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Abstract 

The Royal College of Surgeons (RCS) rat was used as a model of human retinal 

degenerative disease, and for studying the efficacy of cell transplantation treatments. In 

order to characterize the spatial vision of the RCS strain, the visual acuity and contrast 

sensitivity of adult non-dystrophic RCS rats was measured. The acuity and contrast 

sensitivity of these rats was normal. The acuity of dystrophic RCS rats was also 

characterized to determine how photoreceptor degeneration affects vision. These rats 

progressively lost visual acuity from one month of age until eleven months of age when 

they were judged to be blind. The degeneration of vision in these animals was more 

protracted than would be predicted from previous anatomical and electrophysiological 

measures. Subretinal transplantation of human-derived Retinal Pigment Epithelial (RPE) 

cells and human Schwann cells into the dystrophic RCS rat significantly delayed the loss 

of visual acuity. These studies show that cell transplantation may be a viable method of 

limiting loss of vision in humans with retinal degenerative blinding diseases. 
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Chapter 1-Introduction 

Millions of people around the world suffer varying degrees of vision loss due to 

diseases that irreversibly degenerate components of the visual system. In particular, 

degenerative diseases such as Age-related Macular Degeneration (AMD) and Retinitis 

Pigmentosa (RP) affect the retina, the delicate layer of tissue that lines the back of the 

eye. These two retinal degenerative diseases are thought to be the leading direct causes 

of blindness in North America; AMD typically affects elderly people with approximately 

one-third of humans over the age of 75 being afflicted with the disease (Sommer et al, 

1991; Klein et al, 1992; Mitchell et al, 1995); while RP affects approximately 1 in 3500 

people (Bundy and Crews, 1984; Bunker et al, 1984; Kaplan et al, 1990). 

1.1 Age-related Macular Degeneration 

There are two forms of AMD: wet AMD and dry AMD. The wet form of AMD 

constitutes only 10% of the total cases of AMD, but it also causes the most significant 

amount of damage to the retina in the shortest amount of time (Ferris et al., 1984; Mohan 

et al, 2003). Leaky, newly growing blood vessels grow through a weak Bruch's 

membrane, the membrane dividing the choroid and the Retinal Pigment Epithelial (RPE) 

cell layer (Simpson, 1986). The RPE cell layer is responsible for providing nutrition and 

structural support to the photoreceptors, the light sensitive cells in the retina. The leaky 

vessels also disrupt the RPE cell layer and eventually cause a detachment of the macula, 

the area of the retina with the highest concentration of cone photoreceptors which is also 

responsible for central vision. This retinal detachment causes the photoreceptors, 

particularly within the macula, to become malnourished and eventually die (Alder et al, 

1999). Along with the death of photoreceptors, there is scar tissue formation from the 
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leaky blood vessels and a fluid layer develops that impedes the exchange of oxygen and 

nutrients (Alder et al, 1999), introducing more factors that impede normal vision. 

The dry form of AMD comprises the remaining 90% of cases. Clinically, dry 

AMD is characterized by the loss of vision, the lack of obvious vascular abnormalities, 

and the accumulation of drusen (Sunness et al, 1989; Bird et al, 1995; Eisner et al, 

1992; Curcio and Millican, 1999). Drusen deposits appear as small yellow spots within 

the macula and are typically found between the RPE cell layer and Bruch's membrane 

(Figure 1). These deposits are thought to be formed by the waste products of 

photoreceptors and RPE cells and contain complex lipids (Haimovici et al, 2001), 

calcium (Ulshafer et al, 1990), and amyloid-beta (Dentchev et al, 2003) which is the 

major constituent of Alzheimer's plaques. The accumulation of drusen progresses with 

age (Klein et al, 2002), and it is thought that eventually the drusen or its constituents 

interfere with the function of RPE cells and other retinal cells (Sarks et al, 1982; Johnson 

et al, 2003). The progressive loss of RPE function likely causes a progressive loss of 

photoreceptors and subsequent loss of central vision (Johnson et al, 2003; Curcio et al, 

1996). The severity of dry AMD varies with the most severe form eventually developing 

into wet AMD. Both the wet and dry forms of AMD result in a dramatic loss of central 

vision and eventually legal blindness, which is characterized by a visual acuity of less 

than 20/200. 

