visual field in driving optomotor head 



203 
 

tracking responses and that small responses can be detected by the non-dominant 

eye, (i.e. during clockwise rotation, the left eye dominates the response but not 

exclusively, and vice versa). 

Animals were scarified following optomotor testing and the number of Nrl.GFP+ve cells 

successfully integrated within the recipient ONL was quantified. Robust integration 

following transplant was demonstrated; more over a significant positive correlation 

between the number of integrated cells and the degree of rescue achieved for both 

contrast sensitivity and visual acuity was demonstrated (Figure  3.15, c ii and iii). 
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FIGURE 3.15. OPTOMOTOR HEAD TRACKING RESPONSES 

 (a) Contrast sensitivity and visual acuity response thresholds recorded from Gnat1-/- 

and wildtype mice in cone-mediated photopic light conditions and rod-mediated 

scotopic lighting conditions. (b) Contrast sensitivity and visual acuity response 

thresholds recorded in photopic lighting conditions from Gnat1-/- mice transplanted with 

Nrl.GFP+ve cells and sham (Gnat1-/-) cells in the contralateral control eye. Contrast 

sensitivity (c i) and visual acuity (d i) response thresholds recorded in scotopic lighting 

conditions. Head-tracking response threshold correlation with the number of integrated 

cells for contrast sensitivity (c ii) and visual acuity (d ii). 
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b) Watermaze testing  

 To assess whether photoreceptor transplantation can contribute to higher visual 

function, the visually-guided water-maze test, which requires cognitive processing of 

visual information, was employed. The water-maze is Y-shaped and the mice are 

trained to swim to a hidden platform that is associated with a visual cue; a pattern 

grating appearing on a computer monitor (Figure 3.16a). Water-maze training was 

performed by Dr Claire Hippert and Yanai Duran prior to transplantation. Testing and 

data analysis was performed by Dr Rachael Pearson, who kindly supplied the data 

presented in Figure 3.16a.  

Watermaze training was performed under photopic cone-mediated lighting conditions. 

Figure 3.16a demonstrates that Gnat1-/- mice (N = 21) were able to learn and complete 

the task as well as wildtype animals (N = 4), indicated by a ≥ 70 % correct response 

rate. Testing under scotopic lighting conditions, revealed the Gnat1-/- mice (N = 21) 

performed no better than chance, as anticipated, compared to wildtype (N = 4) animals 

that were able to complete the task with a ≥ 70 % correct response rate (Figure 3.16a). 

Of the 21 Gnat1-/- mice trained, three testing cohorts were formed. Gnat1-/- mice 

received either dual transplants of Nrl.GFP+ve-rod precursor cells in both eyes (N = 9); 

dual transplants of sham age-matched Gnat1-/- cells in both eyes (N = 6) or remained 

untreated (N = 6). Trained wildtype untreated control animals were test alongside the 

Gnat1-/- cohorts. All animals were re-tested under scotopic lighting conditions 4-6 

weeks post transplant in order to assess rod-mediated visual function.  Figure 3.16c 

demonstrates that 4 out of the 9 Gnat1-/- recipients receiving Nrl.GFP+ve-rod precursor 

cell transplants and all of the wildtype control animals (N = 4), were able to solve the 

task making ≥ 70 % correct responses. None of the sham injected or untreated Gnat1-/- 

mice were able to solve the task (Figure 3.16c), and the average response of these 

cohorts was no better than 50 % chance (Figure 3.16d). The average response of the 

Nrl.GFP+ve treated Gnat1-/- recipients was significantly greater than the untreated and 

sham treated control groups (Figure 3.16d). Furthermore, figure 3.16e demonstrates 
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that the Gnat1-/- Nrl.GFP+ve treated recipient cohort that were able to complete the task 

(performers only), did so with an average swim-time of 15.1 ± 0.8 sec to reach the 

hidden platform, compared with 7.1 ± 1.4 sec for wildtype mice. This was significantly 

faster compared with 26.4 ± 1.1 and 26.0 ± 1.2 for sham-injected Gnat1-/- and 

untreated Gnat1-/- animals, respectively (Figure 3.16e). Furthermore, the ability to 

perform the water-maze under cone-mediated photopic lighting condition post 

transplant remained at ≥ 70 % throughout the experiment (Figure 3.16f), however, a 

small temporary drop in photopic pass rate during maintenance training was observed 

2 weeks immediately after injections (data not shown). 

Following water-maze testing the animals were sacrificed and the number of Nrl.GFP+ve 

cells correctly integrated into the recipient Gnat1-/- ONL was quantified. Robust 

integration was observed (Figure 3.16g), more over a significant positive correlation 

between the number of integrated Nrl.GFP+ve rod cell and the ability to solve the 

watermaze task was demonstrated (Figure 3.16g and compare h i and ii). 
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FIGURE 3. 16. WATER-MAZE TESTING RESULTS 

 (a) Schematic of water-maze setup (Adapted from (Wong and Brown, 2007)). Animals 

are trained to swim to a hidden platform associated with a striped grating visual cue. 

(b) Average pass rate for wildtype (black bars) and Gnat1-/- animals (grey bars) in rod-

mediated scotopic and cone-mediated phototopic lighting conditions. (c) Individual 

pass-rates of Nrl.GFP-treated, sham (black), sham-injected (dark grey) and uninjected 

(mid grey) Gnat1-/- mice and wildtype uninjected (light grey). (d) Average pass-rate for 

each cohort. (e) Average swim-time to platform latencies for each cohort, including all 

(light grey) and correct choice only (dark grey). (f) Average photopic pass-rate for 

Gnat1-/- receiving Nrl.GFP-transplants (light grey bars) or sham-transplants (dark grey 

bars) both before and after transplant. (g) Graph demonstrating correlation between 

the number of integrated Nrl.GFP rod cells and the ability to solve the water-maze task. 

Red circle highlight individual animals presented in (h).  (h) Examples of integration in 

animal No 6 (i) that successfully completed the watermaze task and animal number 5 

(ii) that did not.  
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3.3. DISCUSSION  

 

Transplantation of photoreceptor cells offers a potential future strategy for the 

treatment of retinal degenerative disorders that culminate in impaired vision and 

ultimately blindness. Over the last decade, proof-of-concept for photoreceptor 

transplantation has been investigated. Donor cells, if at the correct ontogenic stages 

(Lakowski et al., 2010; Lakowski et al., 2011; Maclaren et al., 2006), are capable of 

migrating into and integrating within the recipient retina. These cells form typical 

photoreceptor morphologies and express mature photoreceptor markers (Bartsch et al., 

2008; Jiang et al., 2010; Klassen et al., 2004; Kwan et al., 1999; Lakowski et al., 2010; 

Lakowski et al., 2011; Maclaren et al., 2006; West et al., 2008; West et al., 2010). 

Some limited improvements in visual function have been reported (Klassen et al., 2004; 

Kwan et al., 1999; Maclaren et al., 2006). However, for robust repair of visual function, 

integration efficiency required significant improvement on the low numbers previously 

reported to date. In the first part of this chapter, methodological approaches to improve 

transplant procedure and ultimately increase integration efficiency were assessed. 

Together, these led to a 17-fold improvement, compared to our earlier reports 

(Maclaren et al., 2006; West et al., 2008; West et al., 2010), which was achieved 

through a combined transplant approach, using a purified donor cell population and 

multiple transplant injection sites. 
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3.3.1. IMPROVING TRANSPLANTATION EFFICIENCY 

Some reports have indicated that the presence of non-integrated graft cells may be 

beneficial to the endogenous retina by providing neurotrophic support, through the 

release of pro-survival growth factors (Keegan et al., 2003; Lawrence et al., 2000). 

However, potential surgical damage to the surviving recipient retina must be 

considered if photoreceptor transplantation is to be proposed as a therapy to treat mid-

stage disease. Previous reports have indicated that photoreceptor transplantation can 

lead to significant thinning of the recipient ONL (West et al., 2010), an observation 

likely to arise from the low integration rate leading to the presence of large numbers of 

non-integrated cells remaining in the subretinal space. Prolonged detachment of the 

retina is known to result in apoptotic cell death of retinal photoreceptors (Cook et al., 

1995; Stone et al., 1999). Survival of the graft cells in the subretinal space may prevent 

functional re-attachment of the retina after surgery and may act as a barrier separating 

the endogenous recipient retina from the overlying RPE, which plays an essential role 

in maintaining photoreceptor health. With this in mind, photoreceptor transplantation 

replacement therapy may be more appropriate for the treatment of mid- to end-stage 

disease, when the recipient retina ONL has significantly degenerated. Perhaps in this 

case, larger number of donor cells could be transplanted with less risk of damaging the 

remaining host inner retina.  

However, here we sought to minimize host retinal damage by reducing the 

concentration of cells injected, to reduce the remaining donor cell mass size, while 

retaining the injection volume so keeping the size of the detachment area with the aim 

of maximizing the spread of cell integration. Recipient retinal damage was minimal 

when reducing the donor cell density to 200,000 cells / µl, from the previously reported 

400,000 cells / µl.  Importantly, donor cell integration efficiency was maintained. The 

preservation of integration efficiency may be part explained by the availability of 

integration competent donor cells; if these integration competent cells are in 
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abundance, availability will not be a limiting factor until much lower donor cell numbers 

are used. In addition, injection of fewer donor cells may reduce their retention within the 

cell mass and thus promote donor cell migration away from the transplanted cell mass 

into the recipient ONL. Donor cell migration and integration may be inhibited by local 

cell-to-cell interactions within the dense cell mass which may provide enough trophic 

support for donor cell survival. Donor cells that are relatively isolated may migrate into 

the retina in order to seek such interactions and survival cues.  

In these cell density experiments, a mixed population of postnatal retinal cells was 

transplanted, including Müller glial cells. GFAP is a marker of glial cell activation and 

reactive gliosis, a process known to inhibit neuronal regeneration (Bradbury et al., 

2002; Bradbury and Carter, 2010; Fawcett and Asher, 1999). Examination of the donor 

cell mass revealed significant expression of GFAP, most likely originating from the 

donor Müller glia, which appeared to encase the Nrl.GFP+ve photoreceptor cell mass. 

The presence of these Müller glia may present a barrier to donor rod precursor cells 

that would otherwise be capable of migrating away from the donor mass.  

Previous studies have demonstrated that successful rod transplantation requires donor 

cells at the correct ontogenic stage in development, a process that coincides with the 

onset of expression of Nrl in rod precursor cells (Maclaren et al., 2006). Therefore, here 

FACS was employed as a method to isolate and purify this population from Nrl.GFP+/+ 

donors. In addition, it also offered a method to circumvent the potentially negative 

effects of transplanting an unsorted donor population that (1) may hinder integration 

and (2) remain in the subretinal space after transplantation prolonging retinal 

detachment. Using FACS to purify the P4-P6 donor cell population, the donor cell purity 

could be significantly increased to 90% Nrl.GFP+ve (a 2.3-fold improvement on unsorted 

populations, which had 38% of cells Nrl.GFP+ve) with little effect on overall cell viability.  

Following transplantation of FACS purified Nrl.GFP+ve rod precursor donor cells, 

integration was significantly increased (4.7-fold) compared to unsorted controls. 
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Interestingly, the degree of improvement was greater than anticipated: by purifying the 

population 2.3-fold integration increased 4.7-fold, suggesting that some other factors, 

such as those discussed above, may be involved and act to impede cell integration 

when using unsorted donor cells. The improvement in cell integration was 

accompanied by an increase in the distribution of the integration and a qualitative 

reduction in the size the donor cell mass compared to unsorted controls. The latter 

observation is unlikely to be explained by increased integration alone as only 10% of 

transplanted cells go on to integrated within the recipient retina. It may be that FACS 

sorted donor cell masses lack the survival cues associated with an unsorted donor cell 

mass, resulting in increased integration but reduced longevity of those cells that do not 

integrate. To investigate this more thoroughly, the number of cells residing in the 

subretinal space would need to be quantified using a ubiquitous cell marker. Donor 

cells from offspring of cross between the Nrl.GFP+/+ mouse and a ds-RED mouse could 

be used in this instance. In addition it may also be useful to assess cell death within the 

subretinal cell mass cell death using a cell death detection assays such as TUNEL 

staining. 

Reduced integration efficiency was observed when using unpurified donor cells that 

where processed through the FACS machine, termed ‘ungated’ cells compared to 

unsorted unprocessed donor cells. A small non-insignificant reduction in cell viability 

was observed when assessed immediately post FAC sorting, prior to transplant. FACS 

uses pressure differentials to sort cells, a process that is likely to induce some shearing 

stress responses (Lakowski J., pers com), and a decline in cell viability is not 

surprising. However, it is possible that the true extent of cell loss was underestimated, 

as cell death is a process that occurs over several hours and may not be detected 

within the time frame examined here. Further investigations would be required to fully 

assess the impact of FACS sorting on cell viability and integration. Early termination, 

with 24 hours, of animals transplanted with ‘ungated’ FACS-processed cba.GFP+/+ 

donor cells could be used as a method to assess the true extent of cell viability loss. 
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The number of dead cells within the GFP+ve cell mass could be quantified using cell 

death detection markers.    

Despite significant improvements in cell integration efficiency following purification of 

the donor cell population using Nrl.GFP as a marker, only 8.5% of the total number of 

injected cells integrated into the recipient retina. Previous reports indicate that cells that 

are too immature or mature fail to integrate efficiency and fail to develop into mature 

photoreceptors (Maclaren et al., 2006), This suggests that there is a very specific 

developmental time window during which donor cells successfully integrate. The rod 

photoreceptor population exhibits a long maturation period and although the peak of Nrl 

expression is around P4 (Akimoto et al., 2006), many of the Nrl.GFP+ve cells in a P4 

population will be at different stages of maturation. Furthermore, Nrl expression begins 

when the immediately after terminal differentiation and the beginning of the maturation 

process; however, it continues to be expressed once maturation is complete. 

Identification of a second marker at the end of the developmental time window and 

using it to exclude those Nrl.GFP+ve cells that are already too mature, would allow 

heightened purification of the optimal donor cell source and may further increase the 

proportion of transplanted cells that can integrate into the recipient retina. Moreover, 

while Nrl certainly identifies a population of integration-competent cells, there may be 

other markers that better define this population (Lakowski et al., 2011). For example, 

preliminary evidence suggests that FACS purified P8 Nrl.GFP+ve cells are better than 

FACS purified P4 and P10 Nrl.GFP+ve cells, suggesting that the most integration-

competent rod precursor cells may not be immediately post mitotic as initially thought 

(data not shown). In addition, the use of a fluorescent genetic marker to identify the 

appropriate donor population is not desirable for a human therapy. Identification of 

appropriate cell surface markers to isolate integration-competent donor cells from 

differentiated stem cell cultures will be required. Several groups have began to identify 

cell surface markers that could be used to both enhance the isolation of the most 

integration competent donor cell population and to purify the donor population in a 



215 
 

method conducive with a human therapy (Eberle et al., 2011; Lakowski et al., 2011). 

CD24 and CD73 have been identified as cell surface markers that can isolate a highly 

integration competent donor cell population, more so than using the expression of a 

single genetic marker, Nrl.GFP (Lakowski et al., 2011).  

Several previous reports have demonstrated that injury can have a positive effect on 

photoreceptor survival (Sakai et al., 1999) and transplantation outcome (Guo et al., 

2003; Jiang et al., 2010; Kurimoto et al., 2001; Nishida et al., 2000). Retinal injury 

initiates a number of changes in the retina, including the release of several growth 

factors that may have neurotrophic effects and promote transplanted cell integration 

(West et al., 2012b). Kwan et. al. 1999, had adopted the use of the scleral puncture 

technique and had hypothesized that this technique may reduce transplant reflux by 

reducing intra-ocular pressure prior to injection of the cell suspension (Kwan et al., 

1999). Here we demonstrate that performing the minimally invasive scleral puncture 

surgery immediately prior to transplant had no effect on integration efficiency. However, 

we did find that scleral puncture surgery immediately prior to transplant results in a 

reduction in integration variation, a phenomenon that could be attributed to a reduction 

in intra-ocular pressure and the subsequent reflux of the cell suspension.  

Using a more invasive technique to initiate an acute local retinal injury, we found that a 

single subretinal detachment of the retina 48-hours prior to a single subretinal 

transplant led to a 2.4 fold increase in integration efficiency. Neural retina reattachment 

following a subretinal detachment is known to induce outer-segment re-growth and 

outgrowth of rod axons into the inner retina (Fisher and Lewis, 2003): processes could 

be beneficial to promote transplanted cell integration. The improvement in cell 

integration demonstrated here is similar to improvements reported by Jiang et al. 2010 

who demonstrated an increase in cell integration of cultured RPC following 

photocoagulation laser treatment prior to transplant (Jiang et al., 2010). Several studies 

have attributed the beneficial effects of injury on transplant outcome to the release of 

trophic growth factors (Guo et al., 2003; Kurimoto et al., 2001; Nishida et al., 2000; 
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Sakai et al., 1999) and changes within the composition of the extracellular matrix (Jiang 

et al., 2010). Indeed, subretinal detachment is known to initiate a glial response and an 

array of growth factors and cytokines are upregulated within hours of the detachment 

(Nakazawa et al., 2006), some of which could provide neurotrophic support that may 

promote donor cell survival or act as chemoattractants to promote donor cell migration. 

For example, mRNA levels for fibroblast growth factor (bFGF) are known to be 

upregulated in the ONL at 72 hours following subretinal detachment (Nakazawa et al., 

2006) and bFGF suppresses apoptosis, thus promoting neuronal survival (Cardone et 

al., 1998). Indeed, ectopic expression of the neurotrophic growth factor insulin-like 

growth factor was shown to increase integration efficiency in the wildtype retina (West 

et al., 2012). Other reports examining transplants into an pre-injured retina have 

demonstrated that N-cadherin, thought to promote neurite outgrowth (Neugebauer et 

al., 1988), is upregulated at the OLM around the detachment site (Chen and Ma, 2007) 

and may promote transplanted cell migration. In addition, the mechanical trauma of the 

subretinal detachment to the recipient retina may cause a localized transient disrupt to 

the OLM, a proven barrier to cell integration (West et al., 2008). Manipulation of these 

factors by other more targeted and less traumatic means may prove a useful strategy 

to further improve cell integration efficiency (see Chapter 4). In addition, several of 

these factors may be altered in the degenerating retina. For example, as cell death 

ensues, OLM integrity may become compromised, which is likely to promote donor cell 

integration. These studies indicate that successful integration may be achieved in the 

degenerating retina, in which a similar injury response may be activated. The impact of 

disease type, disease progression and the subsequent changes in the degenerative 

recipient microenvironment on transplantation outcome will be examined in greater 

detail in Chapter 4. 

Despite moderate improvements in donor cell integration reported in the Jiang study, 

laser treatment resulted in considerable damage and cell death to the recipient retina 

(Jiang et al., 2010) and subretinal detachment is known to initiate death of retinal cells 
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(Cook et al., 1995; Stone et al., 1999). Using retinal injury as an adjunctive strategy to 

enhance transplanted photoreceptor integration efficiency in a clinical setting needs to 

be carefully balanced against any negative effects to the surviving recipient retina. We 

found that excessive injury following dual pre-detachment surgery prior to dual 

transplant surgery can lead to marked reductions in integration efficiency and poor 

recipient cytoarchitecture. Widespread detachment may damage host vasculature 

(Mervin et al., 1999), suggesting the metabolic demands of the newly grafted donor cell 

mass and recipient retina may not be met and cell death ensues. Although the retina is 

considered to be immune privileged, injury, for example as a result of widespread 

subretinal detachment, may compromise the choroid and blood- retinal-barrier 

functions, which may facilitate an acute immune response. Evidence of immune 

rejection was indeed observed in several eyes transplanted using the combined 

approach, more so than observed with single injections. The increased incidence of 

intravitreal injection observed in this cohort may arise as a consequence of damage to 

the recipient retina caused by the dual pre-detachment surgery, leading to structural 

weakness and increasing the likelihood of unintended intra-vitreal injection.  
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3.3.2. HISTOLOGICAL AND FUNCTIONAL ASSESSMENT OF 

INTEGRATED ROD PRECURSOR DONOR CELLS 

Integration and maturation of transplanted rod precursor cells into the wildtype and 

degenerating retina has now been robustly demonstrated by a number of groups. 

Firstly, qualitative assessment of transplanted cells shows that they do develop mature 

rod morphologies with slender segment structures projecting into the IPM (Bartsch et 

al., 2008; Maclaren et al., 2006). Here we demonstrate that integration in the Gnat1-/- 

recipient is comparable to that achieved in wildtype recipients, both in the total number 

of cells integrating into the recipient ONL and in the development of mature rod 

morphologies. Segment formation of rod precursor cells transplanted into Gnat1-/- 

recipients appears similar to rod transplanted into the wildtype recipient. Further 

studies as assessed from histological fluorescence sections at the ultrastructure level 

are required to confirm the structural similarity of transplanted cell outer segment 

development with that of endogenous wildtype rod outer segments: measuring 

segment length and quantification of the number of outer segment disks would provide 

quantitative assessment of this. Secondly, expression of several mature photoreceptor 

markers has been reported, including expression of rhodopsin and recoverin (Bartsch 

et al., 2008; Jiang et al., 2010; Kwan et al., 1999; Lakowski et al., 2010; Lakowski et 

al., 2011; Maclaren et al., 2006; West et al., 2008; West et al., 2010; Yao et al., 2010). 

In this chapter, we demonstrate functional expression of two mature rod markers in 

transplanted rod cells: rod-α-transducin and arrestin. These proteins undergo opposing 

light-induced translocation. When the retina is exposed to light arrestin is rapidly 

translocated to the outer segment region in rod photoreceptors. This is mirrored by a 

rapid translocation of rod-α-transducin to the inner segment region (Elias et al., 2004). 

The rapidity of this movement suggests that the primary function of this translocation is 

to terminate the phototransduction cascade (mediated by the role of arrestin) to protect 

rod photoreceptors against light damage. In darkness, translocation of both proteins 
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occurs in the appropriate opposing direction and does so in a slower manner and is 

thought to maximize rod sensitivity in low lighting conditions (Elias et al., 2004). Thus, 

not only do transplanted rod photoreceptor cells integrated within the recipient retina 

express markers of the phototransduction cascade, they also undergo appropriate 

light-mediated translocation of some of these proteins. 

Single cell recordings demonstrated that integrated Nrl.GFP+ve cells respond to light in 

a manner similar to wildtype rods. We demonstrated that the transplanted cells 

hyperpolarize and that the extent of the response is determined by the intensity of light 

used. Experiments to determine the maximal photocurrent demonstrate similarities 

between Nrl.GFP+ve integrated rod and wildtype rod cells in the saturated photocurrent 

amplitude. In order to test rod function, recordings were performed in the dark. 

However, GFP-fluorescence was used to identify and locate the integrate Nrl.GFP+ve 

cells. This process also resulted in bleaching of the rhodopsin pigment and subsequent 

desensitization. As a consequence, recipient retinal ex-vivo slices were maintained in a 

bath of 9-cis-retinal for one hour after cell searching to allow regeneration of the 

rhodopsin pigment. 9-cis-retinal is an analogue of the native 11-cis-retinal chromophore 

and can be used exogenously to substitute the native 11-cis-retinal, which is usually 

regenerated by the RPE. 9-cis-retinal behaves in a very similar manner to the native 

11-cis-retinal chromophore, but has a shorter λmax and the photoisomerisation reaction 

is known to be slower and less efficient (Peteanu et al., 1993; Sekharan et al., 2006). 

Chromophore substitution is the most likely explanation for the differences observed in 

the dim-flash response kinetic of the Nrl.GFP+ve transplanted cells compared to 

untreated naïve wildtype controls and wildtype rods cell treated with the regeneration 

regime that had similarly reduced kinetics. The results demonstrating an overall 

reduction in sensitivity are less clear. GFP+ve rods show a significant reduction in 

sensitivity compared to untreated wildtype rods, whereas 9-cis-retinal treated wildtype 

rods were not statistically different to either cohort. This raises the question as to 

whether the reduction in rod sensitivity observed in Nrl.GFP+ve rods is due to the 9-cis-
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retinal treatment regime or is an intrinsic property of the transplanted cells. Either 

scenario is possible, or even a combination of the two. In the former scenario, 

incomplete regeneration/reconstitution of the native rhodopsin with 9-cis-retinal 

chromophore would result in less visual pigment and a reduction in rod sensitivity. 

Similarly, any differences in segment development of the transplanted cells may result 

in smaller outer segments, leading to fewer disks and consequently a reduction in rod 

cell sensitivity. To further investigate this in discrepancy further recording from many 

more cells would be required. This was not possible due to the considerable technical 

challenges involved in recording from these cells. 

The development of a functional synapse is critical for a light-mediated electrical signal 

generated in the rod photoreceptor cells to be propagated to the second order neurons 

and on to the brain. Here we present for the first time conclusive evidence for the 

classic rod triad synaptic structure formed by the transplanted rod photoreceptor cells 

and the endogenous second order neurons. EM analysis showed that at the 

ultrastructural level synapses formed by Nrl.GFP+ve transplanted cells are remarkable 

similar in structure to wildtype rod synapses, with the rod ribbon synapse and classical 

triad structure being very apparent.  We also demonstrated that the connectivity of 

transplanted cells to the recipient retinal circuitry is similar to wildtype connectivity; we 

showed the presence of both horizontal and bipolar cells dendrites in the transplanted 

cell synaptic cleft. Immunohistochemistry revealed that Nrl.GFP+ve spherule synapses 

co-localise with several rod synapse markers. Other studies have also demonstrated 

the expression of synapse markers in transplanted photoreceptor using 

immunohistochemistry (Gouras et al., 1991; Gouras et al., 1994; Kwan et al., 1999; 

Maclaren et al., 2006; West et al., 2010), and our findings support the notion that 

correct synapse formation is conserved when rod precursor cells are transplanted into 

Gnat1-/- recipients. Furthermore, confirmation of the ultra-structure of transplanted rod 

cell synapse presented in this chapter complement earlier, less conclusive studies 

using EM to suggest transplanted cell synapse formation (Gouras et al., 1991).   
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ERG recordings are the standard method of assessing visual function (Carvalho et al., 

2011; Lamba et al., 2009; Mihelec et al., 2011; Tucker et al., 2011). We also used this 

technique to address whether scotopic responses from transplanted rod 

photoreceptors could be detected and to ask whether signals generated by 

transplanted photoreceptors can be propagated to second order neurons, as measured 

by the b-wave. However, ERG responses were not detectable in Gnat1-/- animals 

transplanted with Nrl.GFP+ve rod precursor cells, despite robust integration of 

transplanted cells. It must be noted here that other groups have reported rescue of 

ERG responses following the integration of very few transplanted cells (Lamba et al., 

2009; Tucker et al., 2011). Lamba et al. (2009) demonstrated a 22 µV improvement in 

b-wave amplitude following full field flash scotopic ERG recordings at bright mesopic 

light intensities (exact light intensity not reported) in Crx-/- mice, which lack both cone 

and rod responses, transplanted with human embryonic stem cell-derived retinal cells. 

In these animals an average of ~3000 cells was reported to integrate into the host 

retina of which only 36 % expressed recoverin, and outer segment formation was 

entirely absent. Tucker et. al. 2011, reported a 95 µV b-wave amplitude following 

transplantation of adult mouse derived iPS cells photoreceptor differentiated toward rod 

precursor fate in Rho-/- recipients. In this study, total cell integration counts were not 

performed and integrated cell morphology also appeared poor. In addition, this report 

failed to mention whether the improvements in ERG recordings were robust and it is 

unclear whether the data presented was obtained by repeat recordings on separate 

days. Other groups have failed to detect a recordable ERG. Seiler et al (2009) reported 

good integration of feline fetal retinal sheets into the dystrophic feline recipient retina, 

but were not able to demonstrate ERG responses. 

Given the discrepancy between our findings and those described in the reports above, 

we sought to examine the number of cells required to generate a robust and 

reproducible ERG response. Using AAV2/8.Rho.Gnat1 viral vector, we were able to 

restore scotopic b-wave amplitudes in Gnat1-/- mice to near wildtype levels.  The a-
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wave was also restored but not to wildtype levels. Incomplete rescue of a-wave 

function to wildtype levels in Gnat1-/- mice is not surprising as this model undergoes a 

degree of retinal degeneration (Calvert et al., 2000) and even minimal degeneration 

and shortening of the outer segment is likely to reduce a-wave amplitude. Previous 

reports, using gene therapy to rescue achromatopsia by AAV2/8.CNGB3, also reported 

a full rescue of b-wave amplitude but not a-wave amplitude (Carvalho et al., 2011).  

Importantly, by titrating the amount of virus administered we were able to demonstrate 

that only those animals with rod-α-transducin expression in >125,000 cells 

demonstrated a measureable and reproducible restoration of the ERG b-wave. It is 

important to note that gene supplementation, as used here, rescues the function of 

endogenous rod photoreceptors already wired into the host visual system. In contrast, 

transplanted cells must migrate into and functionally integrate within the recipient 

retinal circuitry. None-the-less, this figure is far higher than the number of integrated 

cells observed using our optimized transplant procedure. It must be noted that these 

data offers only an indication of the number of transplanted cells likely to be needs to 

drive an ERG response and one must remain cautious when comparing gene therapy 

to cell transplantation. Gene therapy may not be able to restore the diseased 

endogenous photoreceptor cell to wildtype levels, especially if the outer segments have 

undergone any degeneration. On the other hand, the degree of rescue using cell 

transplantation would depend on how efficiently the transplanted cells integrate into the 

visual system and whether outer segment and disk formation is equivalent to 

endogenous rods. A slight outer segment shortening of the endogenous 

photoreceptors has been reported in the Gnat1-/- mouse (Calvert et al., 2000), a finding 

that was reflected in the degree of rescue of ERG responses to near wildtype levels. It 

is likely that at least the same number, if not more, of integrated transplanted cells will 

be required to produce the same degree of rescue demonstrated using the gene 

therapy approach. Use of multi-focal ERG may provide an alternative method to full 

flash ERG and will allow assessment of smaller local responses in the retina (Seeliger 



223 
 

et al., 2003), however practical considerations have thus far limited its use in small 

rodents   

Although a popular and easy technique to recorded retinal function full field flash ERG 

recording can only offer a global assessment of retinal function. Here we have 

demonstrated that integrated transplanted Nrl.GFP+ve cells robustly integrate and 

differentiate, and can respond to light and appear to form typical synaptic structures. 