According to Suner and colleagues (2004), nicotine from cigarette smoking is a 

very strong environmental risk factor for developing wet AMD. Experimentally, nicotine 

has been found to increase the size and severity of vascularization of the choroid (Suner 

et al,. 2004). In addition, there may also be a hereditary component of AMD (Yates and 
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Moore, 2000; Allikmets et al, 1999; Gorin et al, 1999) and according to a recent review, 

(Klaver et al, 2003) there have been a number of genes that have been implicated in 

having an association with the development of AMD, although no specific genetic causes 

of the disease have been identified. 

1.2 Retinitis Pigmentosa 

Retinitis Pigmentosa (RP) is the name given to a category of genetic eye diseases 

that cause gradual deterioration of the retina (Rivolta et al, 2002). The name itself refers 

to pigment changes in the retina which are usually due to the movement of Retinal 

Pigment Epithelial (RPE) cells. In all cases of RP, a distinguishing feature used for 

diagnosis is the drastic discoloration of the retina due to the movement of pigmented RPE 

cells (Gartner and Henkind, 1982; Kalloniatis and Fletcher, 2004) (Figure 1). In most 

cases of RP, a defect causes the death of photoreceptor cells which is followed by the 

detachment of RPE cells from Bruch's membrane and their migration into the inner retina 

where they accumulate around the thin-walled blood vessels (Milam et al, 1998). 

RPE cells and photoreceptors form a functional unit responsible for the 

conversion of light to electrical signals which are sent from the retina to the visual cortex 

(Figure 2). RPE cells and photoreceptors also have a trophic relationship in which the 

RPE cells provide nutrients as well as physical support to the photoreceptors (Kalloniatis 

and Fletcher, 2004). Destabilization of this relationship because of a mutation or change 

in the surrounding environment, often results in a loss of photoreceptors and a 

progressive loss of vision. One mutation, which affects the MERTK gene in the RPE 

cells, renders the RPE cells unable to phagocytose photoreceptor outer-segments at a 

normal rate (Edwards and Szamier, 1977; Gal et al, 2000). 
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RP is usually associated with changes in the retinal pigment epithelium (RPE) 

which may be primary or secondary to photoreceptor loss (Gu et al, 1997; Marlhens et 

al, 1997; Maw et al, 1997; Petrukhin et al, 1998). Either photoreceptor type (rods or 

cones) may be predominantly affected with the RPE being affected either centrally or 

peripherally. Given the number and distribution of rods and cones in the retina, 

prognostic information about the patient's vision loss depends on whether the process is 

primarily a rod-cone dystrophy, where the rods are affected before cones; or a cone-rod 

dystrophy, where the cones are affected before rods. The highest concentration of cone 

photoreceptors is found in the fovea, an area of the retina within the macula. These areas 

of the retina are responsible for the high visual acuity of humans. The peripheral retina 

contains both rod and cone photoreceptors, however, rods out number cones 

approximately 20 to 1. Most cases of RP are primary photoreceptor defects causing a 

rod-cone dystrophy in which the rods are affected first. Patients with the rod-cone form 

of RP are presented with tunnel vision and night vision problems which progresses to a 

loss of all peripheral vision. Other cases consist of cone-rod or pure-cone dystrophies in 

which the cones are affected either first or only. Patients with this form of RP are 

presented with visual acuity loss, color discrimination loss, and eventually a complete 

loss of central vision. 