However, the number of cells integrated remained below the number required to 

generate a robust ERG response. It is likely that many more fully functional 

transplanted cells will be required in order to generate a signal large enough to be 

detected by an electrode located distal to the retina at the corneal surface.  

In this study we present for the first time intrinsic imaging of the visual cortex in 

scotopic lighting conditions mediated by the rod photoreceptors. We demonstrate 

cortical responses similar to wildtype in the visual cortex of Gnat1-/- mice at bright 

photopic lighting condition, reflecting the maintenance of the cone visual system. 

Imaging of V1 following dark-adaptation and light stimulation under scotopic lighting 

conditions demonstrated an absent of intrinsic signal in Gnat1-/- mice where responses 

were maintained in wildtype mice. This confirms the lack of rod photoreceptor function 

and subsequently rod derived cortical responses in the Gnat1-/- mouse. Imaging of 

intrinsic haemodynamic signals in V1 following dark-adaptation of Gnat1-/- recipients 

transplanted with rod precursor cells demonstrated that visual signals generated in 

response to scotopic visual stimuli by integrated rod precursor donor cells were 

detected in the visual cortex. This demonstrated that successful transplantation of rod 

precursor donor cells was sufficient to restore rod derived cortical activity; furthermore 

partial restoration of retinotopy in V1 was also demonstrated. It must be noted that not 

all stimuli presented in the intrinsic imaging experiments resulted in responses for all 

Nrl.GFP+ve treated animals. This is not surprising. Firstly transplanted were made only 

to the superior and inferior retina, which resulted in integration across only some areas 

of the visual field. Furthermore, within the transplantation sites integration is not 
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uniform. In some instances, this can result in focal patches of cell integration. Together, 

these likely result in only partial restoration of the visual field.  

Other studies have gone some way to show that visual signals generated by 

transplanted donor material can be successfully propagated to subcortical areas of the 

brain and indeed some restoration of responses in the superior colliculus has been 

reported following transplantation of E19.5 rat fetal retinal sheets into S332ter recipient 

rats (Thomas et al., 2004a). Similarly, another report by the same group demonstrated 

positive responses to a flash stimulus in the superior colliculus in 1 month old 

PDE6βrd1/rd1 mice transplanted with E17 retinal sheets (Arai et al., 2004). However, this 

is the first time that successful restoration of cortical response in V1, the primary visual 

centre of the brain, has been reported following photoreceptor replacement therapy. 

In addition to demonstrating that cortical activity is restored following transplantation,  

we also sought to demonstrate that the visual centers in the brain are capable of 

integrating the visual information into appropriate behavioural responses. Importantly, 

we demonstrate restoration of visually-guided swimming behaviours, as assessed 

using the watermaze test, which shows that visual signals generated by integrated rod 

precursor donor cells were successfully integrated by the higher visual areas to 

coordinate visually-guided behaviour. It is well known that retinal signals are amplified 

along the visual pathway, which may explain why the signal from a limited number of 

rods is detectable in the cortex but not in the retina when recording ERG responses. 

Furthermore, clinical studies have shown that functional vision is often maintained 

despite an absence of detectable ERG responses from the retina (Berson, 2007). 

Again, this implies that full field flash ERG recordings are not a sensitive method of 

assessing focal visual function.  

Early reports using donor postnatal retinal cells offered suggestions of restoration of 

visually guided behavior (Klassen et al., 2004; Kwan et al., 1999). However, these 

studies were limited in a number of ways. For example, improvements in visually 
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guided behaviour were reported without testing any other functional readouts. In 

addition, histological assessment of photoreceptor integration and morphology was 

poor and the number of integrated cells was not quantified, making it very difficult to 

compare our findings with these earlier reports. Here, we present definitive evidence 

from the level of the photoreceptor cell through to restoration of visually-guided 

behaviour that transplanted cell are able to respond to light, and contribute to and 

restore vision.  
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CHAPTER 4 

APPLICATION OF PHOTORECEPTOR 

TRANSPLANTATION TO TREAT RETINAL 

DEGENERATIVE DISEASES 

 

4.1. INTRODUCTION 

Degenerative retinopathies including AMD and inherited retinal disorders, both major 

causes of blindness, are potentially treatable by the transplantation of healthy 

photoreceptor cells. In Chapter 3, I demonstrated that transplanted cells are capable of 

responding to light, can transmit the visual information to the brain and can contribute 

to higher visual function in a model of stationary night-blindness, the Gnat1-/- mouse. 

However, a fundamental question remains as to how broad an application this strategy 

will have for the very heterogeneous degenerations encompassed within AMD and RP. 

Moreover, it is anticipated but not known if late-stage disease can be treated or if all 

degenerations are equally amenable to photoreceptor transplantation. The breadth of 

application of cell transplantation therapy must be investigated and robust integration 

must be demonstrated in order to restore vision in the degenerating retina. 

Until now, much of the work concerning the feasibility of photoreceptor transplantation 

as a strategy for retinal repair has used the wildtype retina (Bartsch et al., 2008; Eberle 

et al., 2011; Gust and Reh, 2011; Kwan et al., 1999; Mizumoto et al., 2003; Pearson et 

al., 2010; Suzuki et al., 2007; Takahashi et al., 1998; West et al., 2008; West et al., 

2009; West et al., 2010) or isolated models of degeneration (Lakowski et al., 2011; 

Lamba et al., 2009; Maclaren et al., 2006; Mellough et al., 2007; Pearson et al., 2010; 
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Singhal et al., 2008; Suzuki et al., 2007; Takahashi et al., 1998; Yao et al., 2010) as a 

recipient. In order for cell therapy to be established as a feasible approach to treat 

retinal disease, the success of transplantation must also be assessed in different 

models of retinal degeneration and at different stages of the degenerative process. The 

degenerating retinal environment is likely to be very different from the wildtype retina 

and potentially hostile to transplanted cells (Vugler et al., 2007; West et al., 2009), 

which have to migrate from the site of transplantation, typically the subretinal space, 

across the inter-photoreceptor matrix and outer limiting membrane (OLM) and into the 

recipient outer nuclear layer (ONL). In addition, loss of recipient photoreceptors results 

in a number of concomitant changes in the remaining retinal cytoarchitecture.   

Injury and degeneration are often associated with a series of events that culminate in 

reactive gliosis and the formation of a glial scar, which is represented by lateral 

GFAP+ve processes at the outer edge of the ONL. It has been suggested that reactive 

gliosis, an inevitable part of the degenerative process, may be inhibitory to migrating 

cells. This glial scar acts as a reservoir of inhibitory extracellular matrix (ECM) 

molecules, such as chondroitin sulphate proteoglycans (CSPGs), which are known to 

prevent axon migration and regeneration in the CNS (Busch and Silver, 2007; Fawcett 

and Asher, 1999) and prevent the migration of cells transplanted within the damaged 

region (Bradbury et al., 2002). The glial scar functions to separate intact regions of the 

CNS from the damaged area and CSPGs are deposited to act as boundary cues for 

neuronal remodelling. Injury in the retina induces a similar response of the retinal glial 

cells, namely Müller glia and astrocytes, which undergo reactive gliosis (Cao et al., 

2001). In addition to the upregulation of the intermediate filament proteins glial fibrillary 

acidic protein (GFAP) and vimentin, reactive Müller cells may undergo hypertrophy, 

presenting a proliferation of fibrous processes and deposition of CSPGs at the outer 

edge of the retina (Fisher et al., 2005; Inman and Horner, 2007; Lewis and Fisher, 

2003). This process of gliosis is characteristic of many retinal disease models (Ekstrom 

et al., 1988; Fan et al., 1996; Sheedlo et al., 1995), although the temporal relationship 
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between the onset of gliosis and degeneration may vary between disease models. 

Importantly, the glial scar may represent a physical barrier to transplanted cell 

migration; Kinouchi et al (2003) reported an increase in cell integration when 

transplanting into the vimentin and GFAP double-knockout recipient (Kinouchi et al., 

2003). 

As degeneration progresses, the structure of the ONL is clearly compromised with 

widespread loss of photoreceptors and ONL thinning. The OLM, located at the outer 

edge of the ONL, consists of a series of zonula-adherens junctional complexes formed 

between photoreceptors and Müller glia and functions to limit diffusion of 

phototransduction cascade components into the neural retina. Similarly, the outer 

limiting membrane (OLM) has also been described as a barrier to cell integration and 

pharmacological disruption results in an increase in the number of cells successful 

migrating into the host ONL (West et al., 2008). It is possible that the OLM will be 

compromised as photoreceptors die and there are reports that the OLM is disrupted in 

the degenerating retina (Campbell et al., 2006; Campbell et al., 2007; Mehalow et al., 

2003).  

Here we assess photoreceptor transplantation across a number of murine models of 

photoreceptor degeneration caused by RP. Each model undergoes a progressive loss 

of rod photoreceptors over a period of time ranging from ~10% loss over 12 months 

(Gnat1-/-) to near complete loss within 3 weeks (PDEβrd1), and were chosen to 

represent a range of degeneration speeds.  In addition, OLM integrity, glial scarring 

and chondroitin sulphate deposition will be assessed throughout the degeneration 

process in relation to transplant outcome.  The different models of retinal degeneration 

used are described below: 
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Crb1r8d/rd8 mouse 

Mutations within the human crumbs-like 1 (CRB1) gene can result in retinal 

degenerative diseases such as retinitis pigmentosa and Leber congenital amaurosis. 

The CRB1 gene encodes a transmembrane protein that is a key regulator of polarity in 

epithelial cells. The CRB1 protein localizes to the apical membrane of epithelial cells 

and in the retina, it is involved in the assembly of the adherens junctions at the OLM. In 

the Crb1rd8/rd8mouse, a single base pair deletion in the CRB1 gene results in a frame 

shift and premature stop codon producing a truncated protein (Mehalow et al., 2003). 

There is a progressive fragmentation of the OLM resulting in retinal folding, rosette 

formation and subsequent photoreceptor cell death. The inner segments lose their 

ordered arrangement and are 25% shorter than those of wild-type mice at 4 weeks of 

age and by 10 weeks of age begin to fragment (Mehalow et al., 2003). The outer 

segment defects are thought be a secondary consequence of the OLM disruption and 

illustrates how subtle changes in the microenvironment can impact on endogenous 

photoreceptor development and morphology. This model permits the study of cell 

integration in a moderately slow model of degeneration with OLM defects.  

 

Gnat1-/- 

Mutations in GNAT1 in humans leads to autosomal dominant congenital stationary 

night blindness (Peachey et al., 1990). The Gnat1-/- mouse model has a targeted 

deletion in the gene encoding the rod transducin α-subunit resulting in a null protein 

knock-out (Calvert et al., 2000). In rod photoreceptors, photoexcited rhodopsin 

activates the G-protein rod transducin, which in turn activates the phototransduction 

cascade by promoting cGMP hydrolysis by phosphodiesterase. Thus in this model the 

rods are non-functional. The gross morphology of the retina remains intact, although 

there is a mild degeneration with age: Calvert et al. (2000) observed a 10% loss of rods 

by 13 weeks of age and a shortening of the rod outer segments compared to wild-type. 

No further changes in ONL thickness or segment morphology were observed at 51 
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weeks (Calvert et al., 2000). Thus, this provides a model of slow degeneration with little 

cell death and a largely intact retina with relatively normal endogenous outer segment 

morphology.  

Prph2rd2/rd2 

Peripherin 2 is a membrane glycoprotein involved in the structural stabilization of the 

outer segment discs in the photoreceptor. It forms a heterodimer complex with ROM1 

to perform this function and is renewed continuously. Mutations in the gene encoding 

peripherin 2 (Prph2) result in retinitis pigmentosa (Travis et al., 1989); the prph2rd2/rd2 

mouse is homozygote for a null mutation in Prph2 and fails to develop outer segments 

completely. Progressive apoptotic cell death has been reported beginning at 2 weeks 

after birth with the peak of apoptotic activity around postnatal day 18 (Chang et al., 

1993). At 2 weeks after birth 11 rows of photoreceptor nuclei are present in the ONL, 

by 4 weeks this is reduced to 8-9 rows and by 16 weeks only 3-4 rows remain (McNally 

et al., 2002). This model provides a clinically relevant model of a moderate to fast 

degenerative environment with no endogenous photoreceptor outer segments.  

 

Prph2+/Δ307 

The Prph2+/Δ307 mouse has a targeted single base deletion at codon 307 of the rds-

peripherin gene (McNally et al., 2002) similar to mutations found to cause autosomal 

retinitis pigmentosa in humans. The homozygote Prph2+/Δ307 mouse degenerates very 

quickly, however in these studies the heterozygote Prph2+/Δ307 mouse is used and the 

rate of degeneration is moderate. At 2 months, 9-10 rows of photoreceptor nuclei can 

be observed, whereas by 12 months only 2-3 rows of nuclei still remain. The inner 

segments are retained, although the membranous discs of the outer segments are 

severely disrupted in structure and number. The outer segments also appear shorter 

than wildtype. The inner retina of the heterozygote Prph2+/Δ307 mice was reported 

normal in appearance, as was the integrity of the OLM (McNally et al., 2002). This 
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model provides a clinically relevant model to study cell integration in the presence of 

some endogenous outer segment formation and moderate endogenous photoreceptor 

cell loss. 

Rho-/- mice 

The Rho-/- mouse carries a targeted disruption of the rhodopsin gene resulting in a null 

mutant (Humphries et al., 1997). The photoreceptors are lost over a 3 month period. At 

24 days post birth, 8-10 rows of photoreceptors nuclei were reported in Rho-/- mice 

compared to 10-12 rows in the wildtype. By day 48, ONL thickness had reduced by half 

and only 1 row of photoreceptor nuclei remained at 90 days post birth. A striking 

feature of this model is that the outer segments do not form (Humphries et al., 1997). 

Two previous reports suggest that the OLM is also disrupted in these mice (Campbell 

et al., 2006; Campbell et al., 2007); although we have found the OLM to be intact at 

least up to 10 weeks of age (see results).  

 

PDE6βrd1/rd 

The PDE6βrd1/rd1 mouse is a clinically relevant model of recessive RP, carrying a 

nonsense mutation in the PDE6β gene (Danciger et al., 1995). This results in a rapid 

degeneration of rod photoreceptors beginning 10 days post birth, peaking at P14 with 

complete loss of rod photoreceptors at P21 leaving a single layer of cone 

photoreceptors. Outer segment and inner segment growth in the developing retina (P4-

P8) is also retarded (Sanyal and Bal, 1973).  
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4.2. RESULTS  

 

4.2.1. PHOTORECEPTOR TRANSPLANTATION IN DIFFERENT 

ADULT MODELS OF RETINAL DEGENERATION 

 

Transplanted photoreceptor integration was examined in each of the models at a time 

when the retina could be considered to be ‘adult’ (6-8 wks; with the exception of 

PDE6rd1/rd1, which was examined at 3 weeks due to its very rapid degeneration) and 

compared these to wildtype controls. FACS purified P4-7 Nrl.gfp+/+ donor cells were 

transplanted using a single superior subretinal injection of 200,000/µl live cells. 

 

4.2.1.1. Transplanted photoreceptor integration efficiency in adult models 

of retinal degeneration 

 

Figure 4.1a (grey boxes) demonstrates the number of correctly integrated Nrl.GFP+ve-

rod-photoreceptors in each recipient model. Integration into adult Prph2rd2/rd2 (5067 ± 

1310 integrated Nrl.GFP+ve-rod photoreceptors, N = 7), Prph2+/Δ307 (3069 ± 659, N = 9), 

Gnat1-/- (3595 ± 649, N = 10) and PDE6βrd1/rd1 (4451 ± 825, N = 9) recipients was 

similar to age-matched wildtype controls (4359 ± 711, N = 9) (Figure 4.1a; P>0.05, 

ANOVA with Dunnett’s correction). Conversely, significantly higher levels of integration 

were observed in Crb1rd8/rd8 recipients (10, 763 ± 1535 integrated Nrl.GFP+ve-rod-

photoreceptors; 2.4-fold increase; P<0.001; N = 9), compared with wildtype, while 

integration into the Rho-/- mouse was significantly lower (261 ± 24; 17-fold decrease; 

P<0.05; N = 6; Figure 4.1a). 
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FIGURE 4. 1. NUMBER OF INTEGRATED PHOTORECEPTORS IS DEPENDENT UPON RECIPIENT RETINAL 

DISEASE TYPE 

 (a) Box plots showing the number of integrated Nrl.GFP+ve-rod photoreceptors after 

transplantation into Gnat1-/- (N = 10), Crb1rd8/rd8 (N = 9), Prph2+/Δ307 (N = 9), Prph2rd2/rd2 

(N = 7), Rho-/- (N = 6) and PDE6βrd1/rd1 (N = 9) models of inherited retinal degeneration 

at 6-8 weeks of age, compared with wildtype controls (N = 9), with the exception of the 

PDE6βrd1/rd1 model which was transplanted at 3 weeks of age due to is rapid rate of 

degeneration. Black bars indicate statistical significance (ANOVA with Dunnett’s 

correction for multiple comparisons). (b) Representative confocal projection images of 

integrated cells in each model of inherited retinal degeneration (~10µm thick, scale bar 

50µm). N.B. in vii, dotted line denotes boundary of ONL/INL and dashed line denotes 

boundary of ONL.  
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4.2.1.2. Transplanted cell morphology in models of retinal degeneration: 

inner/outer segment and synapse formation 

 

The vast majority of previous studies have assessed transplantation outcome on the 

basis of the total number of cells found within the ONL (Bartsch et al., 2008; Eberle et 

al., 2011; Gust and Reh, 2011; Lakowski et al., 2010; Lakowski et al., 2011; Lamba et 

al., 2009; Ma et al., 2011; Maclaren et al., 2006; Tucker et al., 2011; West et al., 2008; 

West et al., 2010; West et al., 2012b; Yao et al., 2010). However, it is likely that the 

specific disease aetiology of the recipient will also have a significant bearing upon the 

health of any transplanted photoreceptors. Photoreceptor survival is critically 

dependent upon the correct formation and maintenance of synapses and inner/outer 

segments (Goldberg, 2006; Kennedy and Malicki, 2009). As noted in the introduction, 

the ability of endogenous photoreceptors to form and maintain inner/outer segments is 

dramatically different in the models studied. Endogenous photoreceptors in the Gnat1-/- 

mouse form long segments virtually indistinguishable from wildtype, although by 13 

weeks of age there is some outer segment shortening (Calvert et al., 2000). 

Conversely, inner/outer segments of the endogenous photoreceptor cells in the Rho-/- 

and PDE6βrd1/rd1 models, if present at all, are extremely short (Calvert et al., 2000; 

Humphries et al., 1997; Sanyal and Bal, 1973). Therefore, we examined the ability of 

transplanted Nrl.GFP+ve-rod photoreceptor precursor cells to form synapses and 

inner/outer segments in the context of the degenerating recipient ONL (Figure 4.2, 

Table 4.1).  
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a) Segment formation 

First, the number of integrated Nrl.GFP+ve-rod-photoreceptors that had developed 

segments was assessed (Figure 4.2a). Second, an assessment of the morphological 

quality of these segments was also made (Figure 4.2c). Over 70 % of Nrl.GFP+ve-rod 

photoreceptors correctly integrated within the ONL of wildtype, Gnat1-/- and Crb1rd8/rd8 

recipients developed segments (72 ± 2; 75 ± 3; 77 ± 2 %, respectively; Figure 4.2a, P > 

0.05, ANOVA with Dunnett’s correction for multiple comparison, N = 3); these cells 

adopted typical rod-like morphologies with long segments (Figure 4.2c i, ii, iii). Fewer 

(60 ± 3%) Nrl.GFP+ve-rod photoreceptors found within the ONL of Prph2+/Δ307 developed 

outer segments, although this reduction was not significant. A significant reduction in 

segment formation was observed in Rho-/- recipients compared to wildtype: only 20 ± 

1% of integrated Nrl.GFP+ve-rod photoreceptors found within the Rho-/- recipient ONL 

developed segments (Figure 4.2a, P<0.001; N = 3) and the segments that did form 

were very short (Figure 4.2c vi). At 3 weeks of age, the ONL of the PDE6βrd1/rd1 retina is 

severely reduced to just a single layer of cone photoreceptors in the periphery. Despite 

this, a significant number of Nrl.GFP+ve-rod photoreceptors were found within the 

remaining ONL. Gross morphology was markedly different to normal rod 

photoreceptors, often with enlarged cell bodies and multiple processes (Figure 4.2c, 

vii), and the number of integrated cells was significantly less than wildtype with 21 ± 5 

% of these cells developing projections orientated towards the RPE, indicative of 

rudimentary segments (Figure 4.2a, P<0.001, N = 3). Some of these rudimentary 

segment like structures co-localized with PDE-β (Figure 4.2c, vii). In Prph2rd2/rd2 

recipients, 48 ± 5% of Nrl.GFP+ve-rod-photoreceptors found within the ONL formed 

segments, significantly less than in wildtype (Figure 4.2a, P<0.01, N=3). In addition, the 

segments formed by Nrl.GFP+ve-rod photoreceptors transplanted into Prph2rd2/rd2 

recipients appeared shorter than those formed in the wildtype recipient.  
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b) Synapse formation 

The presence of synaptic boutons, essential for the transmission of light information 

from the transplanted cell to second-order neurons, was also assessed (Figure 4.2b 

and d). Spherule synapses typical of rod photoreceptors were formed by over 65 % of 

integrated Nrl.GFP+ve-rod photoreceptors in Gnat1-/- and Crb1rd8/rd8 recipients (65 ± 5; 

66 ± 1 %, respectively), similar to synapse formation observed in wildtype recipients 

(75 ± 2 %; Figure 4.2b, P>0.05, ANOVA with Dunnett’s correction for multiple 

comparison, N = 3 and Figure 4.2d i,ii,iii). Synapse formation in Prph2+/Δ307 recipients 

was reduced compared to wildtype with 59 ± 4 % of integrated cells forming synapse 

spherules, although this reduction was not significant (Figure 4.b, P>0.05, N = 3 and 

Figure 2d iv).  A moderate but significant reduction in synapse formation was observed 

in Prph2rd2/rd2 and Rho-/- recipients compared to wildtype, with 45 ± 2 % and 44 ± 5 %  of 

transplanted cells within the recipient ONL developing synaptic boutons, respectively 

(Figure 4.2, P<0.001, N = 3, and Figure 4.2d: v,vi). Most severely affected were 

Nrl.GFP+ve-rod photoreceptors transplanted into PDE6βrd1/rd1 recipients: just 33 ± 1 % of 

transplanted cells transplanted photoreceptors sent out processes toward the OPL. 

(Figure 4.2b, P<0.001, N = 3 and Figure 2d: vi). In all models, where synapse formation 

was observed, RIBEYE expression, a marker of rod ribbon synapses (tom et al., 2005) 

was typically noted (Figure 4.2d).   



238 
 

The morphology and frequency of segment formation by integrated Nrl.GFP+ve-rod 

photoreceptors demonstrated a strong correlation with the ability of the endogenous 

photoreceptors to form outer segments (Supplementary Table 4.1): those Nrl.GFP+ve-

rod-photoreceptors integrated within models whose endogenous photoreceptors 

develop correctly (wildtype, Gnat1-/-, Crb1rd8/rd8, Prph2+/Δ307) developed new segments 

and synapses more frequently and of more normal morphology than in those models 

where the endogenous photoreceptors segment formation is compromised (Prph2rd2/rd2, 

Rho-/-, PDE6βrd1/rd1).  

 

Together, these findings show that the cytoarchitecture of the recipient retina plays a 

significant role in the ability of transplanted rod photoreceptor precursors to assume 

normal adult rod photoreceptor morphology and elaborate outer segments and form 

synapses. 
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FIGURE 4.2. MORPHOLOGY OF INTEGRATED PHOTORECEPTORS IS DEPENDENT UPON RECIPIENT RETINAL 

DISEASE TYPE 

Graphs showing the percentage of integrated Nrl.GFP+ve-rod photoreceptors in each 

model of retinal degeneration that (a) develop outer segments and (b) develop 

synapses structures (N = 3; ANOVA with Dunnett’s correction for multiple 

comparisons). Confocal projections (~10 µm thick) showing typical morphology of (c) 

outer segment length and (d) synapse formation of integrated cells in each model. 

Integrated cells expressed the rod-specific transcription factor, Nrl (green) and rod α-

transducin (c, ii, red), peripherin-2 (c,v, red), rhodopsin (c, vi, red), or PDE-β (c, vii, red) 

where appropriate. Such markers are absent in the respective endogenous 

photoreceptors. D, Inserts: high power examples of spherule synapses formed by 

transplanted cells with host inner retina in each of the models. Most but not all (open 

arrow heads) co-localized with the ribbon synapse protein RIBEYE (red). N.B. in vii, 

dotted line denotes boundary of ONL/INL and dashed line denotes boundary of ONL. 

Scale bar 25µm. 
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 Wildtype Gnat1
-/-

 Crb1
rd8/rd8

 Prph2
+/Δ307 

Prph2
rd2/rd2

 Rho
-/-

 PDE6β
rd1/rd1 

Endogenous 
Segment 
formation 

+++++ +++++ +++++ + - - - 

Transplant 
Segment 
Formation 

+++++ +++++ ++++ +++ ++ + - 

 

TABLE 4. 1. FORMATION OF SEGMENTS AND SYNAPSES 

The relationship between endogenous segment formation and transplanted segment 

formation. ++++++, formation of many long outer segments; +, few cells developing an 

outer segment and/or poor outer segment formation in those that do. 
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4.2.2. THE IMPACT OF DISEASE PROGRESSION ON 

TRANSPLANTED PHOTORECEPTOR INTEGRATION EFFICIENCY 

 

Photoreceptor cell transplantation is typically proposed as a therapeutic strategy for 

moderate to severe retinal degeneration (Jacobson and Cideciyan, 2010; Maclaren and 

Pearson, 2007; Sahni et al., 2011). Disease progression may hinder transplantation 

efficiency: as disease progresses and photoreceptor cell death ensues, the recipient 

ONL undergoes thinning and the retinal gliosis is activated. Here we sought to 

determine what impact disease progression has upon transplanted photoreceptor 

integration and to assess how long the degenerative recipient retinal environment 

remains permissive to photoreceptor cell transplantation therapy. Cells were 

transplanted into the 6 models described above at early, mid and late stage 

degeneration. These time points were determined by ONL thickness stated within the 

literature (Table 4.2). The stages chosen can be defined as follows: early = ONL at >70 

% thickness of wildtype; mid = 30-70 %; and late = <30 % (Figure 4.3a). The 

exceptions to this classification were the Gnat1-/- recipients, whose degeneration 

remains largely stationary over time and the Crb1-/- recipients, which present focal 

rather than global disorganisation and degeneration (Figure 4.3a). In the first instance, 

ONL thickness of each model at each chosen time point was measured to confirm the 

findings presented with the literature; Figure 4.3a and b demonstrate that these time 

point did fall within the appropriate categories. 
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Mouse model 

Early 
Degeneration 

(ONL >70% of 
wildtype) 

Mid  Degeneration 

(ONL 30-70% of 
wildtype) 

Late Degeneration 

(ONL <30% of 
wildtype) 

[Wildtype] 

(C57Bl/6J) 
[6-8 weeks] [6 months] [12 months] 

*Gnat1-/- 2 months 6 months 12 months 

*Crb1rd8/rd8 3 weeks 6 weeks 12 weeks 

Prph2+/Δ307 2 months 4 months 6 months 

Rho-/- 4 weeks 6 weeks 10 weeks 

Prph2rd2/rd2 3 weeks 8 weeks 12 weeks 

*PDE6βrd1/rd1 10 days - 3 weeks 

 

TABLE 4.2. DEFINING DEGENERATION STAGES 

Disease models were chosen as clinically relevant models of RP. Time points were 

taken to encompass a range of degeneration stages within each model. A standard 

time point of 6-8 weeks was included to provide information about each model at a time 

when the retina could be defined as “adult” (bold, italics). Stages can be defined as: 

early = ONL at >70% thickness of wildtype; mid = 30-70%; and late = <30%. 

Exceptions were Gnat1-/-, which is still 90% of wildtype at 1 yr and PDE6βrd1/rd1, which is 

~90% of wildtype at P10 but reduced to 20% by P21. Crb1rd8/rd8 undergoes focal 

degeneration, the extent of which broadly follows the criteria above.  

 



244 
 

 

FIGURE 4.3. AVERAGE ONL THICKNESS FOR 6 CLINICALLY RELEVANT MODELS OF RP 

 (a) Average ONL thickness (µm) expressed as percentage of wildtype confirming that 

each time point picked to represent early, mid, or late degeneration state fell within the 

categorized thickness: >70% (blue), 30-70% (red) or <30% (green) of wildtype, 

respectively. (b) Graph representing the absolute values for ONL thickness at their 

given time point. N = 3 per time point per model. 
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In wildtype, the number of transplanted Nrl.GFP+ve-rod photoreceptors integrating into 

recipients aged between 6 weeks and 12 months remained constant (Figure 4.4a, 6 

week: 4359 ± 711 integrated Nrl.GFP+ve-rod photoreceptors, N = 9; 6 month: 4713 ± 

945, N = 9; and 12 month: 3386 ± 689, N = 8; ANOVA with Tukey’s correction for 

multiple comparisons). A small but significant decline was observed in the 

degenerating Gnat1-/- mouse retina. The mean number of integrated cells in early stage 

(2 months) recipient was 3302 ± 354 (N = 11), reducing to 1548 ± 200 (N = 6) when 

cells were transplanted into mid stage disease (6 months) recipients and 1269 ± 78 (N 

= 8) in late stage (12 months) recipients (Figure 4.4b; P<0.05). Unexpectedly, 

integration in the Prph2+/Δ307 recipient significantly increased over time (Figure 4.4d; P< 

0.01,): a mean of 3069 ± 659 (N = 9) integrated Nrl.GFP+ve-rod photoreceptors was 

observed in early stage (2 months) recipients, increasing to 5441 ± 1339 (N = 7) and 

9534 ± 1992 (N = 7) integrated cells in the mid stage (4 month) and late stage (6 

month) recipients, respectively. We also examined this model at 9 months of age and 

found integration to be similar to that seen in the late stage (7937 ± 1139, N = 9) 

recipients, demonstrating that in this model transplanted photoreceptors continued to 

integrate even in the latest stages of degeneration. Integration into the degenerating 

Crb1rd8/rd8 mouse presented a bimodal pattern (Figure 4.4c), increasing significantly 

between early (3 weeks) and mid (6 weeks) stage disease recipients (5534 ± 1007, N = 

11 and 10763 ± 1535, N = 9 integrated Nrl.GFP+ve-rod photoreceptors, respectively; 

P<0.01) but a significant decline in integration was observed when transplanted into 

late stage (12 weeks) recipients (2217 ± 326, N = 11; P<0.001). Despite a loss of >70 

% of the endogenous photoreceptors, we observed no significant difference in 

integration in the Prph2rds/rds mouse at the stages examined (Figure 4.4e; P>0.05). 

Mean integration into early (4 weeks), mid (8 weeks) and late stage degeneration (12 

weeks) Prph2rds/rds recipients was 3687 ± 600 (N = 13), 5067 ± 1310 (N = 7) and 4811 ± 

772 (N = 12) integrated Nrl.GFP+ve-rod photoreceptors, respectively. In contrast, in the 

Rho-/- mouse, even at the earliest time point examined (4 weeks) when the ONL is still 

>70 % of wildtype, integration was considerably lower than in any other model (Figure 
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4.4f). Integrated photoreceptors averaged just 825 ± 147 (N = 8) cells in early stage (4 

weeks) recipients, 798 ± 323 (N = 6) in mid stage (6 weeks) recipients and declined 

significantly to 195 ± 11 (N = 13) integrated Nrl.GFP+ve-rod photoreceptors in late 

disease stage (10 weeks) recipients (P > 0.001). Integration into the PDE6βrd1/rd1mouse 

remained broadly constant between early (P10) and late stage (3 weeks) recipients 

(2801 ± 572, N = 8 and 4182 ± 698, N = 11, respectively; P>0.05, paired t-test; Figure 

4.4g), even though the ONL is reduced to a single cell (predominantly cones) layer 

thick in the periphery by late stage disease.  

 

Thus, very different trends in transplanted photoreceptor integration were observed in 

the different models of RP as disease progressed. These trends are summarised in 

Figure 4.4 (black lines). In brief, integration increased as degeneration progressed in 

the Prph2+/Δ307model, and remained constant in the Prph2rds/rds and PDE6βrd1/rd1, even in 

the face of severe endogenous photoreceptor cell loss. In contrast, integration 

efficiency decreased in the Crb1rd8/rd8 and Gnat1-/- models as disease progressed and 

was already markedly lower in the Rho-/- model than in any other model and continued 

to decline steeply over time.   
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FIGURE 4.4. DISEASE PROGRESSION SIGNIFICANTLY BUT DIFFERENTIALLY AFFECTS PHOTORECEPTOR 

TRANSPLANTATION EFFICACY ACCORDING TO DISEASE TYPE 

Box plots showing the impact of disease progression upon transplantation outcome in 

(a) wildtype, (b)  Gnat1-/- , (c) Crb1rd8/rd8 , (d)Prph2+/Δ307, (e) Prph2rd2/rd2, (f) Rho-/- , and 

(g) PDE6βrd1/rd1models of retinal degeneration. White boxes correspond to early 

degeneration, light grey boxes to mid degeneration and dark grey boxes to late 

degeneration. a-f: ANOVA with Tukey’s correction for multiple comparisons; g: paired 

t-test.  
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4.2.3. ASSESSING THE IMPACT OF THE RECIPIENT 

CYTOARCHITECTURE ON TRANSPLANT OUTCOME 

 

The results presented above demonstrate that both disease type and disease 

progression play a significant role in the success of transplanted photoreceptor 

integration. Each model degenerates at a different rate and it has previously been 

hypothesized that the architecture of the remaining host retina is likely to be important 

for defining the success of transplanted cell integration (Yao et al., 2010).  

 

4.2.3.1. Rate of degeneration 

The differences in disease severity encompassed by these six models necessarily 

mean that although the early, mid, and late degeneration stages were defined by ONL 

thickness, the rate at which these models degenerate is different. Therefore, the rate of 

degeneration was measured to assess whether or not the rate of degeneration 

accounts for the different trends observed in the number of integrated photoreceptor 

cells that integrated into the recipient retina at different degenerative stages. The rate 

of degeneration was calculated using the data generated in Figure 4.3b; the overall 

loss of ONL thickness was divided by the number of days between early and late stage 

degeneration. This is a crude estimation of the rate of degeneration, which assumes 

that the process of degeneration occurs in a linear fashion.  

The PDE6βrd1/rd1 mouse had the fast rate of degeneration (white) with an average loss 

of 3.4 µm per day (Figure 4.5a). The Rho-/- and Prph2r2s/rd2 mouse models degenerated 

at a moderate rate (light grey), with an average loss of 0.5 and 0.8 µm per day, 

respectively A slow rate of degeneration (dark grey) was demonstrated in the 

Prph2+/Δ307 mouse model, which had an average loss of 0.06 µm per day. There 

appeared to be no correlation between the rate of degeneration and integration 
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efficiency. For example, in the Gnat1-/- model degeneration has a stationary rate of 

degeneration (Figure 4.5a and 4.3b, black squares; (Calvert et al., 2000) yet cell 

integration declines over time (Figure 4.4b). Conversely, a rapid rate of degeneration in 

the PDE6βrd1/rd1 recipient (Figure 4.5a) was accompanied by little change in cell 

integration (Figure 4.4g). 

 

4.2.3.2. Density 

It has previously been suggested that changes in recipient ONL cell density may 

account for the robust integration efficiency following transplantation of P4 Nrl.GFP+ve-

rod precursor cells into aged Rd9 recipients (Yao et al., 2010). Therefore, we also 

evaluated ONL cell density over time (Figure 4.5b). No statistical changes in ONL cell 

density were observed as degeneration progressed in wildtype, Gnat1-/-, Rho-/-, or 

PDE6βrd1/rd1 mice. A small but significant reduction in ONL cell density was observed at 

late stage degeneration Prph2+/Δ307 mice compared to early stage degeneration (Figure 

4.5b, P<0.05, ANOVA with Tukey’s correction for multiple comparison, N = 3). 

Conversely, a small significant increase in ONL cell density was observed at end stage 

degeneration in Prph2rd2/rd2 mice compared to early stage degeneration (Figure 4.5b, 

P<0.05, N = 3). Similarly, a small but significant increase in ONL cell density was 

observed at mid stage degeneration in Crb1rd8/rd8 mice compared to early stage 

degeneration (Figure 4.5b, P<0.05, N = 3). Although some small differences in ONL 

density were observed in three of the models examined, these changes bear little 

correlation to the trends observed in integration efficiency. More specifically, the 

reduction in ONL cell density is mirrored by an increase in cell integration efficiency as 

disease progresses in the Prph2+/Δ307 recipient (Figure 4.4d). Conversely an increase in 

ONL cell density in the Crb1rd8/rd8 recipient was accompanied by an increased in cell 

integration efficiency by mid stage disease (Figure 4.4c), yet the increase in ONL cell 

density in the Prph2rd2/rd2 recipient was accompanied by no overall changes in cell 

integration efficiency (Figure 4.4e). 
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4.2.3.3. ONL threshold 

The reduction in photoreceptor number in the recipient ONL may directly affect the 

efficiency of transplanted donor cell integration. We therefore determined whether there 

is a threshold, or minimum, ONL thickness that is required for integration success. The 

mean ONL thickness of each model at each degenerative stage (early, mid and late 

stages) was plotted against the corresponding mean integration (Figure 4.5c). 

Regression analysis did not identify a correlation between ONL thickness and the 

number of integrated rod photoreceptors. This suggests that successful photoreceptor 

transplantation can be achieved even in a very thinned ONL. For example, integration 

levels above or similar to wildtype were observed in some (Prph2+/307, Prph2rds/rds and 

PDE6rd1), but not all models (Rho-/-), with an ONL thickness of <30% of wildtype. 

 

These data show that neither the cytoarchitecture of the recipient ONL, as assessed by 

ONL thickness and density, nor the rate of endogenous photoreceptor loss, are limiting 

factors for transplanted photoreceptor precursor integration. 

  



251 
 

 

FIGURE 4.5. THE IMPACT OF RETINAL CYTOARCHITECTURE ON CELL INTEGRATION 

 (a) The rate of degeneration, measured as the average loss of ONL thickness per day, 

in wildtype, Gnat1-/-, Crb1rd8/rd8 , Prph2+/Δ307, Prph2rd2/rd2, Rho-/-  and PDE6βrd1/rd1 mice (N 

= 3 per model). (b) ONL cell density at early, mid and late degeneration stages for all 

models. ANOVA with Tukey’s correction for multiple comparisons. (c) ONL thickness 

threshold assessment. Graph showing that there is no relationship between ONL 

thickness and cell integration. Pearson’s correlation. 
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4.2.4. THE IMPACT OF THE RECIPIENT MICROENVIRONMENT 

ON TRANSPLANTED PHOTORECEPTOR INTEGRATION 

EFFICIENCY 

 

The different microenvironments and degenerative statuses of each of the recipient 

retinae are likely to account for the differences in integration seen between the different 

models.   Therefore, the microenvironment of each of the models of RP was examined 

to determine whether changes in these factors could account for the differences 

observed in integration efficiency as disease progresses.  Such examination should 

also identify factors that could be targets for manipulation to improve integration in end 

stage disease or models with impaired integration efficiency.  

 

As retinal disease progresses so the microenvironment of the retina undergoes a 

number of significant changes. As photoreceptor cell death occurs the architecture of 

the ONL becomes disrupted and it is likely that the OLM, formed between 

photoreceptors and Müller glia, becomes compromised. In addition, Müller glial cells 

undergo reactive gliosis, leading to the formation of a glial scar (Bignami and Dahl, 

1979; Bringmann et al., 2000; Bringmann and Reichenbach, 2001; Eisenfeld et al., 

1984; Fan et al., 1996; Iandiev et al., 2006; Jones and Marc, 2005; Sethi et al., 2005). 

The glial scar acts a reservoir for the accumulation of CSPGs known to be inhibitory to 

axonal regeneration (Escher et al., 2008; Inatani et al., 2000; Kennan et al., 2002; 

Landers et al., 1994). It has been reported that both OLM integrity and glial scaring 

affect transplantation outcome (Singhal et al., 2008; West et al., 2008). Therefore, we 

looked to assess glial scarring and OLM integrity in the models of degeneration studied 

here, and examine whether any changes in these factors over the course of disease 

progression could account for the differences observed in cell integration trends.  To 
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assess glial scarring, retinal sections were stained for GFAP, vimentin and CSPG (CS-

56). A glial scar can be identified by the presence of GFAP+ve processes at the outer 

edge of the ONL and maybe accompanied by accumulation of CSPG in the IPM. A 

minimum of 3 independent retinae were analysed for each time point and confocal 

images were obtained at a standardised central superior location. In addition, global 

GFAP expression was quantified using western blot analysis. To assess OLM integrity, 

retina sections were stained for ZO-1. In addition, semi-thin sections were analysed to 

assess ONL disorganisation, a feature often associated with OLM disruption. The 

presence and organisation of adherens junctions was assessed using ultra structural 

analysis. 
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4.2.4.1. The microenvironment of wildtype recipients in relation to 

integration  

 

As discussed in section 4.2.3, integration in the wildtype recipient remained constant at 

all time points examined (Figure 4.4a and 4.6f, black trend line). Glial scarring was 

assessed by immunohistochemistry (Figure 4.6a and b) and western blot (Figure 4.6d). 

The intermediate filaments, GFAP (red) and vimentin (green) were used as markers of 

Müller cell activation and CS-56 (green) was used to assess CSPG expression at the 

glial scar (Bignami and Dahl, 1979; Bringmann et al., 2000; Eisenfeld et al., 1984; 

Escher et al., 2008; Inatani et al., 2000; Kennan et al., 2002; Landers et al., 1994). 

Western blot analysis was performed to quantify GFAP activation was performed to 

confirm glial activation.  

As expected in the absence of degeneration, there was little evidence of glial activation 

in the wildtype retina at 6 weeks (early) and this did not change with age (Figure 4.6a 

and d). Expression of GFAP- and vimentin+ve intermediate filaments within the retina 

was restricted to astrocytes and occasional basal processes of Müller glia. Similarly, 

CSPGs were sparsely distributed throughout the outer segment region at every time 

point examined (Figure 4.6b).  

OLM integrity was examined by staining for ZO-1, a component of the OLM (Figure 

4.6c). At 6 weeks (early) of age, ZO-1 expression appears as a continuous unbroken 

line, indicating that the OLM is intact and remained so at all time points examined 

(Figure 4.6c). OLM integrity was confirmed at the oldest time point with electron 

micrographs and images taken from semi-thin sections (Figure 4.6 ei and ii, 

respectively).  Figure 4.6ei shows adherens junctions (dashed black boxes) at the 

ultrastructural level neatly aligned and forming between photoreceptor (PR) and Müller 

glial cells (MC). Similarly, analysis of semi-thin sections showed that the OLM forms a 

neat continuous line at the outer edge of the ONL (Figure 4.6eii, dashed white line). 
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Thus, to summarise, the trends in integration efficiency, OLM integrity and glial scaring 

(Figure 4.6f) remained constant throughout the time frame examined here.  
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FIGURE 4.6. ASSESSMENT OF THE WILDTYPE RETINAL MICROENVIRONMENT DURING DEGENERATION  

Assessment of the microenvironment at early (6 weeks), mid (6 months) and late (12 

months) degenerative stages. (a) Assessment of glial scarring at each time point. 

Cryosections were stained with glial scarring marker GFAP (red) and vimentin (green). 

(b) Assessment of glial scarring and CSPG deposition at each time point. Cryosections 

were stained with GFAP (red) and CSPG (green) (c) Assessment of OLM integrity at 

each time point. Cryosections were stained with an OLM marker, ZO-1 (red).  Scale bar 

50µm. (d) Western blot analysis of GFAP expression to assess glial activation. (e) (i)  

Assessment of OLM integrity at late stage degeneration at the ultrastructural level. 

Dashed black boxes highlight adherens junctions. (ii) Semi-thin sections demonstrating 

OLM integrity, indicated by white dashed line, at late stage degeneration. (f) Schematic 

representation of integration, glial scarring and OLM integrity trend.  
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4.2.4.2. The microenvironment of the degenerating Gnat1-/- recipient in 

relation to integration 

 

A modest but significant decline in integration efficiency was observed over time when 

transplanting into early (2 months), mid (6 months) and late (12 month) stage Gnat1-/- 

recipients (Figure 4.4b and 4.7 f, black trend line). We observed an increase in glial 

scarring, as assessed both by immunohistochemistry and western blot (Figure 4.7a 

and d). GFAP+ve processes were observed to extend throughout the retina and into the 

ONL and several processes where observed at the outer edge of the ONL by mid and 

late stage degeneration (Figure 4.7a, insets and white arrows). In addition, global 

GFAP expression, as assessed by western blot, was significantly increased at the late 

stage compared to early stage degeneration (Figure 4.7d, P>0.05, ANOVA with 

Tukey’s correction for multiple comparison; N = 4). CSPGs were sparsely distributed 

throughout the segment region at all time points examined, with a small qualitative 

increase at late stage disease (Figure 4.7b).  

As in wildtype retinas, ZO-1 expression appeared as a continuous unbroken line at 

every time point examined, indicating that the OLM remains intact throughout (Figure 

4.7c). In addition, at the ultrastructural level, adherens junctions were observed forming 

between photoreceptor cells and Müller glia cells and appeared neatly aligned (Figure 

4.7ei, black dashed boxes). In addition, the OLM appeared as a straight line in semi 

thin section, with no apparent disturbances in ONL structure (Figure 4.7e ii, white 

dashed line). 

In conclusion, there is a decline in integration efficiency in Gnat1-/- recipients, 

accompanied by an increase in glial scarring as degeneration progressed (Figure 4.7e) 

but OLM integrity remained unchanged.  
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FIGURE 4.7. ASSESSMENT OF THE Gnat1
-/- 

RETINAL MICROENVIRONMENT DURING DEGENERATION 

Assessment of the microenvironment at early (2 months), mid (6 months) and late (12 

months) degenerative stages. (a) Assessment of glial scarring (white arrows) at each 

time point. Cryosections were stained with glial scarring marker GFAP (red) and 

vimentin (green). (b) Assessment of glial scarring and CSPG deposition at each time 

point. Cryosections were stained with GFAP (red) and CSPG (green). (c) Assessment 

of OLM integrity at each time point. Cryosections were stained with an OLM marker, 

ZO-1 (red).  Scale bar 50µm. (d) Western blot analysis of GFAP expression to assess 

glial activation. (e) (i)  Assessment of OLM integrity at late stage degeneration at the 

ultrastructural level. Dashed black boxes highlight adherens junctions. (ii) Semi-thin 

sections demonstrating OLM integrity, indicated by white dashed line, at late stage 

degeneration. (f) Schematic representation of integration, glial scarring and OLM 

integrity trend.  
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4.2.4.3. The microenvironment of the degenerating Crb1rd8/rd8 recipient 

in relation to integration 

 

Integration into the degenerating Crb1rd8/rd8 mouse presented a bimodal pattern, 

increasing significantly between early (3 weeks) and mid (6 weeks) stage disease but 

declining significantly when transplanted into a late stage disease (12 week) recipient 

(Figure 4.4c and 4.8f, black trend line).  

Although minimal at the early degeneration stage, glial scarring significantly increased 

between mid and late stage disease as assessed both by immunohistochemistry and 

western blot (Figure 4.8a and d). We observed few GFAP+ve processes in the retina at 

early and mid stage disease, although vimentin expression was high and vimentin+ve 

process were observed to extend throughout the retina even at early stages of 

degeneration (Figure 4.8a). By late stage disease (Figure 4.8a, white arrows and 

inserts), however, numerous GFAP+ve fibers extended into the outer retina and along 

the outer edge of the retina in places, particularly around sites of presumptive rosette 

formation. These changes were mirrored by a significant increase in global GFAP 

expression (Figure 4.8d, P<0.01, ANOVA with Tukey’s correction for multiple 

comparison, N = 4). CSPG expression appeared more dense within the IPM, with 

deposits being particularly noticeable in the OPL and around rosette formation as 

degeneration progressed (Figure 4.8b). 

As expected in this model (Mehalow et al., 2003), OLM integrity became increasingly 

compromised with disease progression. OLM disruption was demonstrated by the 

appearance of increasingly fragmented staining for ZO-1 and the presence of 

photoreceptor cell bodies in the subretinal space (Figure 4.8c i, white arrows). Upon 

closer inspection at the ultrastructural level, although some adherens junctions 

between Müller cells and photoreceptor cells remained (Figure 4.8e i, dashed black 

boxes), large areas in which adherens junctions were absent were also observed 
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(asterisk). Severe disturbances in ONL organization were observed in semi-thin section 

obtained from late stage disease recipients; the outer edge of the ONL appeared 

uneven with cell bodies displaced in the subretinal space (Figure 4.8e ii, white dashed 

line). 

 

In conclusion, a bimodal pattern of integration efficiency is observed in Crb1rd8/rd8 

recipients between early and late stage degeneration, with the highest integration 

observed when cells where transplanted into mid stage disease recipients. During this 

same period, OLM integrity is increasingly compromised, a change that is likely to 

facilitate integration (Figure 4.8f). However, gliosis is also significantly increased, a 

change that is likely to impede integration. At the mid disease stage, OLM integrity is 

already markedly compromised but the glial response was not maximal, which may 

explain the high number of integrated cells demonstrated at this time point.  
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FIGURE 4.8. ASSESSMENT OF THE Crb1
RD8/RD8  

RETINAL MICROENVIRONMENT DURING DEGENERATION 

Assessment of the microenvironment at early (3 weeks), mid (6 weeks) and late (12 

weeks) degeneration. (a) Assessment of glial scarring (white arrows) at each time 

point. Cryosections were stained with glial scarring marker GFAP (red) and vimentin 

(green). (b) Assessment of glial scarring and CSPG deposition at each time point. 

Cryosections were stained with GFAP (red) and CSPG (green). (c) Assessment of 

OLM integrity at each time point. Cryosections were stained with an OLM marker, ZO-1 

(red).  White arrows indicate breaks in OLM integrity. Scale bar 50µm. (d) Western blot 

analysis of GFAP expression to assess glial activation. (e) (i)  Assessment of OLM 

integrity at late stage degeneration at the ultrastructural level. Dashed black boxes 

highlight adherens junctions; asterisks indicate areas where adherens junctions were 

absent (ii) Semi-thin sections demonstrating OLM integrity, indicated by white dashed 

line, at late stage degeneration. (f) Schematic representation of integration, glial 

scarring and OLM integrity trend.  
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4.2.4.4. The microenvironment of the degenerating Prph2+/Δ307 recipient 

in relation to integration 

 

Disease progression resulted in a significant increase in integration efficiency when 

Nrl.GFP+ve -rod precursor cells were transplanted into Prph2+/Δ307 recipients at early (2 

months), mid (4 months) and late (6 months) degeneration stages (Figure 4.4d and 

4.9f, black trend line).  

When assessing the microenvironment of Prph2+/Δ307 mice using 

immunohistochemistry, we found that GFAP and vimentin were upregulated at all time 

points examined compared to wildtype (Figure 4.9a). At the earliest stage examined (2 

months) GFAP+ve and vimentin+ve processes were observed extending throughout to 

the outer edges of the retina where they forming a glial scar (Figure 4.9a, white arrows 

and inset). Similarly, at this early time point CSPG staining appeared condensed and 

immediately adjacent to the ONL (Figure 4.9b). Strikingly however, although there was 

no significant decrease in global GFAP expression, as measured by western blot 

(Figure 4.9d, P>0.05, ANOVA with Tukey’s correction for multiple comparison, N = 4), 

immunohistochemistry revealed a significant reduction in the number of GFAP+ve 

processes observed extending into the outer retina, indicating a regression of the glial 

scars (Figure 4.9a, insets). Similarly CSPG staining appeared to almost completely 

disperse by late stage disease with very little staining in the interphotoreceptor matrix 

(Figure 4.9b).  

Some disturbances were observed in OLM integrity at all time points examined here. 

There was some limited disruption in ZO-1 staining at all three time points, indicating 

some possible breaks in OLM integrity (Figure 4.9c, arrows) although this did not 

appear to change with time. Ultrastructural analysis of late stage diseased retinae 

revealed that some adherens junctions remained but these lacked alignment (Figure 

4.9e i, black dashed boxes). In the representative electron micrographs shown in 
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Figure 4.9e i, the asterisk highlights regions where both photoreceptor cell death 

occurred and where the adherens junctions were absent. This suggests that re-

modeling of the OLM may occur around regions of cell death. Similarly, semi-thin 

sections demonstrate that ONL structure and OLM integrity appeared moderately 

disrupted (Figure 4.9e ii, white dashed line), with the presence of many cell bodies 

displaced in the interphotoreceptor cell matrix (arrows). 

In summary, of all the disease models examined, the Prph2+/Δ307 was the only model in 

which transplanted photoreceptor integration increased with disease progression. It is 

also the only model in which glial scarring, at least within the ONL, decreased. This 

was accompanied by some remodeling of the OLM, although this did not change with 

disease progression (Figure 4.9f).  
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FIGURE 4.9. ASSESSMENT OF THE Prph2
+/Δ307

 RETINAL MICROENVIRONMENT  DURING DEGENERATION 

Assessment of the microenvironment at early (2 months), mid (4 months) and late (6 

months) degeneration. (a) Assessment of glial scarring (white arrows) at each time 

point. Cryosections were stained with glial scarring marker GFAP (red) and vimentin 

(green). (b) Assessment of glial scarring and CSPG deposition at each time point. 

Cryosections were stained with GFAP (red) and CSPG (green). (c) Assessment of 

OLM integrity at each time point. Cryosections were stained with an OLM marker, ZO-1 

(red).  White arrows indicate breaks in OLM integrity. Scale bar 50µm. (d) Western blot 

analysis of GFAP expression to assess glial activation. (e) (i)  Assessment of OLM 

integrity at late stage degeneration at the ultrastructural level. Dashed black boxes 

highlight adherens junctions; asterisks indicate areas where adherens junctions were 

absent (ii) Semi-thin sections demonstrating OLM integrity, indicated by white dashed 

line, at late stage degeneration. Arrows indicated displace photoreceptor cell bodies. (f) 

Schematic representation of integration, glial scarring and OLM integrity trend.  
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4.2.4.5. The microenvironment of the degenerating Prph2rds/rds recipient 

in relation to integration 

 

In the Prph2rds/rds model, integration remained constant as degeneration progressed 

(Figure 4.4e and 4.10f, black trend line). Staining for GFAP and vimentin, showed a 

marked increase in the number of processes that extended throughout the retina into 

the ONL, forming a lateral glial scar at the edge of the retina, at mid (8 weeks) and late 

(12 week) stages of degeneration (Figure 4.10a i, white arrows and inserts). Western 

blotting demonstrated a striking increase in global GFAP, indicating significant glial 

activation at the mid and late degeneration stages the in Prph2rds/rds retina (Figure 4.4e, 

P<0.05, ANOVA with Tukey’s correction for multiple comparison, N = 4). Conversely, 

although CSPG deposition appeared condensed at the outer edge of the ONL at early 

(4 weeks) and mid (8 weeks) degeneration time points, by late stage degeneration (12 

weeks) the CSPGs in the interphotoreceptor matrix appeared more disperse (Figure 

4.10b).  

ZO-1 expression indicated that some occasional breaks in OLM integrity were present 

at all degeneration stages (Figure 4.10c i, white arrows), although this occurred with a 

similar frequency over the degeneration time course.  Ultrastructural analysis revealed 

that although adherens junction were maintained at late stage disease (Figure 4.10e i, 

black dashed boxes), they appeared elongated in length and Müller glia hypertrophy 

was apparent.  Analysis of semi-thin sections confirmed the disruption of the OLM at 

late stage disease: the OLM appeared uneven at the outer edge of the retina and 

several cell bodies were displaced in the interphotoreceptor matrix (Figure 4.910e ii, 

white dashed line and arrows, respectively). 

Thus in summary, integration into Prph2rds/rds recipients remained constant between 

early and late stage degeneration. Although GFAP expression was upregulated, this 
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was offset by a decrease in CSPG deposition. There was evidence of OLM remodeling 

at all time points although this did not change with degeneration (Figure 4.10f).  
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FIGURE 4.10. ASSESSMENT OF THE Prph2
RDS/RDS 

RETINAL MICROENVIRONMENT DURING DEGENERATION 

Assessment of the microenvironment at early (4 weeks), mid (8 weeks) and late (12 

weeks) degeneration. (a) Assessment of glial scarring (white arrows) at each time 

point. Cryosections were stained with glial scarring marker GFAP (red) and vimentin 

(green). (b) Assessment of glial scarring and CSPG deposition at each time point. 

Cryosections were stained with GFAP (red) and CSPG (green). (c) Assessment of 

OLM integrity at each time point. Cryosections were stained with an OLM marker, ZO-1 

(red).  White arrows indicate breaks in OLM integrity. Scale bar 50µm. (d) Western blot 

analysis of GFAP expression to assess glial activation. (e) (i)  Assessment of OLM 

integrity at late stage degeneration at the ultrastructural level. Dashed black boxes 

highlight adherens junctions. (ii) Semi-thin sections demonstrating OLM integrity, 

indicated by white dashed line, at late stage degeneration. Arrows indicated displace 

photoreceptor cell bodies. (f) Schematic representation of integration, glial scarring and 

OLM integrity trend. 
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4.2.4.6. The microenvironment of the degenerating Rho-/- recipients in 

relation to integration 

 

Transplanted photoreceptor cell integration efficiency into the Rho-/- recipient was 

markedly worse than observed in other models. Moreover, integration efficiency 

continued to decline with disease progression (Figure 4.4fand 4.11f, black trend line).  

Western blot analysis of GFAP expression revealed a striking upregulation of GFAP 

expression between early (4 weeks) and late (10 weeks) stage disease (Figure 4.11d, 

P<0.001, ANOVA with Tukey’s correction for multiple comparison, N = 4). Staining for 

GFAP and vimentin further shows that there was significant GFAP expression even in 

the early stages of degeneration and this continued to increase as disease progressed. 

There was an increase in the number of intermediate filament processes visible in the 

inner retina with more extending into the ONL at early stage degeneration compared to 

wildtype (Figure 4.11a, white arrow). By late stage degeneration, numerous GFAP+ve 

and vimentin+ve processes could be seen to extend throughout ONL and these 

processes appeared to extend laterally along the outer edge of the ONL forming the 

glial scar (Figure 4.11a i, white arrows and insets). CSPG expression appeared to 

condense in the interphotoreceptor matrix as disease progressed; CSPGs formed a 

thin dense band abutting the ONL at the late stage degeneration (Figure 4.11b).  

In contrast to some other models of moderate degeneration, the OLM appeared to 

remain intact throughout the time course examined here: ZO-1 staining appeared as a 

strong, continuous unbroken line at the outer edge of the ONL (Figure 4.11c). Similarly, 

analysis of electron micrographs shows that adherens junctions formed between Müller 

cell and photoreceptor cells were numerous and neatly aligned, even at late stage 

disease (Figure 4.11e i dashed boxes). Semi-thin sections demonstrated that the OLM 

remained as a straight continuous line at the outer edge of the retina with no loss of 

cells into the subrtetinal space (Figure 4.11e ii, white dashed line). 
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Thus, integration is poor and declines significantly with disease progression in Rho-/- 

recipients. This occurs against a background of significantly increasing gliosis and a 

maintained OLM; both of these factors are likely to impede integration (Figure4.11f).  
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FIGURE 4.11. ASSESSMENT OF THE Rho
-/-

 RETINAL MICROENVIRONMENT DURING DEGENERATION 

Assessment of the microenvironment at early (4 weeks), mid (6 weeks) and late (10 

weeks) degeneration. (a) Assessment of glial scarring (white arrows) at each time 

point. Cryosections were stained with glial scarring marker GFAP (red) and vimentin 

(green). (b) Assessment of glial scarring and CSPG deposition at each time point. 