1.3 Current treatments for AMD andRP 

There are many treatments that are directed toward limiting the progression of 

retinal degenerative disease. One of these techniques is the administration of growth 

factors directly. A number of growth factors including bFGF, CNTF, and GDNF have 

been identified to be of benefit to cells in the retina (Carwile et al, 1998). Some of these 
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growth factors have been used in attempts to prevent photoreceptor loss in animal models 

which will be discussed later. To achieve photoreceptor rescue, these factors have to be 

injected into either the vitreous or the subretinal space, however, this treatment method 

may require multiple injections for long term maintenance because some growth factors 

only remain in the vitreous for up to 24 hours. As well, the appropriate dosage levels and 

frequency of dosages are unknown at this point. 

The second method is the delivery of growth factors by gene therapy. Gene 

therapy using adenovirus vectors expressing appropriate wild-type enzymes may be an 

effective method to slow photoreceptor loss. Gene therapy with an adenovirus carrying 

bFGF has been shown to promote photoreceptor survival in Royal College of Surgeons 

rats for up to fifty-six days when compared with controls (Akimoto et al, 1999). 

Unfortunately, there have been a few safety concerns with infecting human patients with 

a virus, and recently there have been a few deaths cautioning the use of this method 

(Lehrman 1999; Marshall, 1999). In 2001, Rasmussen and colleagues completed the 

first clinical trial of gene therapy for human AMD, however, this was primarily a safety 

study directed towards tolerance, feasibility, and dose and not designed for prevention of 

the disease. Supposing safe and long-term beneficial effects of AAV gene therapy, 

candidate genes for transfection might be MERTK (Smith et al, 2003), CNTF (Liang et 

al, 2001) and GDNF (McGee Sanftner et a l , 2001). 

Thirdly, dietary and drug treatments may be useful in several forms of retinal 

dystrophy. In 2001, the National Eye Institute reported (AREDS report; AREDSRG, 

2001) that a high-dose combination nutritional supplement with vitamin C, vitamin E, 

beta-carotene, and zinc could reduce the risk of advanced AMD by about 25%. Seddon 
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and colleagues (1994) examined the relationship between dietary intake of vitamins A, C, 

and E and AMD, and found no significant effects of Vitamin A or E in relation to 

developing wet AMD, although there was some evidence that a higher intake of Vitamin 

C may marginally reduce the risk of developing the disease. In addition, Seddon and 

colleagues (2003) showed that a diet with a high fat intake increases the risk of 

developing advanced AMD, although consumption of fish and nuts appears to decrease 

this risk. As well, consumption of dark green leafy vegetables, which contain 

antioxidants, may decrease the risk of developing wet AMD (Seddon et ah, 1994; Smith, 

1999). Another study (Berson et al, 1993) suggested a high dose vitamin A treatment for 

patients with RP; however, there are some safety concerns with this treatment (Sibulesky 

et al., 1999). Although there seems to be a beneficial effect of high levels of vitamin 

intake, in the last few years there has been significant concern with the validity and safety 

with which the AREDS study was carried out (Seigel, 2002; Gaynes, 2003) suggesting 

caution when employing these strategies. 

Fourthly, laser treatment can be used to coagulate leaky blood vessels in the 

retina, and has been used with limited success. There are two forms of the laser 

treatment: hot and cold. The hot treatment technique is used to cauterize abnormally 

growing blood vessels in the retina, but in the process can produce irreversible scar tissue 

formation leaving the patient with a damaged retina and corresponding visual loss. 

Because of the damage caused to the retina, this technique is only performed in the 

peripheral retina and the macula, but preferably not in the fovea. The laser treatment is 

intended to prevent blood vessels from growing into the macula, and especially the fovea, 

in an attempt to prevent the loss of central vision. It is not uncommon, however, that the 
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blood vessels will re-grow, or that the treatment may not be successful in its first attempt, 

and therefore treatment may need to be repeated numerous times (Miller et al, 1999; 

Bressler et al, 2001; Schmidt-Erfurth et al, 1999). 