Cryosections were stained with GFAP (red) and CSPG (green). (c) Assessment of 

OLM integrity at each time point. Cryosections were stained with an OLM marker, ZO-1 

(red).  Scale bar 50µm. (d) Western blot analysis of GFAP expression to assess glial 

activation. (e) (i)  Assessment of OLM integrity at late stage degeneration at the 

ultrastructural level. Dashed black boxes highlight adherens junctions. (ii) Semi-thin 

sections demonstrating OLM integrity, indicated by white dashed line, at late stage 

degeneration. (f) Schematic representation of integration, glial scarring and OLM 

integrity trend. 
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4.2.4.7. The microenvironment of the degenerating PDE6βrd1/rd1 

recipient in relation to integration 

 

Despite a rapidly progressing degeneration, integration in PDE6βrd1/rd1 recipients 

remained constant as disease progressed (Figure 4.4g and 4.12f, black trend line). 

Examination of the microenvironment revealed that an extensive glial response was 

activated by late (3 week) stage disease. Western blot analysis demonstrated a 

significant upregulation of GFAP expression between early (P10) and late stage 

degeneration (Figure 4.12d, P<0.001, ANOVA with Tukey’s correction for multiple 

comparison, N = 4). Staining for GFAP and vimentin, at early stage degeneration was 

similar to wildtype, with no intermediate filaments observed within the outer retina 

(Figure 4.12a). Similarly, CSPG staining appears dispersed throughout the 

interphotoreceptor matrix (Figure 4.12b). However, by late stage degeneration, a 

proliferation of GFAP+ve and vimentin+ve process could be seen extending throughout 

the retina. These processes extended along the outer edge of the ONL forming an 

extensive glial scar (Figure 4.12a, white arrows and inserts). In addition, CSPGs 

appeared to condense at the outer edge of the ONL at late stage disease (Figure 

4.12b).  

Staining for ZO-1 staining appeared markedly fragmented at late stage disease, which 

suggested extensive OLM disruption (Figure 4.12c). Further analysis at the 

ultrastructural level (Figure 4.12e i) showed that adherens junctions were present but 

often formed between two Müller cells (red dashed boxes) alongside the more typical 

adherens junctions formed between Müller glia and photoreceptor cells (black dashed 

boxes). This indicated that significant OLM re-modeling had occurred during the time 

course analysed here. Analysis of semi-thin sections at late stage disease also 

confirmed OLM disorganization, as the structure of the ONL and outer edge of the 

retina appeared less ordered than wildtype (Figure 4.12e ii). 
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To summarise, integration remained constant in PDE6βrd1/rd1 recipients, even in late 

stage degeneration. There was a significant and striking increase in glial scarring, while 

evidence of extensive OLM re-modelling indicated that OLM integrity is compromised 

during the degenerative process (Figure 4.12f).   
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FIGURE 4. 12. ASSESSMENT OF THE PDE6Β
RD1/RD1 

RETINAL MICROENVIRONMENT DURING DEGENERATION 

Assessment of the microenvironment at early (P10) and late (3 weeks) degeneration. 

(a) Assessment of glial scarring (white arrows) at each time point. Cryosections were 

stained with glial scarring marker GFAP (red) and vimentin (green). (b) Assessment of 

glial scarring and CSPG deposition at each time point. Cryosections were stained with 

GFAP (red) and CSPG (green). (c) Assessment of OLM integrity at each time point. 

Cryosections were stained with an OLM marker, ZO-1 (red).  Scale bar 50µm. White 

arrows indicate breaks in OLM integrity. (d) Western blot analysis of GFAP expression 

to assess glial activation. (e) (i)  Assessment of OLM integrity at late stage 

degeneration at the ultrastructural level. Dashed black boxes highlight adherens 

junctions that formed between photoreceptor cells and Müller glia. Dashed red boxes 

highlight adherens junctions between two Müller glia, indicating a significant degree of 

OLM re-modelling. (ii) Semi-thin sections demonstrating OLM integrity, indicated by 

white dashed line, at late stage degeneration. (f) Schematic representation of 

integration, glial scarring and OLM integrity trend. 
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4.2.4.8. Summary: the impact of the microenvironment on integration 

efficiency 

 

The degenerating retina is a complex and changing environment and each of the 

models examined here presented a unique pattern of changes within their retinal 

microenvironment as disease progressed. Examination of the changes in OLM 

integrity, gliosis and transplanted photoreceptor integration in unison allowed some 

correlations to be drawn that are summarised below.  

Integration remains constant with age in the wildtype recipient. Similarly, there was no 

change in OLM integrity and an absence of glial scarring was demonstrated. 

Integration remained constant in both the PDE6βrd1/rd1 and Prph2rds/rds recipient as 

disease progressed. The PDE6βrd1/rd1 model demonstrated a significant and striking 

increase in glial scarring, as indicated both by CSPG deposition and Müller glia 

activation, factors that may be inhibitory to transplanted photoreceptor cell migration 

and integration (Brittis et al., 1992; Kinouchi et al., 2003; Ma et al., 2011; Singhal et al., 

2008; Suzuki et al., 2007; Zhang et al., 2004). This model also displayed some 

evidence of extensive OLM re-modelling suggesting that disturbances in OLM integrity 

occurred as degeneration progresses. Loss of OLM integrity is known to be favourable 

to cell integration (West et al., 2008), and this may explain why robust integration was 

maintained when donor cells were transplanted into late stage degeneration recipients. 

The Prph2rds/rds recipient displayed an increase in GFAP expression, indicative of glial 

cell activation, which has been suggested to inhibit donor cell integration into the 

recipient retina (Kinouchi et al., 2003). However, there also appeared to be a decline in 

CSPG deposition and this may offset this potentially inhibitory effect of GFAP 

upregulation.  

Integration declined over the time course examined here in both the Gnat1-/- and Rho-/- 

recipients. Despite very different rates of degeneration, both of these models 
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maintained OLM integrity but also underwent a significant glial response as disease 

progressed, both factors likely to impede integration. A bimodal pattern of integration 

was observed in Crb1rd8/rd8 recipients; a rapid fragmentation of the OLM appeared to be 

offset with a delayed but significant increase in glial scarring as assessed by both 

GFAP upregulation and CSPG deposition. Integration efficiency was highest when 

donor rod precursor cells were transplanted into mid stage degeneration Crb1rd8/rd8 

recipients, a time when the OLM was sufficiently disrupted yet the glial response was 

not fully initiated. 

Most encouragingly, an increase in transplanted cell integration was observed in 

Prph2+/Δ307 recipients as disease progressed and robust integration was shown when 

donor rod precursor cells were transplanted into late stage degeneration recipients. 

The trend in integration efficiency coincided with a reduction in glial scarring, which 

may permit the successful migration of transplanted cells into the ONL. In addition, a 

moderate yet sustained re-modelling of the OLM was observed in Prph2rds/rds and 

Prph2+/Δ307 recipients, which may explain the high levels of integration observed in 

these degenerative models compared to wildtype and Rho-/- recipients. Similarly, glial 

scarring was not extensive in Gnat1-/- and PDE6βrd1/rd1 recipients at the early 

degenerative stage compared to Rho-/- recipient retina at the same degenerative stage. 

This may go some way to explain the higher integration efficiency observed in these 

former two models. Interestingly, the Rho-/- model has an intact OLM with extensive 

glial scarring that occurred early in the degeneration process: these factors may 

explain the considerably low integration efficiency shown in this model of retinal 

degeneration. 
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4.2.5. MANIPULATING THE MICROENVIRONMENT OF THE RHO
-

/-
 RECIPIENT TO MAXIMISE CELL INTEGRATION 

 

The data presented in section 4.4 demonstrates that there are significant differences in 

both OLM integrity and gliosis across the different models of degeneration. Taken 

together, they offer potential explanations for the different photoreceptor transplantation 

outcomes. The highest level of transplanted cell integration was seen in the Crb1rd8/rd8 

recipient model. This model has a disrupted OLM (Mehalow et al., 2003), a factor 

known to enhance integration efficiency (West et al., 2008) accompanied by an initially 

low, focal glial response. In contrast, poor integration was observed when transplanting 

Nrl.GFP+ve rod precursor cells into the Rho-/- mouse, a model with an intact OLM and 

strong glial response, both factors likely to impede integration (Kinouchi et al., 2003; 

West et al., 2008). To determine whether these factors are indeed responsible for 

impeding integration in the degenerating recipient retina, we sought to manipulate them 

pharmacologically and assess their impact on transplanted Nrl.GFP+ve-rod 

photoreceptor integration. The Rho-/- model (4-6 weeks) was chosen for assessment 

being the model with the worst transplantation outcome. 
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4.2.5.1. Chondroitinase ABC 

 

Chondroitinase ABC is an enzyme produced by bacteria that enzymatically digests 

extracellular CSPGs in vivo (Bradbury et al., 2002; Moon et al., 2001; Morgenstern et 

al., 2002). We used ChABC to breakdown CSPGs in the retina, a strategy that has 

been previously used to digest CSPGs in the rat (Bull et al., 2008; Singhal et al., 2008) 

and in the mouse retina (Ma et al., 2011; Suzuki et al., 2007). Although ChABC has 

been used extensively in the rodent retina and has been shown to improve integration 

efficiency when co-transplanted with donor cells into wildtype recipients, none of these 

groups quantified or verified in vivo digestion of CSPGs following administration of 

ChABC. There are extensive studies assessing dosing, onset and duration of action of 

ChABC in the spinal cord of Sprague–Dawley rats (Lin et al., 2008). This study 

demonstrated ChABC activity 1 day post infusion and showed that ChABC was able to 

efficiently suppress injury-related up-regulation of proteoglycans digestion with the 

enzyme remaining activated in vivo up to 10 days post administration (Lin et al., 2008). 

Based on the findings of Suzuki et al (2007), which demonstrated enhanced 

synaptogenesis of unsorted Nrl.GFP+ve donor cells transplanted into the wildtype MNU-

induced recipient model of retinal degeneration, a dose of 0.025 Units / µL was used in 

our study. To confirm that this dose reduced CSPG content in the Rho-/- mouse (age 3-

5 weeks), animals were sacrificed at 48 hours post subretinal injection of 1 uL of 0.025 

Units / µL ChABC (N = 3).  Retinal tissue was processed for immunohistochemistry and 

western blot. Figure 13a and b demonstrates robust digestion of CSPGs following 

subretinal injection of ChABC compared to vehicle alone. CSPG content in the 

interphotoreceptor matrix appears considerably dispersed (Figure 13a) and all three 

animals showed a reduction in CSPG protein in the ChABC treated eye compared to 

the contralateral control eye which received vehicle alone (Figure 13b).  
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FIGURE 4.13. DIGESTION OF CSPGS USING CHABC IN THE Rho

-/-
 RECIPIENT 

 (a) Representative confocal images taken from Rho-/- retinal sections stained for 

CSPG. Treated eyes were injected subretinally with 1 uL of 0.025 Units / µL ChABC 

(right, +ChABC) or 1 uL of vehicle alone (left, -ChABC). Scale bar 50µm.  (b) Western 

blot analysis of CSPG in three Rho-/- mice (aged 3-5 weeks), treated with a subretinal 

injection of ChABC in one eye (+ChABC). The contralateral control eye received a 

subretinal injection of vehicle alone (-ChABC). Control retinal extracts that were further 

treated in vitro with ChABC for 3 hours to achieve maximal digestion to serve as 

complete digestion controls for the corresponding in vivo treated samples. 
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Having confirmed that this dose of ChABC reduced CSPG expression in the Rho-/- 

retina, we next combined ChABC application with photoreceptor transplantation to 

assess whether enzymatic removal of CSPGs in a model of retinal degeneration could 

improve transplantation efficiency. Nrl.GFP+ve-rod photoreceptor precursor cells were 

co-injected with either 0.025 U / µL ChABC or vehicle alone into Rho-/- (aged 3-5 

weeks) and wildtype recipients. Rho-/- mice receiving ChABC treatment demonstrated a 

8-fold increase in transplanted Nrl.GFP+ve-rod photoreceptor integration compared with 

contralateral control eyes (17,116 ± 3125 (N = 12) versus 2051 ± 248 (N = 7) 

integrated cells, respectively; Figure 4.14, P<0.01, unpaired t-test). Interestingly, in the 

wildtype recipient, where there is no gliosis and CSPG expression is diffuse, the effect 

of ChABC was smaller, leading to a 2.5-fold increase in the number of integrated cells 

in the ChABC transplanted eye compared to the control eyes (7558 ±1134 (N = 9) 

versus 3014 ± 946 (N = 9) integrated cells, respectively; Figure 4.14, P<0.01). 
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FIGURE 4.14. INTEGRATION EFFICIENCY FOLLOWING CHABC TREATMENT 

Integration efficiency following ChABC treatment (white) in adult wildtype and Rho-/- 

recipients (aged 3-5 weeks) transplanted with Nrl.GFP+ve-rod precursor cells. Control 

eyes received Nrl.GFP+ve- rod precursor cells alone (black). Unpaired t-test.  
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4.2.5.2. Targeted OLM disruption using siRNA 

We employed the use of siRNAs targeted against ZO-1, to provide a transient yet 

reversible disruption of the OLM. ZO-1 is an adaptor protein involved in adherens 

junction formation. Previous reports in the lab demonstrated that the targeting 

sequence used in the following experiments effectively silences ZO-1 (Sourisseau et 

al., 2006).  

 

a) Dosing 

In the first instance, experiments were performed to establish the optimal dose of 

siRNA, one that produces a reversible knockdown of ZO-1 at the OLM. Three doses 

were explored: 10, 15 and 20µM and administered via subretinal injections to the 

superior retina in wildtype mice. Animals were sacrificed after 48 hours and the retinae 

were examined using immunohistochemistry. Figure 4.15a i-iv illustrates that ZO-1 

staining remained continuous in animals treated with 10µM siRNA and appear similar 

to uninjected wildtype controls (Figure 4.15a i and ii). ZO-1 knockdown was achieved 

following subretinal injection of both 15 µM and 20 µM ZO-1 siRNA: staining for ZO-1 

at the OLM appears fragmented and discontinuous (Figure 4.15a i, ii and vi, white 

arrows).  In addition, this was accompanied by typical characteristics of OLM disruption 

including disturbances in retinal architecture and displacement photoreceptor cell 

bodies into the subretinal space (Figure 4.15a iii and iv). The extent of ZO-1 

knockdown was greater in the animals treated with 20 µM and ZO-1 staining was 

absent in a large region around the injection site (Figure 4.15 vi, stars). The use of 

siRNA longer than 21-nucleotides has been associated with cell death, as a 

consequence of Toll-like 3 receptors activation (Kleinman et al., 2012). Therefore, we 

sought to assess whether subretinal administration of ZO-1 siRNA was associated with 

an increase in cell death. Treatment with the 20 µM dose was associated with a 

significant increase in apoptotic cell death of the endogenous photoreceptors 

compared to non-targeting treated contralateral control eyes (1956 ± 459 versus 467 ± 
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157 apoptotic cells, respectively: Figure 4.15b, <0.05, paired t-test, N = 4), while 

apoptosis following application of the 15 µM siRNA dose was no different to control 

injections: 15 µM produces 587 ± 211 apoptotic cells whereas the non-targeting treated 

contralateral control eye resulted in 589 ± 237 apoptotic cells at 48hrs post injection 

(Figure 4.15b, , P>0.05, paired t-test, N = 9). Given the moderate ZO-1 knockdown 

achieved with the 15 µM and the lack of association with apoptotic cell death, all further 

experiment were performed using the 15 µM dose. 
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FIGURE 4.15. DOSING OF siRNA TARGETED AGAINST ZO-1 

 (a) Representative images of retinal sections stained for ZO-1 to assess OLM integrity 

48 hours post administration. Different doses of siRNA ZO-1 (ii, 10 µM; iii, 15 µM and 

iv, 20 µM) were injected into the subretinal injection of the wildtype retina. Animals 

were culled 48 hours post injection. White arrows indicate areas where the OLM 

appeared fragmented. Dashed white boxes indicate areas shown in insets. Scale bar 

50 µm. (b) Graph showing apoptotic cell death associated with subretinal injection 

siRNA targeted against ZO-1 (grey boxes) or non-targeting control siRNA (black 

boxes). Two doses were analysed: 15 µM and 20 µM.  
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To further characterize the OLM disruption exuded by this dose of siRNA, adult 

wildtype animals were injected with 15 µM siRNA or 15 µM non-targeting siRNA and 

sacrificed 48 hours post injection and a number of OLM markers were examined. 

Figure 4.16 a-c demonstrates that all OLM markers showed a localized OLM 

disruption. Disrupted staining of pancaderin, Crb1 and β-catenin was demonstrated in 

all eyes treated with 15 µM ZO-1 siRNA (Figure 4.16: a iii, b iii and c iii, respectively) 

compared to contralateral non-targeting treated eyes (Figure 4.16: a ii, b ii and c ii, 

respectively), where staining appeared unbroken and continuous, much like that seen 

in untreated control eyes (Figure 4.16:, a i, b i and  c i, respectively). Finally, ultra-

structural analysis was used to confirm the disruption of the adherens junction.  Eyes 

treated with ZO-1 siRNA demonstrate a loss of OLM integrity with large distances 

between the remaining adherens junctions (Figure 4.16d ii, red arrows), whereas the 

OLM remained intact following treatment with non-targeting siRNA (Figure 4.16d i, red 

arrows). 



285 
 

 

  



286 
 

FIGURE 4.16. ZO-1 SIRNA KNOCKS DOWN ZO-1 EXPRESSION IN THE OLM 

Confocal images demonstrating expression of OLM markers (a) pancadherin, (b) Crb1 

and (c) β-Catenin. Images were taken 48 hours post injection of (i) uninjected control 

retina, (ii) 15 µM non-targeting injected retina or (iii) 15 µM siRNA ZO-1 injected retina. 

White arrows indicate disruption of the OLM. Scale bar 25 µm. (d) Electron 

micrographs demonstating adherens junctions, as indicated by the red arrows, in retina 

injected with 15 µM (i) non-targeting or (ii) siRNA ZO-1 at 48hrs post injection.  
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In order for this approach to be a feasible solution to improve transplantation efficiency, 

any disruption to the OLM must be transient to prevent any long-term damage to the 

recipient retina (Mehalow et al., 2003). To assess whether disruption of the OLM using 

siRNA was reversible, gross retinal morphology and ZO-1 staining at the OLM of 

animals treated with either ZO-1 siRNA or non-targeting siRNA were analysed at 72 

hours and 1 week post injection. Figure 4.17a and b demonstrates that staining for ZO-

1 was disrupted at 48 hours and 72 hours post injection (Figure 4.17a i and ii) 

compared to contralateral non-targeting treated control eyes (Figure 4.17b i and ii). 

Administration of non-targeting control cause a transient detachment of the neural 

retina observed at 48 hours post injection, which resolved by 72 hours post injection 

(Figure 4.17b i and ii, respectively). In addition, staining for ZO- remained largely intact, 

however occasional localized disruption was observed at 48 hours post injection 

(Figure 4.17b i, insert). By 1 week, expression of ZO-1 had largely recovered in those 

eyes treated with ZO-1 siRNA: staining appeared continuous and unbroken at the OLM 

similar to non-targeting treated controls (Figure 4.17 aiii and biii, respectively). Figure 

4.17c demonstrates H&E staining for eyes treated with ZO-1 siRNA (Figure 4.17c) or 

contralateral control eyes treated with non-targeting siRNA (Figure 4.17d). Other 

features characteristic of OLM disruption were observed at 48 and 72 hours post 

injection of ZO-1 siRNA: ONL folding and displacement of endogenous photoreceptor 

cells bodies were observed in ZO-1siRNA treated eyes (Figure 4.17c i and ii) but not in 

contralateral non-targeting treated eyes (Figure 4.17d i and ii).  Retinae from ZO-1 

siRNA treated eyes appear mostly recovered by one week, although the outer retinal 

surface remained more uneven than the non-targeting treated control eye (Figure 4.17 

c iii  and d iii). 
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FIGURE 4.17. TIME COURSE OF OLM DISRUPTION 

Confocal images of wildtype retina following subretinal injections of (a) 15 µM ZO-1 

siRNA or (b)15 µM non-targeting siRNA at (i) 48hr; (ii) 72hr and (iii) 1 week post 

injection. White arrows indicate OLM disruption. Scale bar 25 µm. Retinal sections 

stained with H&E following injections of (c) 15 µM ZO-1 siRNA or (d)15 µM non-

targeting siRNA at (i) 48hr; (ii) 72hr and (iii) 1 week post injection. Scale bar 25 µm.  
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b) Impact of ZO-1 knockdown on photoreceptor transplantation efficiency 

Having confirmed that 15 µM ZO-1 siRNA produced a robust and transient disruption of 

the OLM, we next combined this approach with photoreceptor transplantation to assess 

whether targeted disruption of the OLM could improve transplantation efficiency. 

Nrl.GFP+ve-rod photoreceptor precursor cells were injected into wildtype and Rho-/- 

recipients (aged 3-5 weeks) that received pre-treatment with either 15 µM siRNA or 15 

µM control non-targeting siRNA. A second control cohort received no pre-treatment.  

Rho-/- mice receiving ZO-1 siRNA treatment demonstrated a highly significant 5.5-fold 

increase in transplanted Nrl.GFP+ve-rod photoreceptor integration compared with eyes 

that were transplanted with cells alone (9944 ± 1539 (N = 7) versus 1794 ± 357 (N = 7) 

integrated cells, respectively; Figure 4.18, P<0.001, unpaired t-test). In the wildtype 

recipient, the magnitude of the effect was similar. Those eyes receiving ZO-1 siRNA 

treatment demonstrated a significant 4.8-fold increase in the number of integrated cells 

compared to control eyes that received cells alone (13199 ± 2695 (N = 7) versus 2712 

± 947 (N = 9) integrated cells, respectively; Figure 4.18, P<0.01). 

 

Interestingly, pre-treatment with control scrambled siRNA resulted in a significant 

increase in integration efficiency compared to eyes that received no pre-treatment 

receiving only Nrl.GFP+ve-rod cells in both wildtype and Rho-/- recipients. Similar 

findings were reported in Chapter 3 where integration efficiency was increased 

following pre-detachment of the retina using EBSS 48 hrs prior to cell transplantation. 

Following pre-treatment with non-targeting siRNA, integration efficiency was increased 

3.4-fold and 2.4-fold compared to eyes receiving no pre-treatment in Rho-/- and wildtype 

recipient, respectively (Figure 4.18, P<0.01 and P<0.05, respectively). However, the 

there was a significant increase in integration efficiency in ZO-1 siRNA pre-treated 

eyes compared to control non-targeting treated eyes in both wildtype and Rho-/- 

recipients. Eyes pre-treated with ZO-1 siRNA demonstrated a 2-fold and 1.6-fold 

increase in integration efficiency compared to those eyes pre-treated with control non-
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targeting siRNA (Figure 4.18, P<0.05 in both instances). This suggested that the pre-

detachment alone causes and increase in integration efficiency.  

  



291 
 

 

FIGURE 4.18. INTEGRATION EFFICIENCY FOLLOWING ZO-1 siRNA ADMINISTRATION 

Integration efficiency following pre-treatment with ZO-1 siRNA 48 hours prior to 

transplantation in adult wildtype and Rho-/- recipients (aged 3-5 weeks). Control cohorts 

received either no pre-treatment (cells only, black) or pre-treatment with non-targeting 

siRNA (grey). Unpaired t-test. 



292 
 

c) Combined manipulations & functional rescue 

Next we sought to examine whether a combination of ZO-1 siRNA and ChABC 

treatment led to additive effects in integration efficiency and whether the enhancement 

of transplanted cell integration led to functional improvements in optokinetic head-

tracking responses.  

In the first instance, Nrl.GFP+ve- rod precursor cells were transplanted into wildtype and   

Rho-/- recipients (aged 3-5 weeks) following pre-treatment with ZO-1 siRNA 48 hours 

prior to transplantation and co-injection with ChABC at the time of transplantation. A 

highly significant 5.8-fold and 8-fold increase in integration efficiency in wildtype and 

Rho-/- recipients, respectively, was demonstrated in those eyes treated with a 

combination of ChABC and ZO-1 siRNA compared to those eyes with no treatment  

(Figure 4.19a and d, P<0.001 in both instances, unpaired t-test). The number of 

integrated cells was increased from 3014 ± 946 to 17,603 ± 3085 in the wildtype 

recipient and from 2051 ± 248 to 16,497 ± 3281 integrated cells in the Rho-/- recipient 

following combined treatment with ZO-1 siRNA and ChABC (Figure 4.19a). Indeed, 

large areas of transplanted cell integration can be observed in the recipient retina of 

wildtype and Rho-/- mice (Figure 4.19b). However, combining ZO-1 siRNA and ChABC 

treatments did not lead to an additive effect on transplantation efficiency compared to 

the single stand-alone treatment (Figure 4.19 c and d). Although these treatment 

effects are not statistically significant from one another, the effect of CSPG digestion 

using ChABC on transplantation efficiency seemed more pronounced in the Rho-/- 

mouse compared to wildtype (8.3-fold versus 2.5 fold increase in integration efficiency, 

respectively; Figure 4.19 d). In addition, the effect of OLM disruption using ZO-1 siRNA 

on transplantation efficiency was comparable between the wildtype and Rho-/- 

recipients (4.8 fold versus 5.5-fold increase in integration efficiency; Figure 4.19 c and 

d). These comparisons reflect the differences in the recipient microenvironment; the 

OLM is intact in both wildtype and Rho-/- recipients, however, there is a striking glial 

response in the Rho-/- recipient retina that is absent in the wildtype recipient.  
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Finally, we sought to examine whether the improvements in integration efficiency, 

achieved using the combined treatment approach, were sufficient to drive optokinetic 

head-tracking responses. Rho-/- recipients, which lack rod function, received transplants 

of Nrl.GFP+ve-rod precursors together with combined ZO-1 siRNA and ChABC 

treatment (N=7). The contralateral control eye received either cells only or no injection. 

Four weeks post-transplant, animals were tested for optokinetic head-tracking 

responses in scotopic lighting conditions, as described in section 2.4.4. Neither 

uninjected mice nor those receiving cells alone demonstrated any consistent head-

tracking behavior under scotopic lighting conditions. However, 6/7 of the eyes receiving 

the combined treatment presented with some head-tracking behavior and detectable 

contrast thresholds (Figure 4.19e). Furthermore, histological assessment revealed the 

degree of improvement in the contrast threshold was positively correlated (R2 = 0.669) 

with the number of successfully integrated cells recovered after behavioral testing.  
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FIGURE 4.19. INTEGRATION EFFICIENCY AND FUNCTIONAL RESCUE FOLLOWING COMBINED TREATMENT 

ADMINISTRATION 

 (a) Histogram showing integration efficiency following transplantation of Nrl.GFP+ve-rod 

precursor cells into wildtype and Rho-/- recipients (aged 3-5 weeks) treated with a 

combination of ZO-1 siRNA and ChABC compared to cell only controls. (b) 

Representative confocal images of cell integration in (i) wildtype and (ii) Rho-/- 

recipients with and without the combined treatment approach. (c) Histogram showing 

integration efficiency for all treatment regimes in wildtype and Rho-/- recipients. (d) 

Histogram showing fold change improvements for each treatment cohort compared to 

cell only transplantations. (e) Scotopic rod-mediated optokintetic head-tracking 

responses in a subset (N=7) of Rho-/- recipients 3-4 weeks post-transplantation with 

combined treatment of ZO-1 siRNA and ChABC. Plot shows contrast sensitivity against 

number of integrated rod photoreceptors.  
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4.3. DISCUSSION 

 

Photoreceptor replacement therapy has been proposed as a treatment for a broad 

range of retinal degenerations that culminate in death of the endogenous photoreceptor 

cells and the subsequent loss of vision. Photoreceptor transplantation aims to replace 

photoreceptors lost as part of the degenerative process that occurs in many retinal 

diseases, with the ultimate aim of restoring sight. In the first instance, it has been 

proposed that photoreceptor replacement therapy is a feasible option to treat mid- to 

end-stage retinal disease whereby the loss of the endogenous photoreceptor has 

limited the application of alternative approaches such as gene therapy, which relies on 

the presence and survival of the endogenous photoreceptor cells. A second application 

of photoreceptor replacement therapy is to treat those diseases in which the underlying 

cause of the disease is multifactorial and thus currently not amenable to gene or drug 

therapy. In these latter circumstances the point of intervention could be at early, mid or 

late degeneration stages.  With this therapeutic context in mind, we sought to establish 

the breadth of application of photoreceptor replacement therapy and we found that 

transplantation outcome, as assessed by cell integration efficiency and transplanted 

cell morphology, is very different between disease types. Furthermore, we sought to 

assess whether photoreceptor replacement therapy could be considered as a feasible 

treatment strategy for mid- to end-stage disease. We demonstrate that disease 

progression impacts upon transplantation efficiency in different ways and is dependent 

on the original disease mutation. Encouragingly, disease stage alone does not govern 

transplantation outcome and effective transplantation is possible even at late stage in 

some disease types. Changes in the recipient microenvironment seems to be one of 

the key determinants of transplant outcome and in those disease types less amenable 

to transplantation therapy, the microenvironment can be manipulated to improve 

transplantation success. 
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4.3.1. IMPACT OF THE RECIPIENT RETINAL MICRO-

ENVIRONMENT ON INTEGRATED PHOTORECEPTOR 

MORPHOLOGY 

 

Structure plays a key role in the specialized function of the photoreceptor cell. Correct 

morphological development governs the ability of the photoreceptor cell to respond to 

light and propagate the visual signal to the second order neurons in the retinal circuitry. 