The cold laser treatment involves injecting a light-sensitive chemical (Visudyne, 

www.qlt-pdt.com) that generates oxygen radicals when excited by a particular 

wavelength of laser light (689 nm) in the presence of oxygen (Yang, 2004). This laser 

treatment has been shown to not only reduce neovascularization of the retina but also to 

improve visual function (Miller et al, 1999; Bressler et al, 1999; Yang, 2004). This 

treatment results in local damage to neovascular endothelium, resulting in vascular 

occlusion. Visudyne appears to accumulate in neovasculature, including choroidal 

neovasculature (van den Bergh et al, 2004), and therefore there may be damage to retinal 

structures including the retinal pigmented epithelium and outer nuclear layer of the retina 

following photoactivation. Both laser treatments are for wet AMD and although they 

delay the progression of the disease, this treatment is only beneficial in 10% of the total 

cases of AMD, and is only successful approximately in half of those treated (Bressler et 

al, 1999). Even with successful treatment, it can take up to two years and is not 

guaranteed to eliminate blood vessel formation. 

Another method of preventing the progression of the disease is by way of cell 

transplantation. Animal studies have shown that cell transplantation into the subretinal 

space before significant photoreceptor loss can limit the progress of the disease any many 

of these will be discussed throughout the thesis. The results of cell transplantation 

studies in humans have not been promising (Algvere et al, 1999; Kaplan et al, 1997), 

raising a number of concerns when considering this treatment technique for clinical 
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application. First the dystrophy needs to be identified early enough for the treatment to 

have a chance at success. Ophthalmologists suggest annual eye and vision exams 

allowing any visual dysfunction to be detected at a very early stage. If this 

recommendation was followed and the dystrophy was identified early, cell 

transplantation might be able to limit the loss of photoreceptors and consequently vision 

for a significant period of time. Secondly, the donor cells and the surgery technique itself 

must be safe and not put the patient at risk. Animal studies have shown that subretinal 

transplantation is a relatively safe, quick, and effective procedure for delivering donor 

cells without injuring the retina. Donor cells must be non-tumorogenic and must not 

activate the host immune system. Although there have been reports of immune system 

rejection of cells, there are a number of methods of circumventing the immune reaction 

which include immune suppression or maybe transplantation of syngeneic cells (e.g. cells 

harvested from a patient and transplanted back into that patient). Thirdly, the treatment 

must replace the lost function for a significant period of time. Currently, the results of 

cell transplantation in humans have not been encouraging most likely due to late 

intervention, at a stage of severe photoreceptor degeneration. Early cell transplantation in 

animal models has been shown to be of benefit for extended periods of time; however, 

late transplantation in animal models has not studied and is the focus of future studies. 

A different approach to treat retinal degenerative disease is reversal of the disease. 

One method used in this approach is the transplantation of retinal sheets into the 

degenerating retina in an attempt to replace the lost cells. The retinal sheets are required 

to be easily accessible, tissue-matched, disease free, and of appropriate age. Retinal sheet 

transplantation has been shown to be of benefit to threshold sensitivity tests when 
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transplanted into rd mice (Kwan et al, 1999); however, attempts at retinal sheet 

transplantation into the human eye have provided no evidence of functional improvement 

(Kaplan et al, 1997; Das et al, 1999). 

Microelectrode prosthesis is another method of attempting to reverse retinal 

degenerative disease. Microelectrode prostheses are implanted microphoto-diodes that 

carry visual signals to the inner retina. This treatment has been studied in various model 

systems where the transplants were placed either subretinally (Peyman et al, 1998) or 

adjacent to the vitreal surface (Eckmiller, 1997). These transplants were successful and 

were found to conduct electrical signals in response to light. The subretinal transplants 

were expected to stimulate bipolar cells and the vitreal surface transplants were expected 

to stimulate ganglion cells. However, much work needs to be done to ensure that 

appropriate visual signals are presented to the retinal cells. It also remains to be seen 

how the CNS interprets these signals. At present, the best that might be expected from 

these endeavors may be a crude image, which would be a drastic improvement in the 

visual function of patients with severe central vision loss. 

With the growth and development of new technology, it is now possible to image 

photoreceptors at high-resolution, non-invasively, in living humans (Liang et al, 1997). 

This technological advance (adaptive optics) has given insight into the function of 

photoreceptors in real time, however, implementing technology such as this for 

evaluating treatments or for diagnosing retinal disease is not possible, yet. In the future, 

this technology may provide a beneficial tool in diagnosing retinal diseases, and answers 

to many of the current research questions regarding retinal degenerative disease and 

possible treatments or cures. 
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In summary, there are currently few effective treatments available for AMD and 

RP, and the only useful treatments apply to a small proportion of the patients with AMD. 

In addition, the treatments that are available are inadequate in their capacity to stop 

retinal degeneration. Clearly, a new effective treatment for these diseases is needed. 

10 



Chapter 2-Characterization of spatial vision in a rat model of human retinal 

degenerative disease 

2.1 Use of Animal models 

Although the symptoms and some of the genetic causes of retinal degeneration in 

RP are known, there is very little known about the mechanisms of retinal degeneration 

itself. For example, in patients with AMD it is not known what causes the disease or why 

the photoreceptors begin to deteriorate, although once degeneration begins, the 

consequences have been well characterized. In RP, although the genetic mutations in 

many cases have been identified, the specific causes of RPE and photoreceptor 

dysfunction are largely unknown. It is, therefore, vitally important to understand the 

fundamentals of how retinal degeneration affects spatial vision before appropriate 

treatments for such diseases can be developed. 

In order to develop new treatments for AMD and RP, an appropriate animal 

model system must be used to identify the causes and consequences of retinal 

degeneration. More specifically: the cellular functions or dysfunctions, the effects 

imparted on different systems such as the retina and the cortex, and most importantly, the 

functional consequences of retinal degeneration on spatial vision. Because spatial vision 

is the tool used to classify these diseases, diagnose patients, and assess the efficacy of 

treatment, it is vital that the effects of retinal degeneration and therapeutic interventions 

on spatial vision be explored. 

There are a number of important considerations in determining an appropriate 

animal model. First, it is important to use a model in which the gene mutation 

responsible for retinal degeneration has been identified. The identification of the 
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mutation allows for further investigation into the cell biology and gene expression. As 

well, once the gene is identified in animals with retinal degenerative disease, humans can 

be screened for the gene. Second, the model must show progressive retinal degeneration. 

By studying the pathology of the mutation on retinal morphology in an animal with a 

lifetime shorter than a human, researchers should be able to characterize the fundamental 

mechanisms of cell death and degeneration more quickly. Third, the animal model must 

be available for the visual capabilities to be tested quickly, efficiently, and repeatedly 

over the course of the retinal degeneration. Previous studies of visual capacities have 

used electroretinograms or other electrophysiological measurements in various parts of 

the visual system to determine how retinal cells respond to various visual stimuli. 

Researchers have also been able to study retinal receptive fields, cortical receptive fields, 

and other visual functions such as contrast detection and square wave grating detection. 

Although much has been learnt from these studies, none of the methods used have 

provided quantitative measures of spatial vision. Fourthly, the animal model must also 

be available for testing treatment regimens for efficacy and for safety which usually 

requires numerous trials. Because treatments for human retinal degenerative disease are 

the goal of these studies, treatments effective in preventing the loss of vision and retinal 

cells will inevitably be used in multiple models of retinal degenerative disease before 

moving to clinical trials. Finally, similarity to common forms of human retinal 

degenerative disease is an important criterion. AMD is caused by a subretinal dysfunction 

that causes the eventual secondary death of photoreceptors and corresponding loss of 

vision. Although most forms of RP are caused from a primary photoreceptor defect, 

some forms are caused from RPE cell dysfunction causing a secondary loss of 
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photoreceptors. Therefore some animal models may be homologous to some forms of 

retinal degenerative disease while being analogous to others at the same time. 