Even short reductions in outer segment disk formation can result in a reduction in light 

sensitivity. Therefore, in addition to assessing transplantation success by determining 

the total number of transplanted cells found within the recipient ONL, we also assessed 

the morphological appearance of the transplanted cells based on the presence of 

synaptic boutons and inner/outer segments structures. We found that the formation of 

both structures bears a strong correlation to the ability of the endogenous 

photoreceptor cells to develop typical outer segments structures. More specifically, the 

development of endogenous rod outer segments is impaired in Prph2rd2/rd2, Rho-/- and 

PDE6βrd1/rd1 recipients models (Humphries et al., 1997; Sanyal and Bal, 1973; Travis et 

al., 1989), and the frequency with which integrated cells formed new segments and 

synapses was also reduced compared to wildtype.  Qualitatively, we observed that in 

those cells that did elaborate segment-like structures, these segments appeared 

reduced in size and did not always co-localise with the corresponding outer segment 

proteins absent in each model (Prph2, rhodopsin and PDE-β, respectively).  

 

Cross-examination with previous studies reveals a variety of outcomes when assessing 

inner and outer segment formation and it is difficult to compare between studies as a 

variety of donor cell sources and recipient models were used. In this study, using one 

donor cell source and one transplantation technique, we were able to directly compare 
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inner and outer segment formation frequency following transplantation of Nrl.GFP+ve-

rod precursor cells into several different models of retinal disease. Other studies, using 

different donor cell sources, have demonstrated that not all cells integrated into the 

degenerating diseased retina express photoreceptor markers such as recoverin and 

rhodopsin (Klassen et al., 2004; Lamba et al., 2009; Ma et al., 2011). However, as to 

whether this is a result of the recipient retina or the starting donor cell source is 

unclear. A study in 2004 using cultured donor RPCs, derived from GFP+ve mice, 

observed that only a subset of integrated cells transplanted into 1 month old Rd1 

recipients co-localised with the photoreceptor marker, rhodopsin (Klassen et al., 2004). 

The same group also reported that none of the RPC transplanted into 1 month old Rho-

/- recipients expressed rhodopsin (Klassen et al., 2004). Similarly, a study in 2011, also 

using RPCs, demonstrated that approximately 1% of the cells integrated into 6-8 week 

old Rho-/- recipients were positive for recoverin and rhodopsin expression (Ma et al., 

2011). Reh TA and colleagues (Lamba et al., 2009) used human embryonic donor cells 

differentiated towards a retinal fate in vitro and transplanted them into the Crx-/- mouse. 

The authors have reported that ~35% of the integrated cells were recoverin positive. 

However, upon closer inspection of the immunohistochemical data presented in these 

studies, the morphological appearance of the integrated cells in these studies indicated 

a complete absence of rod-like morphologies, with transplanted cells appearing in all 

nuclear layers of the recipient (Klassen et al., 2004; Ma et al., 2011) with no inner or 

outer segment structures (Klassen et al., 2004; Lamba et al., 2009; Ma et al., 2011). 

Moreover, quantification of the percentage of integrated cell said to be expressing 

these photoreceptor markers was based on whether they appeared to co-localise with 

the GFP+ve cell body of the transplanted integrated cell. This is not the typical site of 

expression of these proteins. This highlights the importance of examining cell 

morphology in such studies and that there is a lack of data concerning the ability of the 

transplanted photoreceptor cells to form inner and outer segment structures. Rather 

than relying on immunohistochemistry to assess inner/outer segment markers as 

secondary readout of segment development, in this study we have directly assessed 
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the primary ability of integrated cells to form segment structures. Following on from the 

data generated in this study, it would be of significant interest to further assess the 

expression profile and length of mature outer segments formed by integrated donor 

cells in each of the models studied here to confirm our qualitative findings. A more 

informative and reliable method to fully assess this would be to generate a Nrl.GFP X 

rho.RFP mouse as a donor cell source. This would enable an accurate method to 

quantify and assess transplanted cells outer segment formation and length using 

histology and electron microscopy. 

The interphotoreceptor matrix provides the necessary developmental cues and 

structural support for outer segment development and maintenance. Indeed, mature 

outer segment structures form several connections with components of the 

interphotoreceptor matrix (Friedlander et al., 1994; Hollyfield et al., 1999; Hollyfield, 

1999; Ruoslahti, 1989; Tawara et al., 1988).  In the models where endogenous outer 

segment formation is impaired, the interphotoreceptor matrix also appears reduced in 

size and thus it is possible that the integrated transplanted rod photoreceptor cells do 

not have the sufficient structural support to elaborate outer segment structures. This 

may go some way to explain the reduced frequency and length of outer segments 

structures observed in these models, namely Prph2rds/rds, Rho-/- and PDEβ6rd1/rd1 

recipients. When segment develop fails, sensory input is limited. It is interesting to 

speculate whether this may explain the accompanying reduction in transplanted 

synapse formation, since endogenous retinal activity is required for synapse formation 

in the developing retina (Stacy et al., 2005) and there is a marked loss of synapses in 

the complete absence of sensory input after eye opening (Sernagor, 2005). 

The degree of functional rescue will depend on both the total number of integrated cells 

and the extent to which these cells form complete outer segments and synapses. In 

those models where the endogenous photoreceptor outer segment development is 

impaired (Prph2rds/rds, Rho-/- and PDEβ6rd1/rd1), transplanted cells inner/outer segment 

was also impaired both in length and quantity. As determined in the previous results 
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chapter, the degree of functional rescue in the Gnat1-/- recipient is tightly linked with the 

number of integrated rod photoreceptor cells. It is therefore likely that greater numbers 

of integrated rod photoreceptor cells will be required in the Rho-/- recipient in order to 

achieve similar levels of function improvements as those observed in the Gnat1-/- 

recipient, as outer segment formation in the former is impaired. Indeed the optomotor 

data presented in this chapter supports this: higher numbers of integrated cells where 

required in the Rho-/- recipient to achieve the same contrast sensitivity following 

transplantation in the Gnat1-/- recipient. It is therefore prudent to find a method to 

improve outer segment formation by the integrated donor cells following transplantation 

into recipients where the endogenous photoreceptor inner/outer segment is impaired 

both to promote synaptic connectivity and to maximize photosensitivity and thus the 

degree of rescue of visual function. The use of polymer structures to provide scaffolds 

may aid outer segment development of rod precursor donor cells transplanted into the 

degenerate retina. Several groups have begun to investigate the feasibility and benefit 

of using polymer scaffolds (Hynes and Lavik, 2010; Tomita et al., 2005; Tucker et al., 

2010). Some encouraging improvements in survival and integration of culture mRPC 

were reported when transplanted on biocompatible polymer scaffolds into wildtype and 

Rho-/- mouse recipients (Tomita et al., 2005). A more recent study indicated that these 

polymers can also provide a platform from which to release factors to digest the ECM 

and further improve the integration of mRPCs transplanted into wildtype and Rho-/- 

recipients (Tucker et al., 2010). While the use of scaffolds is of interest, it remains to be 

seen as to whether mRPC represent the most appropriate source of donor cells. We 

have previously shown that the correct ontogenic stage of the donor cell population is 

of paramount importance for successful transplantation outcome (Maclaren et al., 

2006). To date, no group has investigated the use of polymer scaffolds to aid 

transplantation of rod photoreceptor precursor cells, a donor cells source known to 

retain the intrinsic capacity to migrate, integrate and differentiate into fully mature rod 

photoreceptors (Maclaren et al., 2006). Furthermore, due to the inherent problems with 

transplanting mRPC no group has assessed whether polymer scaffolds improve outer 
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segment formation as the focus has always been to improve survival and differentiation 

towards a mature rod photoreceptor phenotype. In addition to using polymer scaffolds 

to aid outer segment development, alterations in the donor cell dissociation regime and 

the age of the donor cell population may also result in improvements in outer segment 

development. Kwan et al 1999 used an older donor cell (P7-P9), which was 

mechanically dissociated retinal prior to transplant. They report good segment 

development following transplantation into 6-8wk old PDE6βrd1/rd1 recipient mice. Using 

a slightly older donor where segment formation has already begun may reduce the 

need for extrinsic development cues from the recipient retina to support outer segment 

formation. In addition, the enzymatic papain dissociation regime used in our study may 

cleave some donor cell surface markers that are need for ECM interactions for correct 

outer segment development, maturation and maintenance.  

When assessing transplantation efficiency in severely degenerate recipients, care must 

be taken when deciding what constitutes an integrated cell. Traditionally, we and others 

have assessed integration based on the number of cells found within the recipient ONL 

that adopt a typical rod-like morphology (Bartsch et al., 2008; Eberle et al., 2011; Gust 

and Reh, 2011; Jiang et al., 2010; Lakowski et al., 2010; Lakowski et al., 2011; Lamba 

et al., 2009; Ma et al., 2011; Maclaren et al., 2006; Tucker et al., 2011; West et al., 

2008; West et al., 2010; West et al., 2012b; Yao et al., 2010). When assessing 

integration in recipients with end stage degeneration, for example in the PDE6βrd1/rd1 

recipient, these assessment criteria were not applicable due to the near complete 

absence of the recipient ONL and the absence of a typical rod-like morphology adopted 

by the transplanted cell. In this case we assessed integration based on the number of 

cells that resided within the remaining layer of the ONL, but that also sent processes 

towards the OPL. This method is however, reliant on the plane of sectioning and as 

such our counts are likely to be an underestimate. An alternative strategy to assess 

integration in these circumstances might be to quantify the number of synapses formed 
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with the recipient retina using a donor source that carried a genetic fluorescent marker 

of synaptic proteins, such as RIBEYE or bassoon.  

Here we determined late stage disease as less that 30% of wildtype ONL thickness, 

however, there may be some interest in assessing transplantation outcome after the 

death of the entire ONL. When the ONL is completely absent the inner nuclear layer 

undergoes extensive synaptic remodeling and a period of heightened synaptogensis 

(Jones and Marc, 2005), which may promote synapse formation with donor cells 

transplanted at this stage. To assess synaptic integration under these circumstances a 

genetic fluorescent synapse marker would be essential. 
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4.3.2. IMPACT OF THE RECIPIENT RETINAL MICRO-

ENVIRONMENT ON INTEGRATED PHOTORECEPTOR NUMBER 

 

Here we demonstrated that both the total number of integrated cells and the 

morphological appearance of transplanted rod photoreceptor precursor cells change 

according to disease type and degeneration state. The morphological appearance of 

integrated cells appears to be governed by the ability of the endogenous photoreceptor 

to develop outer segments, which in turn is determined by the nature of the original 

disease mutation. However, the factors controlling cell integration efficiency are more 

complex. In the first instance we hypothesized that the degeneration stage, and thus 

the architecture of the remaining host retina would govern transplant outcome. In 

contrast to what might be expected, integration efficiency was observed to increase, 

decrease or remain constant with disease progression. Encouragingly this study 

demonstrates that the recipient retinal tissue cytoarchitecture and disease pathology, 

as measured by ONL thickness, degeneration speed and ONL density, do not directly 

impact upon transplant outcome. For example high integration efficiency is apparent in 

a rapidly degenerating disease model, the PDE6βrd1/rd1 recipient, and at end stage 

disease in a moderate degenerating disease, the Prph2+/Δ307 recipient.   

Following assessment of the recipient retinal microenvironment, it would appear that 

changes in OLM integrity and the extent of the glial scaring response are two of the 

major determinants of transplant outcome; integration decreased in those models 

where OLM integrity was maintained and where gliosis increased with disease 

progression (Gnat1-/-; Rho-/-) whereas integration increased in a model in which the 

OLM undergoes re-modeling and the glial scar reduces with disease progression 

(Prph2+/Δ307). Importantly, we demonstrate that manipulation of these factors resulted in 

enhanced integration efficiency in the Rho-/- mouse, suggesting that a tailored 

manipulation of the retina microenvironment specific to both the disease type and stage 
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may offer a method to boost integration success in those disease types which are not 

immediately amenable to photoreceptor replacement therapy. Furthermore, we 

demonstrate that these manipulations can increase integration efficiency to levels 

sufficient to permit restoration of visual function. 

 

4.3.2.1. The role of the OLM on transplantation outcome 

In this study we demonstrated that OLM integrity can change during retinal 

degeneration, a phenomenon that has been reported previously for some models 

(Campbell et al., 2006; Campbell et al., 2007; Mehalow et al., 2003). The outer limiting 

membrane is composed of a series of adherens junctions formed between 

photoreceptor cells and Müller glial cells. It is feasible that as the photoreceptor cells 

die, as part of the disease process, the OLM has to re-model between the remaining 

cells. In a number of the models studied here, namely the Prph2+/Δ307, Prph2rd2/rd2 and 

PDE6βrd1/rd1 models, there was evidence of OLM re-modeling as indicated by the 

majority of adherens junctions apparently forming directly between Müller glial cells and 

photoreceptor cell bodies appeared displaced in the subretinal space. Conversely, in 

contrast to previous reports(Campbell et al., 2006; Campbell et al., 2007) no signs of 

OLM re-modeling were observed in the Rho-/- model where, despite significant cell 

death, the OLM adherens junctions were typically observed between photoreceptors 

and Müller glial. The temporal integrity of the OLM and the degree of re-modeling over 

time is likely to depend on the nature and kinetics of the endogenous photoreceptor cell 

death.  For example, if there is a defined short rapid period of cell death, as is observed 

in the PDE6βrd1/rd1 model, extensive OLM disruption is likely to occur immediately after 

this cell death peak in a transient manner. For example, in the PDE6βrd1/rd1 mouse, a 

model where the peak of cell death occurs at P14 (Sanyal and Bal, 1973), at P10 there 

were no signs of OLM disruption. However, by P21 areas of extensive re-modeling 

were observed where the adherens junctions had formed between Müller cells. 

Similarly, if the endogenous cell death occurs more gradually, as is the case with the 
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Prph2+-/Δ307 model, the period of OLM disruption and re-modeling may likely be 

prolonged but less extensive at a given point in time. 

It has previously been reported that disruption in OLM integrity in the wildtype recipient 

results in improvements in integration efficiency (West et al., 2008). Here we confirm 

the role of the OLM as a key determinant in transplant outcome. Firstly, we 

demonstrate that integration efficiency is enhanced in the Crb1rd8/rd8 recipient, a model 

in which the OLM undergoes a progressive fragmentation, compared to donor cell 

integration observed in wildtype control recipients. Furthermore, we demonstrate that 

targeted disruption of the OLM using siRNA targeted against ZO-1 increases 

transplantation efficiency both in wildtype retinae and in the Rho-/- recipient, a model of 

degeneration that has an intact OLM (at the time points examine here). To further 

these studies, it may be prudent to find a more clinically acceptable target for OLM 

disruption. These studies provide proof-of-principle for the involvement of the OLM in 

limiting transplanted donor cell integration. However, ZO-1 is also expressed in the 

RPE and is involved in maintaining RPE cell-cell signaling, adhesion and proliferation 

(Harhaj and Antonetti, 2004). Indeed, following the use siRNA targeted against ZO-1 in 

our experiment, some unwanted adverse proliferation of the RPE was observed (data 

not shown). An alternative target protein that would not produce any secondary 

adverse affects in the RPE is required. One potential target protein is Crb1; in the eye, 

this protein is expressed only in the neural retina (van Rossum et al., 2006) and 

mutations in Crb1 are known to cause OLM disruption (Mehalow et al., 2003). In 

addition, we know from the data presented in this chapter that the extent and nature of 

the OLM disruption resulting from a mutation in Crb1 results in enhanced integration 

efficiency. 
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4.3.2.2. The role of the glial scarring on transplantation outcome 

Glial scarring is another component that was identified in this study as a key 

component involved in transplantation outcome. Here we demonstrate that glial 

scarring is upregulated in many of the models examined here. A significant increase in 

glial scarring was observed in the Gnat1-/- and Rho-/- recipients and integration declined 

as disease progressed. Of note, OLM integrity was maintained throughout the same 

time period. Interestingly, in the Prph2rd2/rd2 model, where integration efficiency remains 

constant as disease progressed, CSPG deposition at the outer edge of the ONL 

appeared to reduce although GFAP increased.  We also observed that in late stage 

disease in the Prph2+/Δ307 recipient, GFAP+ve processes appear to regress from the 

ONL region. Kwan et al (1999) also noted a similar phenomenon in the PDE6βrd1/rd1 

severely degenerate retina (6-8 weeks old) using immunohistochemical and ultra-

structural analysis. It is feasible that in late stage degeneration, where the ONL is or 

nearly completely lost, intermediate filament processes regress to protect the inner 

retinal layer and act as scaffolds for the prolific period of inner retinal re-modeling. 

Several other groups have also identified glial scarring, and, more specifically the 

accumulation of CSPGs, as a potential factor involved in transplantation success both 

in the retina and the CNS (Bradbury et al., 2002; Bradbury and Carter, 2010; Bull et al., 

2008; Huang et al., 2006; Kim et al., 2006; Ma et al., 2011; Moon et al., 2001; Singhal 

et al., 2008; Suzuki et al., 2007). Our findings corroborate the findings presented by 

other groups where integration efficiency was enhanced following enzymatic 

degradation of subretinal CSPGs using ChABC (Bull et al., 2008; Ma et al., 2011; 

Singhal et al., 2008; Suzuki et al., 2007). The role of CSPGs in axon regeneration 

inhibition is well documented (Bradbury et al., 2002; Bradbury and Carter, 2010; Dou 

and Levine, 1994; Emerling and Lander, 1996; Friedlander et al., 1994; Gates et al., 

1996; Huang et al., 2006; Jones et al., 2003a; Jones et al., 2003b; Kim et al., 2006; 

Levine, 1994; Lips et al., 1995; Moon et al., 2001; Morgenstern et al., 2002; Smith-

Thomas et al., 1994), however, there are several subtype CSPGs, including neurocan 
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and vesicant, and ChABC has a different enzymatic affinity for each subtype. The exact 

expression profile in each model maybe different and further profiling may facilitate a 

more targeted enzymatic approach to degrade these specific subtypes and produce a 

greater improvement in transplanted cell integration. Indeed, a variety of different 

CSPGs, including neurocan, versican, aggrecan, phosphacan and NG2, are 

upregulated in the brain at varying rate after injury (Asher et al., 2001; Dobbertin et al., 

2003; Dou and Levine, 1994; Lemons et al., 2001) and this is likely to be the case in 

the retina. Furthermore, degradation of extracellular matrix proteins via induction of 

matrix metalloproteinase-2 (MMP-2) has been shown to increase neurite outgrowth in 

retinal explants (Suzuki et al., 2006) and in vivo in the PDE6βrd1/rd1 mouse (Zhang et al., 

2007). Further, when co-injected with RPCs, polymer scaffolds that deliver MMP2 were 

shown to degrade the ECM proteins, CD44 and neurocan, in the degenerating retina 

and enhance donor cell integration (Tucker et al., 2010).  

Although the role of CSPGs in transplant outcome is well established, the exact role of 

GFAP and vimentin is unclear. Kinouchi et al (2003) demonstrated enhanced 

integration efficiency of immature P0 retinal cells transplanted into the GFAP-/- 

Vimentin-/- double-knockout recipient (Kinouchi et al., 2003), suggesting that GFAP 

and/or vimentin normally act to impede migration and integration as we have found 

here. However, conflicting reports have suggested integration occurs around regions of 

GFAP accumulation (Nishida et al., 2000; Zhang et al., 2004). In addition, the GFAP-/- 

Vimentin-/- mouse has other vascular developmental defects that could account for the 

differences in integration efficiency observed in this study (Lundkvist et al., 2004; 

Nakazawa et al., 2007; Verardo et al., 2008). Lundkvist A., et al (2004) demonstrated 

that the GFAP-/- Vimentin-/- mouse responds abnormally to ischemia and that the 

mechanical integrity of the Müller cell endfeet was compromised, which may suggest 

some disturbances in membrane integrity. GFAP and vimentin are both intermediate 

filament proteins and are upregulated in injury and disease to provide structural support 

to the retina as retinal re-modeling occurs. The exact role of GFAP and/or vimentin in 



308 
 

transplant outcome has yet to be determined: on the one hand, they may provide a 

structural scaffold for migrating cells or alternatively, they may form a physical barrier at 

the outer edge of the ONL hindering transplanted cell migration into the recipient ONL. 

To further elucidate the exact role of GFAP and vimentin in transplantation outcome, 

these factors would need to be manipulated in the adult retina to avoid any 

compensatory changes occurring during development. 

Through their manipulation, we have shown that both OLM integrity and glial scarring 

play a role in determining transplanted photoreceptor integration efficiency in the 

degenerating recipient. We also demonstrate that depending on the changes occurring 

in the recipient environment, manipulation of one factor may produce a more favorable 

outcome than the other and that the impact of each intervention is dependent on the 

recipient microenvironment. For example glial scarring is more prominent in the Rho-/- 

recipient compared to wildtype and accordingly the impact of ChABC on transplant 

outcome was more pronounced when used to facilitate transplanted photoreceptor 

integration in the Rho-/- recipient than in the wildtype recipient.  This data suggests that 

a tailor approach may be required to optimally manipulate the recipient 

microenvironment, as some intervention will be more applicable than others in different 

disease types. Perhaps surprisingly, when these treatment approaches were 

combined, the effect on transplantation outcome was not additive, at least in the Rho-/- 

recipient. This may be explained by the subretinal injection of ZO-1 siRNA 48 hours 

prior to transplantation with Nrl.GFP+ve-rod precursor cells and ChABC stimulating an 

injury response in which CSPGs are upregulated, potentially over and above the 

existing levels (Kinouchi et al., 2003). Therefore, it may be prudent to investigate 

alternative strategies to combine these treatments such as injecting the ChABC at the 

time of ZO-1 siRNA administration or injecting a higher dose at the time of 

transplantation. That said, the improvement in integration efficiency achieved in this 

study was sufficient to restore some optokinetic head-tracking responses in the Rho-/- 

mouse. It must be noted that the degree of rescue of optokinetic head-tracking 
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responses in the Rho-/- recipient was lower than the degree of rescue achieved in the 

Gnat1-/- despite similar levels of integration efficiency. This is most likely to be reflection 

on the ability of the transplanted cells to develop outer segment and synapse structures 

once integrated into the recipient retina. We have demonstrated that development of 

these structures is impaired in the Rho-/- recipient, and therefore integrated cell 

sensitivity is likely to be reduced and higher numbers of integrated cells are likely to be 

required to in the Rho-/- recipient retina to achieve the same degree of rescue as seen 

in the Gnat1-/- recipient.   

It is unlikely that these two factors, glial scarring and OLM integrity, alone govern 

transplant outcome and it is likely that there are a number of other processes that 

involved. Reactive gliosis itself is a complex process involving many more factors than 

just GFAP upregulation and CSPG deposition. These include Müller cell hypertrophy 

and proliferation. Fundamentally, the process of reactive gliosis functions to protect the 

retina following injury and development of the glial scar may function to stabilize the 

fragile retinal tissue after injury and cell death (Jones and Redpath, 1998) and to 

protect the healthy part of the retina from the damaged area (Bush et al., 1999). 

However, in the initial stages of the glial response to disease or injury, Müller cells 

produce a variety of neuroprotective growth factors and antioxidants thought to 

promote neuron survival (Frasson et al., 1999). Indeed, a study from our group in 2012 

demonstrated that ectopic expression of insulin-like growth factor (IGF1) using AAV-

mediated gene transfer lead to enhanced integration efficiency (West et al., 2012b). If 

this stage of the glial response coincides with the time of transplantation, donor cell 

integration into the recipient retina may be enhanced. Other studies have assessed 

microglial infiltration in the Prph2rd2/rd2 model and have indicated that this may also play 

a role in transplant outcome (Takahashi, pers comm).  

To date, no group has assessed whether vascular changes in the retina affects 

transplanted donor cell survival. Changes in retinal vasculature as a consequence of 

disease, may impact upon the long term survival of transplanted photoreceptors as the 
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failing recipient retinal vasculature may not be capable of supporting the metabolic 

demand of the large number of donor cells transplanted into the subretinal space 

(Kwan et al., 1999). Thus far, long term survival of transplanted cells has only been 

assessed in wildtype recipients (West et al., 2010) where it was demonstrated than the 

number of integrated cells declines after 4 months post transplantation, an effect that 

could be partially rescued using immune suppression. The degeneration process, 

involving a range of biological changes, including microglial activation and extensive 

pro-inflammatory cell death mechanism, may have a major impact on the immune 

status of the recipient retina and long term survival of transplanted cells. This issue 

would need to be addressed by further studies and it is likely that it will need to be 

assessed in each independent disease model.   

To conclude, this study provides the first comprehensive assessment of photoreceptor 

transplantation in several clinically relevant models of retinal degeneration. We have 

demonstrated that transplant outcome is influenced by local changes in the host retinal 

microenvironment and that OLM integrity and glial scarring in particular play a major 

role in determining the ability of transplanted cells to integrated into the recipient retina 

and form mature rod-like morphologies. Importantly, we demonstrate that by 

understanding the recipient microenvironment and administering tailored manipulations 

of this environment, significant improvements in transplantation success can be 

achieved. 
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CHAPTER 5 

CONCLUSIONS AND PERSPECTIVES 

 

The studies presented in this thesis aimed to address two key questions in the field of 

photoreceptor replacement therapy; whether integrated Nrl.GFP+ve-rod precursor donor 

cells can contribute to meaningful vision and to assess whether photoreceptor 

replacement therapy is suitable for the treatment of a wide breadth of retinal 

degenerative diseases.  

 

5.1. OVERALL CONCLUSIONS 

To address the first question, we performed a rigorous assessment of the functional 

capabilities of integrated Nrl.GFP+ve-rod precursor donor transplanted into the Gnat1-/- 

mouse model of stationary night-blindness, which lacks rod photoreceptor function. We 

first had to optimize the transplantation procedure in order to achieve levels of 

integration sufficient to test function. We assessed the functional capabilities of 

integrated photoreceptors from a bottom upwards approach, from the ability of the 

integrated cells to form outer segments and synapses, through to the level of the visual 

cortex to examine whether visual signals generated by transplanted rod photoreceptor 

precursors were detected and integrated by the higher visual centers into meaningful 

vision. We present definitive evidence that integrated Nrl.GFP+ve-rod precursor donor 

cells are capable of (1) robustly integrating into the Gnat1-/- recipient retina and can 

express key phototransduction cascade proteins in a light-dependent manner; (2) can 

respond to light with photokinetics similar to wildtype rods; (3) can form typical rod 

photoreceptor synapse structures; (4) can propagate these signals to higher visual 

areas in the brain and (5) can restore rod-mediated visual-guided behaviour. 
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In chapter 4, I described the first comprehensive assessment of photoreceptor 

replacement potential by performing transplants of Nrl.GFP+ve-rod precursor donor cells 

into murine models of RP. This is the first study of its kind, directly comparing 

integration efficiency following a standardized transplantation protocol into 6 clinically 

relevant models of retinal degeneration. We have demonstrated that transplanted cell 

integration efficiency and morphology is governed by disease type. Following 

transplantation of Nrl.GFP+ve-rod precursor donor cells into the adult recipient retina we 

showed that integration occurs with a higher efficiency some models (Crb1rd8/rd8) and 

low efficiency in other models (Rho-/-), compared to those donor cells transplanted into 

adult wildtype recipients. Furthermore, the ability of integrated cell to form inner/outer 

segment and synapse parallels the ability of the endogenous photoreceptors to form 

segment structures.; By transplanting Nrl.GFP+ve-rod precursor donor cells at different 

stages of the degenerative process (early, mid and late stage degeneration), we 

demonstrated that disease progression impacts upon transplanted cell integration 

efficiency differentially in the recipient models studied here. Integration was observed 

to increase (Prph2+/Δ307), decrease (Gnat1-/-, Rho-/-; Crb1rd8/rd8) or remain constant 

(Crb1rd8/rd8; PDE6βrd1/rd1) as disease progressed and this trend was governed by 

changes in the recipient microenvironment, namely glial scarring and OLM integrity. 

Encouragingly, we found that the extent of degeneration, as measured by ONL 

thickness and density, does not impact upon transplantation outcome and we observed 

robust integration even when donor cells where transplanted into late stage disease 

recipients in some models (Prph2+/Δ307; Crb1rd8/rd8; PDE6βrd1/rd1). Importantly, we show 

that in a model with poor integration efficiency, the Rho-/- recipient, integration can be 

increased by transiently manipulating the recipient microenvironment to a level 

sufficient to restore some visual function. 
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5.2. PROSPECTS FOR CLINICAL APPLICATION 

5.2.1. Donor cell source 

The studies presented in this thesis demonstrate that it is possible to restore vision by 

rod photoreceptor transplantation. The donor cells used in these investigations were 

freshly isolated rod photoreceptor precursor cells as we considered them to be optimal 

for assessing whether the strategy of photoreceptor replacement therapy can improve 

visual function. However, the future application of photoreceptor replacement therapy 

to treat human disease must also be considered and the generation of a suitable donor 

cell source must be established. Several groups have shown in vitro differentiation of 

retinal cells from both mouse and human ES and iPS cells (Hirami et al., 2009; Ikeda et 

al., 2005; Lamba et al., 2006; Lamba et al., 2009; Meyer et al., 2006; Osakada et al., 

2008; West et al., 2012a), including cells expressing markers including Nrl, indicating 

maturation toward rod precursors (Lamba et al., 2009; Tucker et al., 2011; West et al., 

2012a). It is hoped that these cell sources will provide a readily available, easily 

scalable and ethically sound donor cell source.   

The first issue to address is one of safety, as accidental transplantation of any un-

differentiated cells may lead to tumour formation in the eye (Arnhold et al., 2004; 

Chaudhry et al., 2009; Hara et al., 2006). West et al. (2012) recently demonstrated that 

there is a high tumorogenic risk when transplanting a mixed population of early stage 

cultures of differentiated mouse-derived ES retinal cells. However, by prolonging the 

differentiation protocol and refining the donor cell selection process, tumorogenic risk 

was virtually eliminated (West et al., 2012a). 