2.2 Candidates 

Fortunately for researchers, there are a number of animal models available for 

studying retinal degenerative diseases (see recent review Chader, 2002), and many of the 

genes found to be mutated in animals have been found to be similarly abnormal in 

humans with retinal degenerative disease. Although many of the models discussed here 

do not have direct correlates identified in humans, the pathology of these deficiencies is 

often very similar. Some models of retinal degeneration are: a rhesus monkey with cone-

rod photoreceptor defect (Imaki et al, 1987), the Briard dog with an RPE 65 gene defect 

(Veske et al, 1998), a transgenic pig model with a rhodopsin mutation (Li et al, 1998), 

and the Abyssinian cat with a rod-cone photoreceptor defect (Narfstrom and Nilsson, 

1987). There are also many rodent models including the rd mouse (Sidman and Green, 

1965) and the RCS rat (Bourne et al, 1938; Dowling and Sidman, 1962). 

Non-human primates might provide a good model of the human visual system 

because they have visual systems similar to humans, relatively high visual acuity, can be 

trained on tests of vision similar to those used in humans, and have large eyes which 

would make surgery techniques less complicated. There is a primate model using the 

rhesus monkey that has shown evidence of drusen build-up similar to dry AMD in 

humans (Engel et al, 1998; Ulshafer et al, 1987). There is also a laser induced primate 

model (Husein et al, 1999; Miller et al, 1986; Virdi et al, 1982), however, training is 

very time-consuming which effectively limits the number of animals used in a study, and 

they are not the best animal in which to understand the fundamentals due to their 
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complicated visual systems. Primates are also high cost, low availability, and there are 

serious moral, ethical, and political issues involved when using them as subjects. 

Pigs might make a good model for studying retinal degenerative disease because 

the pig retina is very similar to the human retina, containing a large number of both rod 

and cone photoreceptors (Li et al, 1998). In addition, the pig eye is well suited for 

experimental, surgical and/or therapeutic treatments. There has also been transgenic 

model of RP developed (Li et al., 1998), in which, like RP patients with the same 

mutation, there is early and severe rod loss with the surviving cones slowly degenerating. 

However, there are limited pig models of retinal degeneration, breeding pigs is labor 

intensive, and behavior measurements of visual system capabilities are difficult to obtain. 

Dogs are a good model system because they have relatively good vision and large 

eyes making surgery techniques less troublesome. There are a number of natural 

mutations which cause retinal degeneration in dogs which result in abnormalities ranging 

from photoreceptor defects to RPE cell defects (Chader et al., 2002). Dogs are easily 

trainable; however there are currently no tasks available for behaviourally measuring the 

visual capabilities of dogs. Also, canine vision is dichromatic unlike the trichromatic 

vision of humans. In addition, the major disadvantage of using dogs is that the time 

course of known forms of retinal degeneration in canines is 12-15 years, far too long for 

characterizing the fundamentals of treatments for retinal degeneration. 

Cats also make a good model for studying retinal degeneration because felines 

have relatively large eyes and the visual system in felines has been studied quite 

extensively. It is also possible to measure behaviorally the visual capabilities of cats 

(Muir and Mitchell, 1975). Unfortunately, the Abyssinian cat is currently the only known 
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feline model of retinal degeneration and the genetic mutations responsible for retinal 

degeneration in the cat have not yet been characterized. In addition, the course of retinal 

degeneration in cats, although far more rapid than in dogs and primates, it is still too slow 

for rapidly characterizing the mechanisms of treatments for retinal degeneration. 