Another consideration is whether these donor cell types are capable of integrating into 

the recipient retina. Reports by Lamba et al 2009 indicated robust integration and 

function rescue following transplantation of human ES-derived retinal cells into Crx-/- 

mouse recipients. However, a recent report showed that no integration was observed 

following transplantation of mouse ES-derived retinal cells into the wildtype or 
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degenerating recipient, even when the transplanted population was >60% Crx+ve (West 

et al., 2012a). The differences in integration efficiency reported in these studies may 

arise from the differences of differentiation efficiency of human and mouse ES cells in 

vitro. It is also possible that at least some of the cells apparently integrated in the 

Lamba et at (2009) report were endogenous cells labeled as a consequence of using 

viral vectors to label transplanted cells, a phenomenon that was observed in the report 

by West EL et al (2012). Further studies assessing whether more mature ES-derived 

retinal progenitor cells differentiated in vitro will retain integration-competency are 

essential. In addition, the use of 3-dimensional differentiation methods, which better 

models in vivo development, may provide a more reliable culture system to generate 

integration-competent donor cells (Eiraku et al., 2011) and early findings in the lab 

indicate this to be so (West, Gonzalez et al., pers comm). 
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5.2.2. Treatment of end stage disease 

Although we have gone some way to address the breadth of application of 

photoreceptor transplantation therapy as a means to treat retinal degenerative 

disorder, further work will be required to establish the degree of functional rescue 

achievable in different disease types. We demonstrated restoration of optokinetic head-

tracking responses in the Rho-/- recipient when high integration efficiencies were 

achieved. In several models, particularly those with poor endogenous photoreceptor 

segment formation, the ability of the transplanted cells to form new inner/out segments 

is impaired (Humphries et al., 1997; Sanyal and Bal, 1973; Travis et al., 1989) and it is 

therefore likely that far higher numbers of successfully integrated cells will be required 

to restore the same degree of functional rescue as that observed in the Gnat1-/- mouse. 

Indeed, the degree of rescue of optokinetic head-tracking responses achieved following 

photoreceptor transplantation in the Rho-/- mouse was reduced compared to the degree 

of rescue achieved in the Gnat1-/- recipient, when comparable numbers of transplanted 

cells were integrated.   

Several groups are exploring methods, such as polymer scaffolds, which may enable 

donor cells to elaborate inner/outer segments in environments in which endogenous 

inner/outer segment formation is severely compromised or absent (Tucker et al., 2010). 

There is significant interest as to how useful this strategy may be for the treatment of 

end stage disease where the entire ONL is completely degenerate and when extensive 

inner retinal re-modeling occurs. In such cases, so-called bioscaffolds may be 

necessary to provide the architectural support required for the photoreceptors to form 

the appropriate laminar structures.    

Furthermore, assessing donor cell integration in the severely degenerate retina is 

problematic and a more reliable method to assess donor cell synaptic connectivity is 

required. In addition, it is becoming increasingly understood that severe degeneration 

is typically accompanied by a significant degree of synaptic remodeling. The use of a 

genetically linked fluorescent synapse marker may be useful to quantify donor-host cell 
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synaptic integration but also to assess whether normal synaptic connectivity is 

retained. Anterior-grade viral tracers, which are capable of crossing the synaptic cleft, 

may offer an indication as to whether functional circuitry is conserved and/or restored in 

end stage disease following transplantation of photoreceptor donor cells. This 

technique has already been used successfully in the hamster retina. Norgren RB et al 

(2003) injected Herpes simplex virus type 1 and type 2 (HSV) into the vitreous to 

examine the optic pathway from the retina to the brain. Transfection of the donor cell 

population with a fluorescently labeled anterior-grade viral tracer could be used to trace 

the donor cell connectivity by fluorescently labeling multiple second order neurons in 

the recipient retina visual network. 
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5.2.3. Longevity and immune rejection 

Prolonged treatment effects, and therefore prolonged integrated cell survival, must be 

demonstrated if photoreceptor replacement therapy is to be established as a 

therapeutic option for the treatment of human retinal diseases. The work described in 

thesis followed transplanted cells for a period of up to 6 weeks post-injection. The eye 

has traditionally been described as an ‘immune privileged’ site that will allow survival of 

grafted tissue for indefinite periods of time.  However, work by our group has 

demonstrated that despite survival of integrated cells up on 12 months post transplant, 

the number of integrated cells began to decline significantly from 4 months post 

transplant and that this effect could be attributed to the activation of the adaptive 

immune response (West et al., 2010). Although this problem could be significantly 

improved following administration of cyclosporine A, continuous immune suppression is 

not ideal in a clinical setting. It is hoped that autologous donor cell sources, such as 

iPS-derived donor cells or adult stem cell-derived donor cells, could circumvent this 

need. Alternatively, closely immunologically matched donor cells differentiated from cell 

bank human ES cell lines characterized by human leukocyte antigens (HLA) may also 

provide a suitable donor cell source (Taylor et al., 2005).  
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5.2.4. Transplantation of cone photoreceptor cells 

Currently, much of the work in the field of photoreceptor transplantation therapy has 

focused on replacement of rod photoreceptor cells, and it is unclear whether 

replacement of cone photoreceptor by transplantation is possible. Colour vision and 

high central visual acuity is mediated by cone photoreceptors and diseases that result 

in loss of cone photoreceptors, such as LCA, can lead to severe visual impairment that 

dramatically impact on patients’ quality of life. As such there is much interest as to 

whether the principles of rod photoreceptor transplantation can be applied to achieve 

successful cone photoreceptor replacement.  

The ontogenic stage of rod photoreceptor donor cells was critical for defining the 

integration competent donor population and indeed, it is the post-mitotic rod precursor 

cells that retain the ability to integrate into the adult recipient retina (Maclaren et al., 

2006). In 2010, we demonstrated that embryonic donor cells from Crx.GFP transgenic 

donor mice, which genetically labels both rod and cone photoreceptors, were able to 

integrate and differentiate into mature cone photoreceptors in the adult recipient retina. 

Although the total cell integration remained low, these proof-of-concept experiments 

indicate that the ontogenic stage of cone photoreceptor cells is also critically important 

for integration competency (Lakowski et al., 2010). The low numbers of integrated cone 

photoreceptors may partly be explained by a lack of environmental cues for donor cone 

cell migration. In development, cones are born far earlier than rod photoreceptor cells 

in a much more immature retinal microenvironment. As such, the adult recipient retina 

may lack the environmental cues to support extensive migration of transplanted cone 

photoreceptors. Indeed, many transplanted Crx.GFP+ve donor cells differentiated into 

cone photoreceptor cells in the subretinal space (Lakowski et al., 2010), supporting the 

hypothesis that donor cone precursor cells have a more limited migratory capacity that 

transplanted rod precursor cells. Further studies will be required to assess mechanism 

of photoreceptor donor cell migration and integration with the aim to improve 

transplanted cone precursor cell integration efficiency. 
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In addition, transplantation of cone photoreceptors as a means to treat cone-rod 

dystrophies presents a number of issues. Reconstruction of the human macular by 

transplanting cone photoreceptors into the subretinal space behind the macular region 

is a high risk procedure as it may cause damage to any surviving cone photoreceptors 

existing in the macular and may consequently severely affect any remaining central 

vision. Therefore, this approach may only be a suitable strategy in end stage cone 

degeneration where the potential risk-to-benefit ratio supports the risks associated with 

surgical intervention. In addition to the risks associated with surgical intervention, there 

are a number of other factors that are likely to impede this line of research. In the first 

instance, the mouse retina does not contain a macular region and therefore this may 

not be an appropriate environment to demonstrate the feasibility of cone 

transplantation as a method to treat human cone dystrophies. Other species that have 

a macular region may be more appropriate, such as the opossum or cat.  

  



320 
 

REFERENCE LIST 

 

 1.  Ahmad, I., Tang, L., and Pham, H. (2000). Identification of neural progenitors in 
the adult mammalian eye. Biochem. Biophys. Res. Commun. 270, 517-
521. 

 2.  Ahuja, A.K., Dorn, J.D., Caspi, A., McMahon, M.J., Dagnelie, G., Dacruz, L., 
Stanga, P., Humayun, M.S., and Greenberg, R.J. (2011). Blind subjects 
implanted with the Argus II retinal prosthesis are able to improve 
performance in a spatial-motor task. Br. J. Ophthalmol. 95, 539-543. 

 3.  Akagi, T. (2005). Photoreceptors derived from adult iris tissue: prospects for 
retinal transplantation. Semin. Ophthalmol. 20, 11-15. 

 4.  Akimoto, M. (2006). Targeting of green fluorescent protein to new-born rods by 
Nrl promoter and temporal expression profiling of flow-sorted 
photoreceptors. Proc. Natl Acad. Sci. USA 103, 3890-3895. 

 5.  Akimoto, M., Cheng, H., Zhu, D., Brzezinski, J.A., Khanna, R., Filippova, E., Oh, 
E.C., Jing, Y., Linares, J.L., Brooks, M., Zareparsi, S., Mears, A.J., Hero, 
A., Glaser, T., and Swaroop, A. (2006). Targeting of GFP to newborn 
rods by Nrl promoter and temporal expression profiling of flow-sorted 
photoreceptors. Proc. Natl Acad. Sci. U. S. A 103, 3890-3895. 

 6.  Alexander, J.J., Umino, Y., Everhart, D., Chang, B., Min, S.H., Li, Q., Timmers, 
A.M., Hawes, N.L., Pang, J.J., Barlow, R.B., and Hauswirth, W.W. 
(2007). Restoration of cone vision in a mouse model of achromatopsia. 
Nat. Med. 13, 685-687. 

 7.  Ali, R.R., and Sowden, J.C. (2011). Regenerative medicine: DIY eye. Nature 
472, 42-43. 

 8.  Anderson, D.H., Mullins, R.F., Hageman, G.S., and Johnson, L.V. (2002). A role 
for local inflammation in the formation of drusen in the aging eye. Am. J. 
Ophthalmol. 134, 411-431. 

 9.  Arai, S., Thomas, B.B., Seiler, M.J., Aramant, R.B., Qiu, G., Mui, C., de, J.E., 
and Sadda, S.R. (2004). Restoration of visual responses following 
transplantation of intact retinal sheets in rd mice. Exp. Eye Res. 79, 331-
341. 

 10.  Arnhold, S., Klein, H., Semkova, I., Addicks, K., and Schraermeyer, U. (2004). 
Neurally selected embryonic stem cells induce tumor formation after 
long-term survival following engraftment into the subretinal space. Invest 
Ophthalmol. Vis. Sci. 45, 4251-4255. 

 11.  Asher, R.A., Morgenstern, D.A., Moon, L.D., and Fawcett, J.W. (2001). 
Chondroitin sulphate proteoglycans: inhibitory components of the glial 
scar. Prog. Brain Res. 132, 611-619. 

 12.  Baas, D., Bumsted, K.M., Martinez, J.A., Vaccarino, F.M., Wikler, K.C., and 
Barnstable, C.J. (2000). The subcellular localization of Otx2 is cell-type 



321 
 

specific and developmentally regulated in the mouse retina. Brain Res. 
Mol. Brain Res. 78, 26-37. 

 13.  Bainbridge, J.W., and Ali, R.R. (2008). Keeping an eye on clinical trials in 2008. 
Gene Ther. 15, 633-634. 

 14.  Bartsch, U., Oriyakhel, W., Kenna, P.F., Linke, S., Richard, G., Petrowitz, B., 
Humphries, P., Farrar, G.J., and Ader, M. (2008). Retinal cells integrate 
into the outer nuclear layer and differentiate into mature photoreceptors 
after subretinal transplantation into adult mice. Exp. Eye Res. 86, 691-
700. 

 15.  Berson, E.L. (2007). Long-term visual prognoses in patients with retinitis 
pigmentosa: the Ludwig von Sallmann lecture. Exp. Eye Res. 85, 7-14. 

 16.  Bignami, A., and Dahl, D. (1979). The radial glia of Muller in the rat retina and 
their response to injury. An immunofluorescence study with antibodies to 
the glial fibrillary acidic (GFA) protein. Exp. Eye Res. 28, 63-69. 

 17.  Boucherie, C., Sowden, J.C., and Ali, R.R. (2011). Induced pluripotent stem cell 
technology for generating photoreceptors. Regen. Med. 6, 469-479. 

 18.  Bovolenta, P., Mallamaci, A., Briata, P., Corte, G., and Boncinelli, E. (1997). 
Implication of OTX2 in pigment epithelium determination and neural 
retina differentiation. J. Neurosci. 17, 4243-4252. 

 19.  Bradbury, E.J., and Carter, L.M. (2010). Manipulating the glial scar: 
Chondroitinase ABC as a therapy for spinal cord injury. Brain Res. Bull. 

 20.  Bradbury, E.J., Moon, L.D., Popat, R.J., King, V.R., Bennett, G.S., Patel, P.N., 
Fawcett, J.W., and McMahon, S.B. (2002). Chondroitinase ABC 
promotes functional recovery after spinal cord injury. Nature 416, 636-
640. 

 21.  Brambrink, T., Foreman, R., Welstead, G.G., Lengner, C.J., Wernig, M., Suh, 
H., and Jaenisch, R. (2008). Sequential expression of pluripotency 
markers during direct reprogramming of mouse somatic cells. Cell Stem 
Cell 2, 151-159. 

 22.  Bringmann, A., Francke, M., Pannicke, T., Biedermann, B., Kodal, H., Faude, 
F., Reichelt, W., and Reichenbach, A. (2000). Role of glial K(+) channels 
in ontogeny and gliosis: a hypothesis based upon studies on Muller 
cells. Glia 29, 35-44. 

 23.  Bringmann, A., and Reichenbach, A. (2001). Role of Muller cells in retinal 
degenerations. Front Biosci. 6, E72-E92. 

 24.  Brittis, P.A., Canning, D.R., and Silver, J. (1992). Chondroitin sulfate as a 
regulator of neuronal patterning in the retina. Science 255, 733-736. 

 25.  Brown, D.M., Kaiser, P.K., Michels, M., Soubrane, G., Heier, J.S., Kim, R.Y., 
Sy, J.P., and Schneider, S. (2006). Ranibizumab versus verteporfin for 
neovascular age-related macular degeneration. N. Engl. J. Med. 355, 
1432-1444. 

 26.  Bruhn, S.L., and Cepko, C.L. (1996). Development of the pattern of 
photoreceptors in the chick retina. J. Neurosci. 16, 1430-1439. 



322 
 

 27.  Bull, N.D., Limb, G.A., and Martin, K.R. (2008). Human Muller stem cell (MIO-
M1) transplantation in a rat model of glaucoma: survival, differentiation, 
and integration. Invest Ophthalmol. Vis. Sci. 49, 3449-3456. 

 28.  Busch, S.A., and Silver, J. (2007). The role of extracellular matrix in CNS 
regeneration. Curr. Opin. Neurobiol. 17, 120-127. 

 29.  Bush, T.G., Puvanachandra, N., Horner, C.H., Polito, A., Ostenfeld, T., 
Svendsen, C.N., Mucke, L., Johnson, M.H., and Sofroniew, M.V. (1999). 
Leukocyte infiltration, neuronal degeneration, and neurite outgrowth 
after ablation of scar-forming, reactive astrocytes in adult transgenic 
mice. Neuron 23, 297-308. 

 30.  Cachafeiro, M., Bemelmans, A.P., Canola, K., Pignat, V., Crippa, S.V., Kostic, 
C., and Arsenijevic, Y. (2010). Remaining rod activity mediates visual 
behavior in adult Rpe65-/- mice. Invest Ophthalmol. Vis. Sci. 51, 6835-
6842. 

 31.  Calvert, P.D., Krasnoperova, N.V., Lyubarsky, A.L., Isayama, T., Nicolo, M., 
Kosaras, B., Wong, G., Gannon, K.S., Margolskee, R.F., Sidman, R.L., 
Pugh, E.N., Jr., Makino, C.L., and Lem, J. (2000). Phototransduction in 
transgenic mice after targeted deletion of the rod transducin alpha -
subunit. Proc. Natl. Acad. Sci. U. S. A 97, 13913-13918. 

 32.  Campbell, M., Humphries, M., Kenna, P., Humphries, P., and Brankin, B. 
(2007). Altered expression and interaction of adherens junction proteins 
in the developing OLM of the Rho(-/-) mouse. Exp. Eye Res. 85, 714-
720. 

 33.  Campbell, M., Humphries, M., Kennan, A., Kenna, P., Humphries, P., and 
Brankin, B. (2006). Aberrant retinal tight junction and adherens junction 
protein expression in an animal model of autosomal dominant Retinitis 
pigmentosa: the Rho(-/-) mouse. Exp. Eye Res. 83, 484-492. 

 34.  Canola, K., Angenieux, B., Tekaya, M., Quiambao, A., Naash, M.I., Munier, 
F.L., Schorderet, D.F., and Arsenijevic, Y. (2007). Retinal stem cells 
transplanted into models of late stages of retinitis pigmentosa 
preferentially adopt a glial or a retinal ganglion cell fate. Invest 
Ophthalmol. Vis. Sci. 48, 446-454. 

 35.  Cao, W., Li, F., Steinberg, R.H., and LaVail, M.M. (2001). Development of 
normal and injury-induced gene expression of aFGF, bFGF, CNTF, 
BDNF, GFAP and IGF-I in the rat retina. Exp. Eye Res. 72, 591-604. 

 36.  Cardone, M.H., Roy, N., Stennicke, H.R., Salvesen, G.S., Franke, T.F., 
Stanbridge, E., Frisch, S., and Reed, J.C. (1998). Regulation of cell 
death protease caspase-9 by phosphorylation. Science 282, 1318-1321. 

 37.  Carr, A.J., Vugler, A.A., Hikita, S.T., Lawrence, J.M., Gias, C., Chen, L.L., 
Buchholz, D.E., Ahmado, A., Semo, M., Smart, M.J., Hasan, S., da, 
C.L., Johnson, L.V., Clegg, D.O., and Coffey, P.J. (2009). Protective 
effects of human iPS-derived retinal pigment epithelium cell 
transplantation in the retinal dystrophic rat. PLoS. One. 4, e8152. 

 38.  Carter, D.A., Mayer, E.J., and Dick, A.D. (2007). The effect of postmortem time, 
donor age and sex on the generation of neurospheres from adult human 
retina. Br. J. Ophthalmol. 91, 1216-1218. 



323 
 

 39.  Carter-Dawson, L.D., and LaVail, M.M. (1979). Rods and cones in the mouse 
retina. II. Autoradiographic analysis of cell generation using tritiated 
thymidine. J. Comp Neurol. 188, 263-272. 

 40.  Carvalho, L.S., Xu, J., Pearson, R.A., Smith, A.J., Bainbridge, J.W., Morris, 
L.M., Fliesler, S.J., Ding, X.Q., and Ali, R.R. (2011). Long-term and age-
dependent restoration of visual function in a mouse model of CNGB3-
associated achromatopsia following gene therapy. Hum. Mol. Genet. 20, 
3161-3175. 

 41.  Chacko, D.M., Rogers, J.A., Turner, J.E., and Ahmad, I. (2000). Survival and 
differentiation of cultured retinal progenitors transplanted in the 
subretinal space of the rat. Biochem. Biophys. Res. Commun. 268, 842-
846. 

 42.  Chader, G.J., Weiland, J., and Humayun, M.S. (2009). Artificial vision: needs, 
functioning, and testing of a retinal electronic prosthesis. Prog. Brain 
Res. 175, 317-332. 

 43.  Chang, G.Q., Hao, Y., and Wong, F. (1993). Apoptosis: final common pathway 
of photoreceptor death in rd, rds, and rhodopsin mutant mice. Neuron 
11, 595-605. 

 44.  Chaudhry, G.R., Fecek, C., Lai, M.M., Wu, W.C., Chang, M., Vasquez, A., 
Pasierb, M., and Trese, M.T. (2009). Fate of embryonic stem cell 
derivatives implanted into the vitreous of a slow retinal degenerative 
mouse model. Stem Cells Dev. 18, 247-258. 

 45.  Chen, H.J., and Ma, Z.Z. (2007). N-cadherin expression in a rat model of retinal 
detachment and reattachment. Invest Ophthalmol. Vis. Sci. 48, 1832-
1838. 

 46.  Chow, R.L., and Lang, R.A. (2001). Early eye development in vertebrates. 
Annu. Rev. Cell Dev. Biol. 17, 255-296. 

 47.  Congdon, N., O'Colmain, B., Klaver, C.C., Klein, R., Munoz, B., Friedman, D.S., 
Kempen, J., Taylor, H.R., and Mitchell, P. (2004). Causes and 
prevalence of visual impairment among adults in the United States. 
Arch. Ophthalmol. 122, 477-485. 

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

 49.  Conover, J.C., and Allen, R.L. (2002). The subventricular zone: new molecular 
and cellular developments. Cell Mol. Life Sci. 59, 2128-2135. 

 50.  Cook, B., Lewis, G.P., Fisher, S.K., and Adler, R. (1995). Apoptotic 
photoreceptor degeneration in experimental retinal detachment. Invest 
Ophthalmol. Vis. Sci. 36, 990-996. 

 51.  Curcio, C.A., Medeiros, N.E., and Millican, C.L. (1996). Photoreceptor loss in 
age-related macular degeneration. Invest Ophthalmol. Vis. Sci. 37, 
1236-1249. 



324 
 

 52.  Danciger, M., Blaney, J., Gao, Y.Q., Zhao, D.Y., Heckenlively, J.R., Jacobson, 
S.G., and Farber, D.B. (1995). Mutations in the PDE6B gene in 
autosomal recessive retinitis pigmentosa. Genomics 30, 1-7. 

 53.  Das, A.V., Mallya, K.B., Zhao, X., Ahmad, F., Bhattacharya, S., Thoreson, W.B., 
Hegde, G.V., and Ahmad, I. (2006). Neural stem cell properties of Muller 
glia in the mammalian retina: regulation by Notch and Wnt signaling. 
Dev. Biol. 299, 283-302. 

 54.  Davies, S.J., Fitch, M.T., Memberg, S.P., Hall, A.K., Raisman, G., and Silver, J. 
(1997). Regeneration of adult axons in white matter tracts of the central 
nervous system. Nature 390, 680-683. 

 55.  Davies, S.J., Goucher, D.R., Doller, C., and Silver, J. (1999). Robust 
regeneration of adult sensory axons in degenerating white matter of the 
adult rat spinal cord. J. Neurosci. 19, 5810-5822. 

 56.  Dobbertin, A., Rhodes, K.E., Garwood, J., Properzi, F., Heck, N., Rogers, J.H., 
Fawcett, J.W., and Faissner, A. (2003). Regulation of 
RPTPbeta/phosphacan expression and glycosaminoglycan epitopes in 
injured brain and cytokine-treated glia. Mol. Cell Neurosci. 24, 951-971. 

 57.  Donoso, L.A., Kim, D., Frost, A., Callahan, A., and Hageman, G. (2006). The 
role of inflammation in the pathogenesis of age-related macular 
degeneration. Surv. Ophthalmol. 51, 137-152. 

 58.  Dou, C.L., and Levine, J.M. (1994). Inhibition of neurite growth by the NG2 
chondroitin sulfate proteoglycan. J. Neurosci. 14, 7616-7628. 

 59.  Duester, G. (2008). Retinoic acid synthesis and signaling during early 
organogenesis. Cell 134, 921-931. 

 60.  Dyer, M.A., and Cepko, C.L. (2001). Regulating proliferation during retinal 
development. Nat. Rev. Neurosci. 2, 333-342. 

 61.  Eberle, D., Schubert, S., Postel, K., Corbeil, D., and Ader, M. (2011). Increased 
integration of transplanted CD73-positive photoreceptor precursors into 
adult mouse retina. Invest Ophthalmol. Vis. Sci. 52, 6462-6471. 

 62.  Ehinger, B., Bergstrom, A., Seiler, M., Aramant, R.B., Zucker, C.L., Gustavii, B., 
and Adolph, A.R. (1991). Ultrastructure of human retinal cell transplants 
with long survival times in rats. Exp. Eye Res. 53, 447-460. 

 63.  Eiraku, M., Takata, N., Ishibashi, H., Kawada, M., Sakakura, E., Okuda, S., 
Sekiguchi, K., Adachi, T., and Sasai, Y. (2011). Self-organizing optic-
cup morphogenesis in three-dimensional culture. Nature 472, 51-56. 

 64.  Eisenfeld, A.J., Bunt-Milam, A.H., and Sarthy, P.V. (1984). Muller cell 
expression of glial fibrillary acidic protein after genetic and experimental 
photoreceptor degeneration in the rat retina. Invest Ophthalmol. Vis. Sci. 
25, 1321-1328. 

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



325 
 

 66.  Elias, R.V., Sezate, S.S., Cao, W., and McGinnis, J.F. (2004). Temporal 
kinetics of the light/dark translocation and compartmentation of arrestin 
and alpha-transducin in mouse photoreceptor cells. Mol. Vis. 10, 672-
681. 

 67.  Emerich, D.F., and Thanos, C.G. (2008). NT-501: an ophthalmic implant of 
polymer-encapsulated ciliary neurotrophic factor-producing cells. Curr. 
Opin. Mol. Ther. 10, 506-515. 

 68.  Emerling, D.E., and Lander, A.D. (1996). Inhibitors and promoters of thalamic 
neuron adhesion and outgrowth in embryonic neocortex: functional 
association with chondroitin sulfate. Neuron 17, 1089-1100. 

 69.  Eng, L.F., and Ghirnikar, R.S. (1994). GFAP and astrogliosis. Brain Pathol. 4, 
229-237. 

 70.  Eng, L.F., Lee, Y.L., Kwan, H., Brenner, M., and Messing, A. (1998). Astrocytes 
cultured from transgenic mice carrying the added human glial fibrillary 
acidic protein gene contain Rosenthal fibers. J. Neurosci. Res. 53, 353-
360. 

 71.  Enzmann, V., Yolcu, E., Kaplan, H.J., and Ildstad, S.T. (2009). Stem cells as 
tools in regenerative therapy for retinal degeneration. Arch. Ophthalmol. 
127, 563-571. 

 72.  Escher, P., Cottet, S., Aono, S., Oohira, A., and Schorderet, D.F. (2008). 
Differential neuroglycan C expression during retinal degeneration in 
Rpe65-/- mice. Mol. Vis. 14, 2126-2135. 

 73.  Fan, W., Lin, N., Sheedlo, H.J., and Turner, J.E. (1996). Muller and RPE cell 
response to photoreceptor cell degeneration in aging Fischer rats. Exp. 
Eye Res. 63, 9-18. 

 74.  Fawcett, J.W., and Asher, R.A. (1999). The glial scar and central nervous 
system repair. Brain Res. Bull. 49, 377-391. 

 75.  Fawcett, J.W., Housden, E., Smith-Thomas, L., and Meyer, R.L. (1989). The 
growth of axons in three-dimensional astrocyte cultures. Dev. Biol. 135, 
449-458. 

 76.  Fisher, S.K., and Lewis, G.P. (2003). Muller cell and neuronal remodeling in 
retinal detachment and reattachment and their potential consequences 
for visual recovery: a review and reconsideration of recent data. Vision 
Res. 43, 887-897. 

 77.  Fisher, S.K., Lewis, G.P., Linberg, K.A., and Verardo, M.R. (2005). Cellular 
remodeling in mammalian retina: results from studies of experimental 
retinal detachment. Prog. Retin. Eye Res. 24, 395-431. 

 78.  Fishman, R.S. (1997). Gordon Holmes, the cortical retina, and the wounds of 
war. The seventh Charles B. Snyder Lecture. Doc. Ophthalmol. 93, 9-
28. 

 79.  Fitch, M.T., and Silver, J. (1997). Activated macrophages and the blood-brain 
barrier: inflammation after CNS injury leads to increases in putative 
inhibitory molecules. Exp. Neurol. 148, 587-603. 



326 
 

 80.  Franze, K., Grosche, J., Skatchkov, S.N., Schinkinger, S., Foja, C., Schild, D., 
Uckermann, O., Travis, K., Reichenbach, A., and Guck, J. (2007). Muller 
cells are living optical fibers in the vertebrate retina. Proc. Natl Acad. 
Sci. U. S. A 104, 8287-8292. 

 81.  Frasson, M., Picaud, S., Leveillard, T., Simonutti, M., Mohand-Said, S., Dreyfus, 
H., Hicks, D., and Sabel, J. (1999). Glial cell line-derived neurotrophic 
factor induces histologic and functional protection of rod photoreceptors 
in the rd/rd mouse. Invest Ophthalmol. Vis. Sci. 40, 2724-2734. 

 82.  Friedlander, D.R., Milev, P., Karthikeyan, L., Margolis, R.K., Margolis, R.U., and 
Grumet, M. (1994). The neuronal chondroitin sulfate proteoglycan 
neurocan binds to the neural cell adhesion molecules Ng-CAM/L1/NILE 
and N-CAM, and inhibits neuronal adhesion and neurite outgrowth. J. 
Cell Biol. 125, 669-680. 

 83.  Fu, Y., Kefalov, V., Luo, D.G., Xue, T., and Yau, K.W. (2008). Quantal noise 
from human red cone pigment. Nat. Neurosci. 11, 565-571. 

 84.  Fu, Y., and Yau, K.W. (2007). Phototransduction in mouse rods and cones. 
Pflugers Arch. 454, 805-819. 

 85.  Furukawa, T., Morrow, E.M., and Cepko, C.L. (1997). Crx, a novel otx-like 
homeobox gene, shows photoreceptor-specific expression and 
regulates photoreceptor differentiation. Cell 91, 531-541. 

 86.  Garner, C.C., Kindler, S., and Gundelfinger, E.D. (2000). Molecular 
determinants of presynaptic active zones. Curr. Opin. Neurobiol. 10, 
321-327. 

 87.  Gates, M.A., Fillmore, H., and Steindler, D.A. (1996). Chondroitin sulfate 
proteoglycan and tenascin in the wounded adult mouse neostriatum in 
vitro: dopamine neuron attachment and process outgrowth. J. Neurosci. 
16, 8005-8018. 

 88.  Gerding, H., Benner, F.P., and Taneri, S. (2007). Experimental implantation of 
epiretinal retina implants (EPI-RET) with an IOL-type receiver unit. J. 
Neural Eng 4, S38-S49. 

 89.  Goldberg, A.F. (2006). Role of peripherin/rds in vertebrate photoreceptor 
architecture and inherited retinal degenerations. Int. Rev. Cytol. 253, 
131-175. 

 90.  Gouras, P., Du, J., Gelanze, M., Lopez, R., Kwun, R., Kjeldbye, H., and Krebs, 
W. (1991). Survival and synapse formation of transplanted rat rods. J. 
Neural Transplant. Plast. 2, 91-100. 

 91.  Gouras, P., Du, J., Kjeldbye, H., Yamamoto, S., and Zack, D.J. (1994). Long-
term photoreceptor transplants in dystrophic and normal mouse retina. 
Invest Ophthalmol. Vis. Sci. 35, 3145-3153. 

 92.  Govardovskii, V.I., Fyhrquist, N., Reuter, T., Kuzmin, D.G., and Donner, K. 
(2000). In search of the visual pigment template. Vis. Neurosci. 17, 509-
528. 



327 
 

 93.  Grinvald, A., Lieke, E., Frostig, R.D., Gilbert, C.D., and Wiesel, T.N. (1986). 
Functional architecture of cortex revealed by optical imaging of intrinsic 
signals. Nature 324, 361-364. 

 94.  Gu, P., Harwood, L.J., Zhang, X., Wylie, M., Curry, W.J., and Cogliati, T. 
(2007). Isolation of retinal progenitor and stem cells from the porcine 
eye. Mol. Vis. 13, 1045-1057. 

 95.  Gualdoni, S., Baron, M., Lakowski, J., Decembrini, S., Smith, A.J., Pearson, 
R.A., Ali, R.R., and Sowden, J.C. (2010). Adult ciliary epithelial cells, 
previously identified as retinal stem cells with potential for retinal repair, 
fail to differentiate into new rod photoreceptors. Stem Cells 28, 1048-
1059. 

 96.  Guo, Y., Saloupis, P., Shaw, S.J., and Rickman, D.W. (2003). Engraftment of 
adult neural progenitor cells transplanted to rat retina injured by 
transient ischemia. Invest Ophthalmol. Vis. Sci. 44, 3194-3201. 

 97.  Gust, J., and Reh, T.A. (2011). Adult donor rod photoreceptors integrate into 
the mature mouse retina. Invest Ophthalmol. Vis. Sci. 52, 5266-5272. 

 98.  Hara, A., Niwa, M., Kumada, M., Aoki, H., Kunisada, T., Oyama, T., Yamamoto, 
T., Kozawa, O., and Mori, H. (2006). Intraocular injection of folate 
antagonist methotrexate induces neuronal differentiation of embryonic 
stem cells transplanted in the adult mouse retina. Brain Res. 1085, 33-
42. 

 99.  Harada, T., Harada, C., Kohsaka, S., Wada, E., Yoshida, K., Ohno, S., 
Mamada, H., Tanaka, K., Parada, L.F., and Wada, K. (2002). Microglia-
Muller glia cell interactions control neurotrophic factor production during 
light-induced retinal degeneration. J. Neurosci. 22, 9228-9236. 

 100.  Harhaj, N.S., and Antonetti, D.A. (2004). Regulation of tight junctions and loss 
of barrier function in pathophysiology. Int. J. Biochem. Cell Biol. 36, 
1206-1237. 

 101.  Hartong, D.T., Berson, E.L., and Dryja, T.P. (2006). Retinitis pigmentosa. 
Lancet 368, 1795-1809. 

 102.  Haruta, M., Kosaka, M., Kanegae, Y., Saito, I., Inoue, T., Kageyama, R., 
Nishida, A., Honda, Y., and Takahashi, M. (2001). Induction of 
photoreceptor-specific phenotypes in adult mammalian iris tissue. Nat. 
Neurosci. 4, 1163-1164. 

 103.  Hauswirth, W.W., Aleman, T.S., Kaushal, S., Cideciyan, A.V., Schwartz, S.B., 
Wang, L., Conlon, T.J., Boye, S.L., Flotte, T.R., Byrne, B.J., and 
Jacobson, S.G. (2008). Treatment of leber congenital amaurosis due to 
RPE65 mutations by ocular subretinal injection of adeno-associated 
virus gene vector: short-term results of a phase I trial. Hum. Gene Ther. 
19, 979-990. 

 104.  Hirami, Y., Osakada, F., Takahashi, K., Okita, K., Yamanaka, S., Ikeda, H., 
Yoshimura, N., and Takahashi, M. (2009). Generation of retinal cells 
from mouse and human induced pluripotent stem cells. Neurosci. Lett. 
458, 126-131. 



328 
 

 105.  Hollyfield, J.G. (1999). Hyaluronan and the functional organization of the 
interphotoreceptor matrix. Invest Ophthalmol. Vis. Sci. 40, 2767-2769. 

 106.  Hollyfield, J.G., Rayborn, M.E., Midura, R.J., Shadrach, K.G., and Acharya, S. 
(1999). Chondroitin sulfate proteoglycan core proteins in the 
interphotoreceptor matrix: a comparative study using biochemical and 
immunohistochemical analysis. Exp. Eye Res. 69, 311-322. 

 107.  Huang, W.C., Kuo, W.C., Cherng, J.H., Hsu, S.H., Chen, P.R., Huang, S.H., 
Huang, M.C., Liu, J.C., and Cheng, H. (2006). Chondroitinase ABC 
promotes axonal re-growth and behavior recovery in spinal cord injury. 
Biochem. Biophys. Res. Commun. 349, 963-968. 

 108.  Humayun, M.S., Weiland, J.D., Fujii, G.Y., Greenberg, R., Williamson, R., Little, 
J., Mech, B., Cimmarusti, V., Van, B.G., Dagnelie, G., and de, J.E. 
(2003). Visual perception in a blind subject with a chronic 
microelectronic retinal prosthesis. Vision Res. 43, 2573-2581. 

 109.  Humphries, M.M., Rancourt, D., Farrar, G.J., Kenna, P., Hazel, M., Bush, R.A., 
Sieving, P.A., Sheils, D.M., McNally, N., Creighton, P., Erven, A., Boros, 
A., Gulya, K., Capecchi, M.R., and Humphries, P. (1997). Retinopathy 
induced in mice by targeted disruption of the rhodopsin gene. Nat. 
Genet. 15, 216-219. 

 110.  Hynes, S.R., and Lavik, E.B. (2010). A tissue-engineered approach towards 
retinal repair: scaffolds for cell transplantation to the subretinal space. 
Graefes Arch. Clin. Exp. Ophthalmol. 248, 763-778. 

 111.  Iandiev, I., Biedermann, B., Bringmann, A., Reichel, M.B., Reichenbach, A., and 
Pannicke, T. (2006). Atypical gliosis in Muller cells of the slowly 
degenerating rds mutant mouse retina. Exp. Eye Res. 82, 449-457. 

 112.  Idelson, M., Alper, R., Obolensky, A., Ben-Shushan, E., Hemo, I., Yachimovich-
Cohen, N., Khaner, H., Smith, Y., Wiser, O., Gropp, M., Cohen, M.A., 
Even-Ram, S., Berman-Zaken, Y., Matzrafi, L., Rechavi, G., Banin, E., 
and Reubinoff, B. (2009). Directed differentiation of human embryonic 
stem cells into functional retinal pigment epithelium cells. Cell Stem Cell 
5, 396-408. 

 113.  Ikeda, H., Osakada, F., Watanabe, K., Mizuseki, K., Haraguchi, T., Miyoshi, H., 
Kamiya, D., Honda, Y., Sasai, N., Yoshimura, N., Takahashi, M., and 
Sasai, Y. (2005). Generation of Rx+/Pax6+ neural retinal precursors 
from embryonic stem cells. Proc. Natl Acad. Sci. U. S. A 102, 11331-
11336. 

 114.  Inatani, M., and Tanihara, H. (2002). Proteoglycans in retina. Prog. Retin. Eye 
Res. 21, 429-447. 

 115.  Inatani, M., Tanihara, H., Oohira, A., Honjo, M., Kido, N., and Honda, Y. (2000). 
Upregulated expression of neurocan, a nervous tissue specific 
proteoglycan, in transient retinal ischemia. Invest Ophthalmol. Vis. Sci. 
41, 2748-2754. 

 116.  Inman, D.M., and Horner, P.J. (2007). Reactive nonproliferative gliosis 
predominates in a chronic mouse model of glaucoma. Glia 55, 942-953. 



329 
 

 117.  Iwasaki, M., Rayborn, M.E., Tawara, A., and Hollyfield, J.G. (1992). 
Proteoglycans in the mouse interphotoreceptor matrix. V. Distribution at 
the apical surface of the pigment epithelium before and after retinal 
separation. Exp. Eye Res. 54, 415-432. 

 118.  Jacobson, S.G., and Cideciyan, A.V. (2010). Treatment possibilities for retinitis 
pigmentosa. N. Engl. J. Med. 363, 1669-1671. 

 119.  Jia, L., Oh, E.C., Ng, L., Srinivas, M., Brooks, M., Swaroop, A., and Forrest, D. 
(2009). Retinoid-related orphan nuclear receptor RORbeta is an early-
acting factor in rod photoreceptor development. Proc. Natl Acad. Sci. U. 
S. A 106, 17534-17539. 

 120.  Jiang, C., Klassen, H., Zhang, X., and Young, M. (2010). Laser injury promotes 
migration and integration of retinal progenitor cells into host retina. Mol. 
Vis. 16, 983-990. 

 121.  Jomary, C., and Jones, S.E. (2008). Induction of functional photoreceptor 
phenotype by exogenous Crx expression in mouse retinal stem cells. 
Invest Ophthalmol. Vis. Sci. 49, 429-437. 

 122.  Jones, B.W., Kondo, M., Terasaki, H., Lin, Y., McCall, M., and Marc, R.E. 
(2012). Retinal remodeling. Jpn. J. Ophthalmol. 56, 289-306. 

 123.  Jones, B.W., and Marc, R.E. (2005). Retinal remodeling during retinal 
degeneration. Exp. Eye Res. 81, 123-137. 

 124.  Jones, B.W., Watt, C.B., and Marc, R.E. (2005). Retinal remodelling. Clin. Exp. 
Optom. 88, 282-291. 

 125.  Jones, D.G., and Redpath, C.M. (1998). Regeneration in the central nervous 
system: pharmacological intervention, xenotransplantation, and stem 
cell transplantation. Clin. Anat. 11, 263-270. 

 126.  Jones, L.L., Margolis, R.U., and Tuszynski, M.H. (2003a). The chondroitin 
sulfate proteoglycans neurocan, brevican, phosphacan, and versican 
are differentially regulated following spinal cord injury. Exp. Neurol. 182, 
399-411. 

 127.  Jones, L.L., Sajed, D., and Tuszynski, M.H. (2003b). Axonal regeneration 
through regions of chondroitin sulfate proteoglycan deposition after 
spinal cord injury: a balance of permissiveness and inhibition. J. 
Neurosci. 23, 9276-9288. 

 128.  Joussen, A.M., Heussen, F.M., Joeres, S., Llacer, H., Prinz, B., Rohrschneider, 
K., Maaijwee, K.J., van, M.J., and Kirchhof, B. (2006). Autologous 
translocation of the choroid and retinal pigment epithelium in age-related 
macular degeneration. Am. J. Ophthalmol. 142, 17-30. 

 129.  Kalloniatis, M., and Fletcher, E.L. (2004). Retinitis pigmentosa: understanding 
the clinical presentation, mechanisms and treatment options. Clin. Exp. 
Optom. 87, 65-80. 

 130.  Keegan, D.J., Kenna, P., Humphries, M.M., Humphries, P., Flitcroft, D.I., 
Coffey, P.J., Lund, R.D., and Lawrence, J.M. (2003). Transplantation of 
syngeneic Schwann cells to the retina of the rhodopsin knockout (rho(-/-
)) mouse. Invest Ophthalmol. Vis. Sci. 44, 3526-3532. 



330 
 

 131.  Kennan, A., Aherne, A., Palfi, A., Humphries, M., McKee, A., Stitt, A., Simpson, 
D.A., Demtroder, K., Orntoft, T., Ayuso, C., Kenna, P.F., Farrar, G.J., 
and Humphries, P. (2002). Identification of an IMPDH1 mutation in 
autosomal dominant retinitis pigmentosa (RP10) revealed following 
comparative microarray analysis of transcripts derived from retinas of 
wild-type and Rho(-/-) mice. Hum. Mol. Genet. 11, 547-557. 

 132.  Kennedy, B., and Malicki, J. (2009). What drives cell morphogenesis: a look 
inside the vertebrate photoreceptor. Dev. Dyn. 238, 2115-2138. 

 133.  Kerschensteiner, M., Schwab, M.E., Lichtman, J.W., and Misgeld, T. (2005). In 
vivo imaging of axonal degeneration and regeneration in the injured 
spinal cord. Nat. Med. 11, 572-577. 

 134.  Kim, B.G., Dai, H.N., Lynskey, J.V., McAtee, M., and Bregman, B.S. (2006). 
Degradation of chondroitin sulfate proteoglycans potentiates transplant-
mediated axonal remodeling and functional recovery after spinal cord 
injury in adult rats. J. Comp Neurol. 497, 182-198. 

 135.  Kim, I.T., Ha, S.M., and Yoon, K.C. (2001). Electroretinographic studies in 
rhegmatogenous retinal detachment before and after reattachment 
surgery. Korean J. Ophthalmol. 15, 118-127. 

 136.  Kinouchi, R., Takeda, M., Yang, L., Wilhelmsson, U., Lundkvist, A., Pekny, M., 
and Chen, D.F. (2003). Robust neural integration from retinal 
transplants in mice deficient in GFAP and vimentin. Nat. Neurosci. 6, 
863-868. 

 137.  Kiskinis, E., and Eggan, K. (2010). Progress toward the clinical application of 
patient-specific pluripotent stem cells. J. Clin. Invest 120, 51-59. 

 138.  Klassen, H., Schwartz, P.H., Ziaeian, B., Nethercott, H., Young, M.J., 
Bragadottir, R., Tullis, G.E., Warfvinge, K., and Narfstrom, K. (2007). 
Neural precursors isolated from the developing cat brain show retinal 
integration following transplantation to the retina of the dystrophic cat. 
Vet. Ophthalmol. 10, 245-253. 

 139.  Klassen, H.J., Ng, T.F., Kurimoto, Y., Kirov, I., Shatos, M., Coffey, P., and 
Young, M.J. (2004). Multipotent retinal progenitors express 
developmental markers, differentiate into retinal neurons, and preserve 
light-mediated behavior. Invest Ophthalmol. Vis. Sci. 45, 4167-4173. 

 140.  Klein, R., Klein, B.E., and Linton, K.L. (1992). Prevalence of age-related 
maculopathy. The Beaver Dam Eye Study. Ophthalmology 99, 933-943. 

 141.  Kleinman, M.E., Kaneko, H., Cho, W.G., Dridi, S., Fowler, B.J., Blandford, A.D., 
Albuquerque, R.J., Hirano, Y., Terasaki, H., Kondo, M., Fujita, T., 
Ambati, B.K., Tarallo, V., Gelfand, B.D., Bogdanovich, S., Baffi, J.Z., and 
Ambati, J. (2012). Short-interfering RNAs induce retinal degeneration 
via TLR3 and IRF3. Mol. Ther. 20, 101-108. 

 142.  Kokkinopoulos, I., Pearson, R.A., Macneil, A., Dhomen, N.S., Maclaren, R.E., 
Ali, R.R., and Sowden, J.C. (2008). Isolation and characterisation of 
neural progenitor cells from the adult Chx10(orJ/orJ) central neural 
retina. Mol. Cell Neurosci. 38, 359-373. 



331 
 

 143.  Kolb, H. (1970). Organization of the outer plexiform layer of the primate retina: 
electron microscopy of Golgi-impregnated cells. Philos. Trans. R. Soc. 
Lond B Biol. Sci. 258, 261-283. 

 144.  Kuehn, M.H., and Hageman, G.S. (1999). Expression and characterization of 
the IPM 150 gene (IMPG1) product, a novel human photoreceptor cell-
associated chondroitin-sulfate proteoglycan. Matrix Biol. 18, 509-518. 

 145.  Kurimoto, Y., Shibuki, H., Kaneko, Y., Ichikawa, M., Kurokawa, T., Takahashi, 
M., and Yoshimura, N. (2001). Transplantation of adult rat 
hippocampus-derived neural stem cells into retina injured by transient 
ischemia. Neurosci. Lett. 306, 57-60. 

 146.  Kwan, A.S., Wang, S., and Lund, R.D. (1999). Photoreceptor layer 
reconstruction in a rodent model of retinal degeneration. Exp. Neurol. 
159, 21-33. 

 147.  Lakowski, J., Baron, M., Bainbridge, J., Barber, A.C., Pearson, R.A., Ali, R.R., 
and Sowden, J.C. (2010). Cone and rod photoreceptor transplantation in 
models of the childhood retinopathy Leber congenital amaurosis using 
flow-sorted Crx-positive donor cells. Hum. Mol. Genet. 

 148.  Lakowski, J., Han, Y.T., Pearson, R.A., Gonzalez-Cordero, A., West, E.L., 
Gualdoni, S., Barber, A.C., Hubank, M., Ali, R.R., and Sowden, J.C. 
(2011). Effective transplantation of photoreceptor precursor cells 
selected via cell surface antigen expression. Stem Cells 29, 1391-1404. 

 149.  Lamb, T.D., Collin, S.P., and Pugh, E.N., Jr. (2007). Evolution of the vertebrate 
eye: opsins, photoreceptors, retina and eye cup. Nat. Rev. Neurosci. 8, 
960-976. 

 150.  Lamba, D.A., Gust, J., and Reh, T.A. (2009). Transplantation of human 
embryonic stem cell-derived photoreceptors restores some visual 
function in Crx-deficient mice. Cell Stem Cell 4, 73-79. 

 151.  Lamba, D.A., Karl, M.O., Ware, C.B., and Reh, T.A. (2006). Efficient generation 
of retinal progenitor cells from human embryonic stem cells. Proc. Natl 
Acad. Sci. U. S. A 103, 12769-12774. 

 152.  Lamba, D.A., McUsic, A., Hirata, R.K., Wang, P.R., Russell, D., and Reh, T.A. 
(2010). Generation, purification and transplantation of photoreceptors 
derived from human induced pluripotent stem cells. PLoS. One. 5, 
e8763. 

 153.  Landers, R.A., Rayborn, M.E., Myers, K.M., and Hollyfield, J.G. (1994). 
Increased retinal synthesis of heparan sulfate proteoglycan and HNK-1 
glycoproteins following photoreceptor degeneration. J. Neurochem. 63, 
737-750. 

 154.  Lawrence, J.M., Sauve, Y., Keegan, D.J., Coffey, P.J., Hetherington, L., 
Girman, S., Whiteley, S.J., Kwan, A.S., Pheby, T., and Lund, R.D. 
(2000). Schwann cell grafting into the retina of the dystrophic RCS rat 
limits functional deterioration. Royal College of Surgeons. Invest 
Ophthalmol. Vis. Sci. 41, 518-528. 

 155.  Lawrence, J.M., Singhal, S., Bhatia, B., Keegan, D.J., Reh, T.A., Luthert, P.J., 
Khaw, P.T., and Limb, G.A. (2007). MIO-M1 cells and similar muller glial 



332 
 

cell lines derived from adult human retina exhibit neural stem cell 
characteristics. Stem Cells 25, 2033-2043. 

 156.  Lemons, M.L., Sandy, J.D., Anderson, D.K., and Howland, D.R. (2001). Intact 
aggrecan and fragments generated by both aggrecanse and 
metalloproteinase-like activities are present in the developing and adult 
rat spinal cord and their relative abundance is altered by injury. J. 
Neurosci. 21, 4772-4781. 

 157.  Leskov, I.B., Klenchin, V.A., Handy, J.W., Whitlock, G.G., Govardovskii, V.I., 
Bownds, M.D., Lamb, T.D., Pugh, E.N., Jr., and Arshavsky, V.Y. (2000). 
The gain of rod phototransduction: reconciliation of biochemical and 
electrophysiological measurements. Neuron 27, 525-537. 

 158.  Levine, J.M. (1994). Increased expression of the NG2 chondroitin-sulfate 
proteoglycan after brain injury. J. Neurosci. 14, 4716-4730. 

 159.  Lewis, G.P., and Fisher, S.K. (2003). Up-regulation of glial fibrillary acidic 
protein in response to retinal injury: its potential role in glial remodeling 
and a comparison to vimentin expression. Int. Rev. Cytol. 230, 263-290. 

 160.  Lewis, G.P., Linberg, K.A., Geller, S.F., Guerin, C.J., and Fisher, S.K. (1999). 
Effects of the neurotrophin brain-derived neurotrophic factor in an 
experimental model of retinal detachment. Invest Ophthalmol. Vis. Sci. 
40, 1530-1544. 

 161.  Liljekvist-Soltic, I., Olofsson, J., and Johansson, K. (2008). Progenitor cell-
derived factors enhance photoreceptor survival in rat retinal explants. 
Brain Res. 1227, 226-233. 

 162.  Lin, R., Kwok, J.C., Crespo, D., and Fawcett, J.W. (2008). Chondroitinase ABC 
has a long-lasting effect on chondroitin sulphate glycosaminoglycan 
content in the injured rat brain. J. Neurochem. 104, 400-408. 

 163.  Lips, K., Stichel, C.C., and Muller, H.W. (1995). Restricted appearance of 
tenascin and chondroitin sulphate proteoglycans after transection and 
sprouting of adult rat postcommissural fornix. J. Neurocytol. 24, 449-
464. 

 164.  Luhmann, U.F., Robbie, S., Munro, P.M., Barker, S.E., Duran, Y., Luong, V., 
Fitzke, F.W., Bainbridge, J.W., Ali, R.R., and Maclaren, R.E. (2009). The 
drusenlike phenotype in aging Ccl2-knockout mice is caused by an 
accelerated accumulation of swollen autofluorescent subretinal 
macrophages. Invest Ophthalmol. Vis. Sci. 50, 5934-5943. 

 165.  Lund, R.D., Wang, S., Klimanskaya, I., Holmes, T., Ramos-Kelsey, R., Lu, B., 
Girman, S., Bischoff, N., Sauve, Y., and Lanza, R. (2006). Human 
embryonic stem cell-derived cells rescue visual function in dystrophic 
RCS rats. Cloning Stem Cells 8, 189-199. 

 166.  Lundkvist, A., Reichenbach, A., Betsholtz, C., Carmeliet, P., Wolburg, H., and 
Pekny, M. (2004). Under stress, the absence of intermediate filaments 
from Muller cells in the retina has structural and functional 
consequences. J. Cell Sci. 117, 3481-3488. 

 167.  Luo, D.G., and Yau, K.W. (2005). Rod sensitivity of neonatal mouse and rat. J. 
Gen. Physiol 126, 263-269. 



333 
 

 168.  Ma, J., Kabiel, M., Tucker, B.A., Ge, J., and Young, M.J. (2011). Combining 
chondroitinase ABC and growth factors promotes the integration of 
murine retinal progenitor cells transplanted into Rho(-/-) mice. Mol. Vis. 
17, 1759-1770. 

 169.  Machida, S., Kondo, M., Jamison, J.A., Khan, N.W., Kononen, L.T., Sugawara, 
T., Bush, R.A., and Sieving, P.A. (2000). P23H rhodopsin transgenic rat: 
correlation of retinal function with histopathology. Invest Ophthalmol. 
Vis. Sci. 41, 3200-3209. 

 170.  Maclaren, R.E., and Pearson, R.A. (2007). Stem cell therapy and the retina. 
Eye (Lond) 21, 1352-1359. 

 171.  Maclaren, R.E., Pearson, R.A., Macneil, A., Douglas, R.H., Salt, T.E., Akimoto, 
M., Swaroop, A., Sowden, J.C., and Ali, R.R. (2006). Retinal repair by 
transplantation of photoreceptor precursors. Nature 444, 203-207. 

 172.  Macneil, A., Pearson, R.A., Maclaren, R.E., Smith, A.J., Sowden, J.C., and Ali, 
R.R. (2007). Comparative analysis of progenitor cells isolated from the 
iris, pars plana, and ciliary body of the adult porcine eye. Stem Cells 25, 
2430-2438. 

 173.  Maguire, A.M., Simonelli, F., Pierce, E.A., Pugh, E.N., Jr., Mingozzi, F., 
Bennicelli, J., Banfi, S., Marshall, K.A., Testa, F., Surace, E.M., Rossi, 
S., Lyubarsky, A., Arruda, V.R., Konkle, B., Stone, E., Sun, J., Jacobs, 
J., Dell'Osso, L., Hertle, R., Ma, J.X., Redmond, T.M., Zhu, X., Hauck, 
B., Zelenaia, O., Shindler, K.S., Maguire, M.G., Wright, J.F., Volpe, N.J., 
McDonnell, J.W., Auricchio, A., High, K.A., and Bennett, J. (2008). 
Safety and efficacy of gene transfer for Leber's congenital amaurosis. N. 
Engl. J. Med. 358, 2240-2248. 

 174.  Maldonado, P.E., Godecke, I., Gray, C.M., and Bonhoeffer, T. (1997). 
Orientation selectivity in pinwheel centers in cat striate cortex. Science 
276, 1551-1555. 

 175.  Marquardt, T., and Gruss, P. (2002). Generating neuronal diversity in the retina: 
one for nearly all. Trends Neurosci. 25, 32-38. 

 176.  Mayer, E.J., Carter, D.A., Ren, Y., Hughes, E.H., Rice, C.M., Halfpenny, C.A., 
Scolding, N.J., and Dick, A.D. (2005). Neural progenitor cells from 
postmortem adult human retina. Br. J. Ophthalmol. 89, 102-106. 

 177.  McKeon, R.J., Schreiber, R.C., Rudge, J.S., and Silver, J. (1991). Reduction of 
neurite outgrowth in a model of glial scarring following CNS injury is 
correlated with the expression of inhibitory molecules on reactive 
astrocytes. J. Neurosci. 11, 3398-3411. 

 178.  McNally, N., Kenna, P.F., Rancourt, D., Ahmed, T., Stitt, A., Colledge, W.H., 
Lloyd, D.G., Palfi, A., O'Neill, B., Humphries, M.M., Humphries, P., and 
Farrar, G.J. (2002). Murine model of autosomal dominant retinitis 
pigmentosa generated by targeted deletion at codon 307 of the rds-
peripherin gene. Hum. Mol. Genet. 11, 1005-1016. 

 179.  Mears, A.J., Kondo, M., Swain, P.K., Takada, Y., Bush, R.A., Saunders, T.L., 
Sieving, P.A., and Swaroop, A. (2001). Nrl is required for rod 
photoreceptor development. Nat. Genet. 29, 447-452. 



334 
 

 180.  Mehalow, A.K., Kameya, S., Smith, R.S., Hawes, N.L., Denegre, J.M., Young, 
J.A., Bechtold, L., Haider, N.B., Tepass, U., Heckenlively, J.R., Chang, 
B., Naggert, J.K., and Nishina, P.M. (2003). CRB1 is essential for 
external limiting membrane integrity and photoreceptor morphogenesis 
in the mammalian retina. Hum. Mol. Genet. 12, 2179-2189. 

 181.  Mellough, C.B., Cui, Q., and Harvey, A.R. (2007). Treatment of adult neural 
progenitor cells prior to transplantation affects graft survival and 
integration in a neonatal and adult rat model of selective retinal ganglion 
cell depletion. Restor. Neurol. Neurosci. 25, 177-190. 

 182.  Mervin, K., Valter, K., Maslim, J., Lewis, G., Fisher, S., and Stone, J. (1999). 
Limiting photoreceptor death and deconstruction during experimental 
retinal detachment: the value of oxygen supplementation. Am. J. 
Ophthalmol. 128, 155-164. 

 183.  Meyer, J.S., Katz, M.L., Maruniak, J.A., and Kirk, M.D. (2006). Embryonic stem 
cell-derived neural progenitors incorporate into degenerating retina and 
enhance survival of host photoreceptors. Stem Cells 24, 274-283. 

 184.  Mihelec, M., Pearson, R.A., Robbie, S.J., Buch, P.K., Azam, S.A., Bainbridge, 
J.W., Smith, A.J., and Ali, R.R. (2011). Long-term preservation of cones 
and improvement in visual function following gene therapy in a mouse 
model of leber congenital amaurosis caused by guanylate cyclase-1 
deficiency. Hum. Gene Ther. 22, 1179-1190. 

 185.  Mizumoto, H., Mizumoto, K., Shatos, M.A., Klassen, H., and Young, M.J. 
(2003). Retinal transplantation of neural progenitor cells derived from 
the brain of GFP transgenic mice. Vision Res. 43, 1699-1708. 

 186.  Moon, L.D., Asher, R.A., Rhodes, K.E., and Fawcett, J.W. (2001). Regeneration 
of CNS axons back to their target following treatment of adult rat brain 
with chondroitinase ABC. Nat. Neurosci. 4, 465-466. 

 187.  Morgenstern, D.A., Asher, R.A., and Fawcett, J.W. (2002). Chondroitin sulphate 
proteoglycans in the CNS injury response. Prog. Brain Res. 137, 313-
332. 

 188.  Murillo-Lopez, F., Politi, L., Adler, R., and Hewitt, A.T. (1991). Proteoglycan 
synthesis in cultures of murine retinal neurons and photoreceptors. Cell 
Mol. Neurobiol. 11, 579-591. 

 189.  Nakagawa, M., Koyanagi, M., Tanabe, K., Takahashi, K., Ichisaka, T., Aoi, T., 
Okita, K., Mochiduki, Y., Takizawa, N., and Yamanaka, S. (2008). 
Generation of induced pluripotent stem cells without Myc from mouse 
and human fibroblasts. Nat. Biotechnol. 26, 101-106. 

 190.  Nakazawa, T., Matsubara, A., Noda, K., Hisatomi, T., She, H., Skondra, D., 
Miyahara, S., Sobrin, L., Thomas, K.L., Chen, D.F., Grosskreutz, C.L., 
Hafezi-Moghadam, A., and Miller, J.W. (2006). Characterization of 
cytokine responses to retinal detachment in rats. Mol. Vis. 12, 867-878. 

 191.  Nakazawa, T., Takeda, M., Lewis, G.P., Cho, K.S., Jiao, J., Wilhelmsson, U., 
Fisher, S.K., Pekny, M., Chen, D.F., and Miller, J.W. (2007). Attenuated 
glial reactions and photoreceptor degeneration after retinal detachment 
in mice deficient in glial fibrillary acidic protein and vimentin. Invest 
Ophthalmol. Vis. Sci. 48, 2760-2768. 



335 
 

 192.  Neugebauer, K.M., Tomaselli, K.J., Lilien, J., and Reichardt, L.F. (1988). N-
cadherin, NCAM, and integrins promote retinal neurite outgrowth on 
astrocytes in vitro. J. Cell Biol. 107, 1177-1187. 

 193.  Nickerson, P.E., Da, S.N., Myers, T., Stevens, K., and Clarke, D.B. (2008). 
Neural progenitor potential in cultured Muller glia: effects of passaging 
and exogenous growth factor exposure. Brain Res. 1230, 1-12. 

 194.  Nikonov, S.S., Kholodenko, R., Lem, J., and Pugh, E.N., Jr. (2006). 
Physiological features of the S- and M-cone photoreceptors of wild-type 
mice from single-cell recordings. J. Gen. Physiol 127, 359-374. 

 195.  Nishida, A., Takahashi, M., Tanihara, H., Nakano, I., Takahashi, J.B., 
Mizoguchi, A., Ide, C., and Honda, Y. (2000). Incorporation and 
differentiation of hippocampus-derived neural stem cells transplanted in 
injured adult rat retina. Invest Ophthalmol. Vis. Sci. 41, 4268-4274. 

 196.  Norden, C., Young, S., Link, B.A., and Harris, W.A. (2009). Actomyosin is the 
main driver of interkinetic nuclear migration in the retina. Cell 138, 1195-
1208. 

 197.  Nour, M., Quiambao, A.B., Peterson, W.M., Al-Ubaidi, M.R., and Naash, M.I. 
(2003). P2Y(2) receptor agonist INS37217 enhances functional recovery 
after detachment caused by subretinal injection in normal and rds mice. 
Invest Ophthalmol. Vis. Sci. 44, 4505-4514. 

 198.  Ohsawa, R., and Kageyama, R. (2008). Regulation of retinal cell fate 
specification by multiple transcription factors. Brain Res. 1192, 90-98. 

 199.  Okuda, K. (1969). 6. The fine structure of human photoreceptor synapses. 
Nihon Ganka Gakkai Zasshi 73, 52-59. 

 200.  Osakada, F., Ikeda, H., Mandai, M., Wataya, T., Watanabe, K., Yoshimura, N., 
Akaike, A., Sasai, Y., and Takahashi, M. (2008). Toward the generation 
of rod and cone photoreceptors from mouse, monkey and human 
embryonic stem cells. Nat. Biotechnol. 26, 215-224. 

 201.  Osakada, F., Jin, Z.B., Hirami, Y., Ikeda, H., Danjyo, T., Watanabe, K., Sasai, 
Y., and Takahashi, M. (2009). In vitro differentiation of retinal cells from 
human pluripotent stem cells by small-molecule induction. J. Cell Sci. 
122, 3169-3179. 

 202.  Parameswaran, S., Balasubramanian, S., Babai, N., Qiu, F., Eudy, J.D., 
Thoreson, W.B., and Ahmad, I. (2010). Induced pluripotent stem cells 
generate both retinal ganglion cells and photoreceptors: therapeutic 
implications in degenerative changes in glaucoma and age-related 
macular degeneration. Stem Cells 28, 695-703. 

 203.  Peachey, N.S., Fishman, G.A., Kilbride, P.E., Alexander, K.R., Keehan, K.M., 
and Derlacki, D.J. (1990). A form of congenital stationary night blindness 
with apparent defect of rod phototransduction. Invest Ophthalmol. Vis. 
Sci. 31, 237-246. 

 204.  Pearson, R.A., Barber, A.C., West, E.L., Maclaren, R.E., Duran, Y., Bainbridge, 
J.W., Sowden, J.C., and Ali, R.R. (2010). Targeted disruption of outer 
limiting membrane junctional proteins (Crb1 and ZO-1) increases 



336 
 

integration of transplanted photoreceptor precursors into the adult wild-
type and degenerating retina. Cell Transplant. 19, 487-503. 

 205.  Pearson, R.A., Luneborg, N.L., Becker, D.L., and Mobbs, P. (2005). Gap 
junctions modulate interkinetic nuclear movement in retinal progenitor 
cells. J. Neurosci. 25, 10803-10814. 

 206.  Penfold, P.L., Madigan, M.C., Gillies, M.C., and Provis, J.M. (2001). 
Immunological and aetiological aspects of macular degeneration. Prog. 
Retin. Eye Res. 20, 385-414. 

 207.  Peteanu, L.A., Schoenlein, R.W., Wang, Q., Mathies, R.A., and Shank, C.V. 
(1993). The first step in vision occurs in femtoseconds: complete blue 
and red spectral studies. Proc. Natl Acad. Sci. U. S. A 90, 11762-11766. 

 208.  Philp, N.J., Chang, W., and Long, K. (1987). Light-stimulated protein movement 
in rod photoreceptor cells of the rat retina. FEBS Lett. 225, 127-132. 

 209.  Pindzola, R.R., Doller, C., and Silver, J. (1993). Putative inhibitory extracellular 
matrix molecules at the dorsal root entry zone of the spinal cord during 
development and after root and sciatic nerve lesions. Dev. Biol. 156, 34-
48. 

 210.  Portugues, R., and Engert, F. (2009). The neural basis of visual behaviors in 
the larval zebrafish. Curr. Opin. Neurobiol. 19, 644-647. 

 211.  Prusky, G.T., Alam, N.M., Beekman, S., and Douglas, R.M. (2004). Rapid 
quantification of adult and developing mouse spatial vision using a 
virtual optomotor system. Invest Ophthalmol. Vis. Sci. 45, 4611-4616. 

 212.  Prusky, G.T., West, P.W., and Douglas, R.M. (2000). Behavioral assessment of 
visual acuity in mice and rats. Vision Res. 40, 2201-2209. 

 213.  Purves, D., Lotto, R.B., Williams, S.M., Nundy, S., and Yang, Z. (2001). Why we 
see things the way we do: evidence for a wholly empirical strategy of 
vision. Philos. Trans. R. Soc. Lond B Biol. Sci. 356, 285-297. 

 214.  Qiu, G., Seiler, M.J., Mui, C., Arai, S., Aramant, R.B., de Juan E Jr, and Sadda, 
S. (2005). Photoreceptor differentiation and integration of retinal 
progenitor cells transplanted into transgenic rats. Exp. Eye Res. 80, 
515-525. 

 215.  Radtke, N.D., Aramant, R.B., Petry, H.M., Green, P.T., Pidwell, D.J., and Seiler, 
M.J. (2008). Vision improvement in retinal degeneration patients by 
implantation of retina together with retinal pigment epithelium. Am. J. 
Ophthalmol. 146, 172-182. 

 216.  Reese, B.E. (2011). Development of the retina and optic pathway. Vision Res. 
51, 613-632. 

 217.  Resnikoff, S., Pascolini, D., Etya'ale, D., Kocur, I., Pararajasegaram, R., 
Pokharel, G.P., and Mariotti, S.P. (2004). Global data on visual 
impairment in the year 2002. Bull. World Health Organ 82, 844-851. 

 218.  Reuter, J.H., and Sanyal, S. (1984). Development and degeneration of retina in 
rds mutant mice: the electroretinogram. Neurosci. Lett. 48, 231-237. 



337 
 

 219.  Rizzo, J.F., III, Wyatt, J., Loewenstein, J., Kelly, S., and Shire, D. (2003). 
Perceptual efficacy of electrical stimulation of human retina with a 
microelectrode array during short-term surgical trials. Invest Ophthalmol. 
Vis. Sci. 44, 5362-5369. 

 220.  Rosenfeld, P.J., Brown, D.M., Heier, J.S., Boyer, D.S., Kaiser, P.K., Chung, 
C.Y., and Kim, R.Y. (2006). Ranibizumab for neovascular age-related 
macular degeneration. N. Engl. J. Med. 355, 1419-1431. 

 221.  Ruoslahti, E. (1989). Proteoglycans in cell regulation. J. Biol. Chem. 264, 
13369-13372. 

 222.  Sahni, J.N., Angi, M., Irigoyen, C., Semeraro, F., Romano, M.R., and 
Parmeggiani, F. (2011). Therapeutic challenges to retinitis pigmentosa: 
from neuroprotection to gene therapy. Curr. Genomics 12, 276-284. 

 223.  Sakaguchi, D.S., Van Hoffelen, S.J., Grozdanic, S.D., Kwon, Y.H., Kardon, 
R.H., and Young, M.J. (2005). Neural progenitor cell transplants into the 
developing and mature central nervous system. Ann. N. Y. Acad. Sci. 
1049, 118-134. 

 224.  Sakaguchi, D.S., Van Hoffelen, S.J., and Young, M.J. (2003). Differentiation 
and morphological integration of neural progenitor cells transplanted into 
the developing mammalian eye. Ann. N. Y. Acad. Sci. 995, 127-139. 

 225.  Sakai, T., Yoshitoshi, T., Kawagoe, M., Mizobuchi, T., and Kitahara, K. (1999). 
[Expression of brain-derived neurotrophic factor gene in retina following 
vitreous tap]. Nihon Ganka Gakkai Zasshi 103, 271-276. 

 226.  Sam, T.N., Xiao, J., Roehrich, H., Low, W.C., and Gregerson, D.S. (2006). 
Engrafted neural progenitor cells express a tissue-restricted reporter 
gene associated with differentiated retinal photoreceptor cells. Cell 
Transplant. 15, 147-160. 

 227.  Sanyal, S., and Bal, A.K. (1973). Comparative light and electron microscopic 
study of retinal histogenesis in normal and rd mutant mice. Z. Anat. 
Entwicklungsgesch. 142, 219-238. 

 228.  Sarthy, P.V., Fu, M., and Huang, J. (1989). Subcellular localization of an 
intermediate filament protein and its mRNA in glial cells. Mol. Cell Biol. 
9, 4556-4559. 

 229.  Schwartz, S.D., Hubschman, J.P., Heilwell, G., Franco-Cardenas, V., Pan, C.K., 
Ostrick, R.M., Mickunas, E., Gay, R., Klimanskaya, I., and Lanza, R. 
(2012). Embryonic stem cell trials for macular degeneration: a 
preliminary report. Lancet 379, 713-720. 

 230.  Seeliger, M.W., Brombas, A., Weiler, R., Humphries, P., Knop, G., Tanimoto, 
N., and Muller, F. (2011). Modulation of rod photoreceptor output by 
HCN1 channels is essential for regular mesopic cone vision. Nat. 
Commun. 2, 532. 

 231.  Seeliger, M.W., Weber, B.H., Besch, D., Zrenner, E., Schrewe, H., and Mayser, 
H. (2003). MfERG waveform characteristics in the RS1h mouse model 
featuring a 'negative' ERG. Doc. Ophthalmol. 107, 37-44. 



338 
 

 232.  Seiler, M.J., and Aramant, R.B. (2005). Transplantation of neuroblastic 
progenitor cells as a sheet preserves and restores retinal function. 
Semin. Ophthalmol. 20, 31-42. 

 233.  Seiler, M.J., Aramant, R.B., Seeliger, M.W., Bragadottir, R., Mahoney, M., and 
Narfstrom, K. (2009). Functional and structural assessment of retinal 
sheet allograft transplantation in feline hereditary retinal degeneration. 
Vet. Ophthalmol. 12, 158-169. 

 234.  Seiler, M.J., Aramant, R.B., Thomas, B.B., Peng, Q., Sadda, S.R., and 
Keirstead, H.S. (2010). Visual restoration and transplant connectivity in 
degenerate rats implanted with retinal progenitor sheets. Eur. J. 
Neurosci. 31, 508-520. 

 235.  Seiler, M.J., Sagdullaev, B.T., Woch, G., Thomas, B.B., and Aramant, R.B. 
(2005). Transsynaptic virus tracing from host brain to subretinal 
transplants. Eur. J. Neurosci. 21, 161-172. 

 236.  Sekharan, S., Weingart, O., and Buss, V. (2006). Ground and excited states of 
retinal schiff base chromophores by multiconfigurational perturbation 
theory. Biophys. J. 91, L07-L09. 

 237.  Sernagor, E. (2005). Retinal development: second sight comes first. Curr. Biol. 
15, R556-R559. 

 238.  Sethi, C.S., Lewis, G.P., Fisher, S.K., Leitner, W.P., Mann, D.L., Luthert, P.J., 
and Charteris, D.G. (2005). Glial remodeling and neural plasticity in 
human retinal detachment with proliferative vitreoretinopathy. Invest 
Ophthalmol. Vis. Sci. 46, 329-342. 

 239.  Sheedlo, H.J., Jaynes, D., Bolan, A.L., and Turner, J.E. (1995). Mullerian glia in 
dystrophic rodent retinas: an immunocytochemical analysis. Brain Res. 
Dev. Brain Res. 85, 171-180. 

 240.  Shen, J.K., Dong, A., Hackett, S.F., Bell, W.R., Green, W.R., and Campochiaro, 
P.A. (2007). Oxidative damage in age-related macular degeneration. 
Histol. Histopathol. 22, 1301-1308. 

 241.  Shintani, K., Shechtman, D.L., and Gurwood, A.S. (2009). Review and update: 
current treatment trends for patients with retinitis pigmentosa. 
Optometry. 80, 384-401. 

 242.  Singh, M.S., and Maclaren, R.E. (2011). Stem cells as a therapeutic tool for the 
blind: biology and future prospects. Proc. Biol. Sci. 278, 3009-3016. 

 243.  Singhal, S., Lawrence, J.M., Bhatia, B., Ellis, J.S., Kwan, A.S., Macneil, A., 
Luthert, P.J., Fawcett, J.W., Perez, M.T., Khaw, P.T., and Limb, G.A. 
(2008). Chondroitin sulfate proteoglycans and microglia prevent 
migration and integration of grafted Muller stem cells into degenerating 
retina. Stem Cells 26, 1074-1082. 

 244.  Smith, R.G., Freed, M.A., and Sterling, P. (1986). Microcircuitry of the dark-
adapted cat retina: functional architecture of the rod-cone network. J. 
Neurosci. 6, 3505-3517. 

 245.  Smith-Thomas, L.C., Fok-Seang, J., Stevens, J., Du, J.S., Muir, E., Faissner, 
A., Geller, H.M., Rogers, J.H., and Fawcett, J.W. (1994). An inhibitor of 



339 
 

neurite outgrowth produced by astrocytes. J. Cell Sci. 107 ( Pt 6), 1687-
1695. 

 246.  Sohocki, M.M., Daiger, S.P., Bowne, S.J., Rodriquez, J.A., Northrup, H., 
Heckenlively, J.R., Birch, D.G., Mintz-Hittner, H., Ruiz, R.S., Lewis, 
R.A., Saperstein, D.A., and Sullivan, L.S. (2001). Prevalence of 
mutations causing retinitis pigmentosa and other inherited retinopathies. 
Hum. Mutat. 17, 42-51. 

 247.  Sourisseau, T., Georgiadis, A., Tsapara, A., Ali, R.R., Pestell, R., Matter, K., 
and Balda, M.S. (2006). Regulation of PCNA and cyclin D1 expression 
and epithelial morphogenesis by the ZO-1-regulated transcription factor 
ZONAB/DbpA. Mol. Cell Biol. 26, 2387-2398. 

 248.  Stacy, R.C., Demas, J., Burgess, R.W., Sanes, J.R., and Wong, R.O. (2005). 
Disruption and recovery of patterned retinal activity in the absence of 
acetylcholine. J. Neurosci. 25, 9347-9357. 

 249.  Stadtfeld, M., Apostolou, E., Akutsu, H., Fukuda, A., Follett, P., Natesan, S., 
Kono, T., Shioda, T., and Hochedlinger, K. (2010). Aberrant silencing of 
imprinted genes on chromosome 12qF1 in mouse induced pluripotent 
stem cells. Nature 465, 175-181. 

 250.  Stockman, A., Smithson, H.E., Michaelides, M., Moore, A.T., Webster, A.R., 
and Sharpe, L.T. (2007). Residual cone vision without alpha-transducin. 
J. Vis. 7, 8. 

 251.  Stockman, A., Smithson, H.E., Webster, A.R., Holder, G.E., Rana, N.A., 
Ripamonti, C., and Sharpe, L.T. (2008). The loss of the PDE6 
deactivating enzyme, RGS9, results in precocious light adaptation at low 
light levels. J. Vis. 8, 10. 

 252.  Stone, J., Maslim, J., Valter-Kocsi, K., Mervin, K., Bowers, F., Chu, Y., Barnett, 
N., Provis, J., Lewis, G., Fisher, S.K., Bisti, S., Gargini, C., Cervetto, L., 
Merin, S., and Peer, J. (1999). Mechanisms of photoreceptor death and 
survival in mammalian retina. Prog. Retin. Eye Res. 18, 689-735. 

 253.  Sunness, J.S. (1999). The natural history of geographic atrophy, the advanced 
atrophic form of age-related macular degeneration. Mol. Vis. 5, 25. 

 254.  Suzuki, T., Akimoto, M., Imai, H., Ueda, Y., Mandai, M., Yoshimura, N., 
Swaroop, A., and Takahashi, M. (2007). Chondroitinase ABC treatment 
enhances synaptogenesis between transplant and host neurons in 
model of retinal degeneration. Cell Transplant. 16, 493-503. 

 255.  Suzuki, T., Mandai, M., Akimoto, M., Yoshimura, N., and Takahashi, M. (2006). 
The simultaneous treatment of MMP-2 stimulants in retinal 
transplantation enhances grafted cell migration into the host retina. 
Stem Cells 24, 2406-2411. 

 256.  Swain, P.K., Hicks, D., Mears, A.J., Apel, I.J., Smith, J.E., John, S.K., 
Hendrickson, A., Milam, A.H., and Swaroop, A. (2001). Multiple 
phosphorylated isoforms of NRL are expressed in rod photoreceptors. J. 
Biol. Chem. 276, 36824-36830. 



340 
 

 257.  Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., 
and Yamanaka, S. (2007). Induction of pluripotent stem cells from adult 
human fibroblasts by defined factors. Cell 131, 861-872. 

 258.  Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells 
from mouse embryonic and adult fibroblast cultures by defined factors. 
Cell 126, 663-676. 

 259.  Takahashi, M., Palmer, T.D., Takahashi, J., and Gage, F.H. (1998). 
Widespread integration and survival of adult-derived neural progenitor 
cells in the developing optic retina. Mol. Cell Neurosci. 12, 340-348. 

 260.  Tanihara, H., Inatani, M., Koga, T., Yano, T., and Kimura, A. (2002). 
Proteoglycans in the eye. Cornea 21, S62-S69. 

 261.  Tawara, A., Varner, H.H., and Hollyfield, J.G. (1988). Proteoglycans in the 
mouse interphotoreceptor matrix. I. Histochemical studies using 
cuprolinic blue. Exp. Eye Res. 46, 689-704. 

 262.  Taylor, C.J., Bolton, E.M., Pocock, S., Sharples, L.D., Pedersen, R.A., and 
Bradley, J.A. (2005). Banking on human embryonic stem cells: 
estimating the number of donor cell lines needed for HLA matching. 
Lancet 366, 2019-2025. 

 263.  Tezel, T.H., Bora, N.S., and Kaplan, H.J. (2004). Pathogenesis of age-related 
macular degeneration. Trends Mol. Med. 10, 417-420. 

 264.  Thomas, B.B., Seiler, M.J., Sadda, S.R., and Aramant, R.B. (2004a). Superior 
colliculus responses to light - preserved by transplantation in a slow 
degeneration rat model. Exp. Eye Res. 79, 29-39. 

 265.  Thomas, B.B., Seiler, M.J., Sadda, S.R., Coffey, P.J., and Aramant, R.B. 
(2004b). Optokinetic test to evaluate visual acuity of each eye 
independently. J. Neurosci. Methods 138, 7-13. 

 266.  Toda, K., Bush, R.A., Humphries, P., and Sieving, P.A. (1999). The 
electroretinogram of the rhodopsin knockout mouse. Vis. Neurosci. 16, 
391-398. 

 267.  tom, D.S., Altrock, W.D., Kessels, M.M., Qualmann, B., Regus, H., Brauner, D., 
Fejtova, A., Bracko, O., Gundelfinger, E.D., and Brandstatter, J.H. 
(2005). Molecular dissection of the photoreceptor ribbon synapse: 
physical interaction of Bassoon and RIBEYE is essential for the 
assembly of the ribbon complex. J. Cell Biol. 168, 825-836. 

 268.  Tomita, M., Lavik, E., Klassen, H., Zahir, T., Langer, R., and Young, M.J. 
(2005). Biodegradable polymer composite grafts promote the survival 
and differentiation of retinal progenitor cells. Stem Cells 23, 1579-1588. 

 269.  Travis, G.H., Brennan, M.B., Danielson, P.E., Kozak, C.A., and Sutcliffe, J.G. 
(1989). Identification of a photoreceptor-specific mRNA encoded by the 
gene responsible for retinal degeneration slow (rds). Nature 338, 70-73. 

 270.  Tropepe, V., Coles, B.L., Chiasson, B.J., Horsford, D.J., Elia, A.J., McInnes, 
R.R., and van der Kooy, D. (2000). Retinal stem cells in the adult 
mammalian eye. Science 287, 2032-2036. 



341 
 

 271.  Tschernutter, M., Schlichtenbrede, F.C., Howe, S., Balaggan, K.S., Munro, 
P.M., Bainbridge, J.W., Thrasher, A.J., Smith, A.J., and Ali, R.R. (2005). 
Long-term preservation of retinal function in the RCS rat model of 
retinitis pigmentosa following lentivirus-mediated gene therapy. Gene 
Ther. 12, 694-701. 

 272.  Tucker, B.A., Park, I.H., Qi, S.D., Klassen, H.J., Jiang, C., Yao, J., Redenti, S., 
Daley, G.Q., and Young, M.J. (2011). Transplantation of adult mouse 
iPS cell-derived photoreceptor precursors restores retinal structure and 
function in degenerative mice. PLoS. One. 6, e18992. 

 273.  Tucker, B.A., Redenti, S.M., Jiang, C., Swift, J.S., Klassen, H.J., Smith, M.E., 
Wnek, G.E., and Young, M.J. (2010). The use of progenitor 
cell/biodegradable MMP2-PLGA polymer constructs to enhance cellular 
integration and retinal repopulation. Biomaterials 31, 9-19. 

 274.  Turner, D.L., and Cepko, C.L. (1987). A common progenitor for neurons and 
glia persists in rat retina late in development. Nature 328, 131-136. 

 275.  Umino, Y., Solessio, E., and Barlow, R.B. (2008). Speed, spatial, and temporal 
tuning of rod and cone vision in mouse. J. Neurosci. 28, 189-198. 

 276.  Uteza, Y., Rouillot, J.S., Kobetz, A., Marchant, D., Pecqueur, S., Arnaud, E., 
Prats, H., Honiger, J., Dufier, J.L., Abitbol, M., and Neuner-Jehle, M. 
(1999). Intravitreous transplantation of encapsulated fibroblasts 
secreting the human fibroblast growth factor 2 delays photoreceptor cell 
degeneration in Royal College of Surgeons rats. Proc. Natl Acad. Sci. U. 
S. A 96, 3126-3131. 

 277.  Van Hoffelen, S.J., Young, M.J., Shatos, M.A., and Sakaguchi, D.S. (2003). 
Incorporation of murine brain progenitor cells into the developing 
mammalian retina. Invest Ophthalmol. Vis. Sci. 44, 426-434. 

 278.  van Rossum, A.G., Aartsen, W.M., Meuleman, J., Klooster, J., Malysheva, A., 
Versteeg, I., Arsanto, J.P., Le, B.A., and Wijnholds, J. (2006). 
Pals1/Mpp5 is required for correct localization of Crb1 at the subapical 
region in polarized Muller glia cells. Hum. Mol. Genet. 15, 2659-2672. 

 279.  Verardo, M.R., Lewis, G.P., Takeda, M., Linberg, K.A., Byun, J., Luna, G., 
Wilhelmsson, U., Pekny, M., Chen, D.F., and Fisher, S.K. (2008). 
Abnormal reactivity of muller cells after retinal detachment in mice 
deficient in GFAP and vimentin. Invest Ophthalmol. Vis. Sci. 49, 3659-
3665. 

 280.  Vugler, A., Carr, A.J., Lawrence, J., Chen, L.L., Burrell, K., Wright, A., Lundh, 
P., Semo, M., Ahmado, A., Gias, C., da, C.L., Moore, H., Andrews, P., 
Walsh, J., and Coffey, P. (2008). Elucidating the phenomenon of HESC-
derived RPE: anatomy of cell genesis, expansion and retinal 
transplantation. Exp. Neurol. 214, 347-361. 

 281.  Vugler, A., Lawrence, J., Walsh, J., Carr, A., Gias, C., Semo, M., Ahmado, A., 
da, C.L., Andrews, P., and Coffey, P. (2007). Embryonic stem cells and 
retinal repair. Mech. Dev. 124, 807-829. 

 282.  Wang, Y., Smith, S.B., Ogilvie, J.M., McCool, D.J., and Sarthy, V. (2002). 
Ciliary neurotrophic factor induces glial fibrillary acidic protein in retinal 



342 
 

Muller cells through the JAK/STAT signal transduction pathway. Curr. 
Eye Res. 24, 305-312. 

 283.  Watanabe, T., and Raff, M.C. (1990). Rod photoreceptor development in vitro: 
intrinsic properties of proliferating neuroepithelial cells change as 
development proceeds in the rat retina. Neuron 4, 461-467. 

 284.  West, E.L., Gonzalez-Cordero, A., Hippert, C., Osakada, F., Martinez-Barbera, 
J.P., Pearson, R.A., Sowden, J.C., Takahashi, M., and Ali, R.R. (2012a). 
Defining the integration capacity of embryonic stem cell-derived 
photoreceptor precursors. Stem Cells 30, 1424-1435. 

 285.  West, E.L., Pearson, R.A., Barker, S.E., Luhmann, U.F., Maclaren, R.E., 
Barber, A.C., Duran, Y., Smith, A.J., Sowden, J.C., and Ali, R.R. (2010). 
Long Term Survival of Photoreceptors Transplanted into the Adult 
Murine Neural Retina Requires Immune Modulation. Stem Cells. 

 286.  West, E.L., Pearson, R.A., Duran, Y., Gonzalez-Cordero, A., Maclaren, R.E., 
Smith, A.J., Sowden, J.C., and Ali, R.R. (2012b). Manipulation of the 
recipient retinal environment by ectopic expression of neurotrophic 
growth factors can improve transplanted photoreceptor integration and 
survival. Cell Transplant. 

 287.  West, E.L., Pearson, R.A., Maclaren, R.E., Sowden, J.C., and Ali, R.R. (2009). 
Cell transplantation strategies for retinal repair. Prog. Brain Res. 175, 3-
21. 

 288.  West, E.L., Pearson, R.A., Tschernutter, M., Sowden, J.C., Maclaren, R.E., and 
Ali, R.R. (2008). Pharmacological disruption of the outer limiting 
membrane leads to increased retinal integration of transplanted 
photoreceptor precursors. Exp. Eye Res. 86, 601-611. 

 289.  Wetts, R., and Fraser, S.E. (1988). Multipotent precursors can give rise to all 
major cell types of the frog retina. Science 239, 1142-1145. 

 290.  Weymouth, A.E., and Vingrys, A.J. (2008). Rodent electroretinography: 
methods for extraction and interpretation of rod and cone responses. 
Prog. Retin. Eye Res. 27, 1-44. 

 291.  Wong, A.A., and Brown, R.E. (2007). Age-related changes in visual acuity, 
learning and memory in C57BL/6J and DBA/2J mice. Neurobiol. Aging 
28, 1577-1593. 

 292.  Yao, J., Feathers, K., Khanna, H., Thompson, D., Tsilfidis, C., Hauswirth, W.W., 
Heckenlively, J.R., Swaroop, A., and Zacks, D.N. (2010). XIAP Therapy 
Increases Survival of Transplanted Rod Precursors in a Degenerating 
Host Retina. Invest Ophthalmol. Vis. Sci. 

 293.  Young, M.J., Ray, J., Whiteley, S.J., Klassen, H., and Gage, F.H. (2000). 
Neuronal differentiation and morphological integration of hippocampal 
progenitor cells transplanted to the retina of immature and mature 
dystrophic rats. Mol. Cell Neurosci. 16, 197-205. 

 294.  Young, R.W. (1985). Cell proliferation during postnatal development of the 
retina in the mouse. Brain Res. 353, 229-239. 



343 
 

 295.  Zhang, Y., Caffe, A.R., Azadi, S., van, V.T., Ehinger, B., and Perez, M.T. 
(2003). Neuronal integration in an abutting-retinas culture system. Invest 
Ophthalmol. Vis. Sci. 44, 4936-4946. 

 296.  Zhang, Y., Kardaszewska, A.K., van, V.T., Rauch, U., and Perez, M.T. (2004). 
Integration between abutting retinas: role of glial structures and 
associated molecules at the interface. Invest Ophthalmol. Vis. Sci. 45, 
4440-4449. 

 297.  Zhang, Y., Klassen, H.J., Tucker, B.A., Perez, M.T., and Young, M.J. (2007). 
CNS progenitor cells promote a permissive environment for neurite 
outgrowth via a matrix metalloproteinase-2-dependent mechanism. J. 
Neurosci. 27, 4499-4506. 

 298.  Zrenner, E., Bartz-Schmidt, K.U., Benav, H., Besch, D., Bruckmann, A., Gabel, 
V.P., Gekeler, F., Greppmaier, U., Harscher, A., Kibbel, S., Koch, J., 
Kusnyerik, A., Peters, T., Stingl, K., Sachs, H., Stett, A., Szurman, P., 
Wilhelm, B., and Wilke, R. (2011). Subretinal electronic chips allow blind 
patients to read letters and combine them to words. Proc. Biol. Sci. 278, 
1489-1497. 

 
 

Pugh, E. N., Jr., & Lamb, T. D. (2000). Phototransduction in vertebrate rods and cones: 

molecular mechanisms of amplification, recovery and light adaptation. In D. G. 

Stavenga, W. J. de Grip & E. N. Pugh (Eds.), Handbook of biological physics, Vol. 3, 

Molecular mechanisms of visual transduction (pp. 183-255). Amsterdam: Elsevier. 

 

Ireland, L.C. (1979). Optokinetic behaviours of the hatchling green turtle, (Chelonia 

Mydas), soon after leaving the nest. Herpetologica 35(4): 365-370 