Mice have also been used in the research of retinal degenerative diseases. There 

are many different mouse models and the mutation responsible has been identified in 

many of them (Chader, 2002). Also, the mouse genome has been characterized allowing 

transgenic mice models with specific mutations to be generated on demand. Mice have 

also had a great deal of anatomical and cell biological studies performed on them, and the 

visual capabilities of mice have been characterized behaviorally. However, a significant 

disadvantage to the mouse model is that even though the visual capabilities have been 

characterized, mice have relatively poor vision (Prusky, West, et al, 2000a; Prusky et al., 

2003). This makes it difficult to discriminate between treatment and control groups in 

experimental studies. In addition mice have small eyes which can complicate eye surgery 

techniques. 

With the exception of mice, most of the previously discussed animal models of 

retinal degenerative disease have never had vision directly measured, but rather inferred 

by ERG, recordings of thresholds in the superior colliculus, or single unit responses in the 

cortex. Recently, however, rats have been used for a number of studies in which their 

visual capabilities have been characterized in a fashion similar to that used in humans 

(Prusky et al, 2000a; Prusky et al, 2000b; Prusky et al, 2000c; Prusky et al, 2002; 

McGill et al, 2004). Despite previous misconceptions, rats have a typical mammalian 

visual system with visual functions that are easily characterized using The Visual Water 
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Task (Figure 3) (Prusky et al, 2000a). Rats have small eyes compared to those of 

humans, but recent technological advances have allowed researchers to modify a 

subretinal transplantation procedure developed in rabbits (Lopez et al, 1987) for use in 

rats (Li et al, 1988a). Although the rat retina appears to lack a fovea or area centralis, it 

is very similar to human peripheral retina, which can provide quite detailed vision at 

close distances. The rat retina contains both rods and cones with most of the behavioral 

testing being done under photopic conditions in which rods are fully saturated. Previous 

work has also shown that rats are capable of making color discriminations (Jacobs et al, 

2001). 

The rat visual system evolved to specialize in low light and low resolution vision, 

however many of the psychophysical measurements that can be obtained in humans can 

also be quantified in rats. Furthermore, visual functions such as acuity and contrast 

sensitivity can be characterized in rats in a similar fashion as in humans. Normal 

laboratory rats have a visual acuity of approximately 1.0-1.2 cycles per degree (c/d) 

(Dean, 1981a; Prusky et al, 2000; McGill et al, 2004), and although this is far lower 

than the 30 c/d acuity of humans, it is a quantifiable measurement of vision. Rats also 

have a characteristic inverted "U" shaped contrast sensitivity function (Keller et al, 

2000; McGill et al, 2004) as found in humans, albeit the peak sensitivity is lower in rats 

than in humans. It has also been shown that rats can discriminate between gratings that 

differ in orientation by as little as 3 degrees (Bowden et al, 2002), and that motion 

coherence, thought to be an extra-striate property, can be measured in rats (Neve et al, 

2002). Even though the rat's visual capabilities are not specialized for a high degree of 
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central vision, they have a visual system that is fundamentally similar to that of humans 

with similar measurable visual functions that can be assessed behaviourally. 

There are many rat models (Chader, 2002) of retinal degenerative disease; 

however, the Royal College of Surgeons rat is of particular interest because the RCS rat 

has a recessive mutation in the Mertk gene expressed in the RPE cells (D'Cruz et al., 

2000). This mutation renders the RPE cells unable to perform their normal supportive 

role of phagocytosing photoreceptor outer-segments at a normal rate (Mullen and LaVail, 

1976; Edwards and Szamier, 1977) resulting in progressive photoreceptor death. This 

mutation is also the orthalogue to the mutation {MERTK) found in a proportion of human 

patients with RP (Gal et al, 2000), with both the rat and human forms following the same 

degenerative profile. Because vision and photoreceptor loss in AMD may be attributable 

in many cases to RPE cell dysfunction, the RCS rat serves as an indirect model when 

contemplating non-genetic interventions such as cell transplantation to alleviate the 

condition. 

The development of the Royal College of Surgeons rat model began in 1938, 

when Bourne and colleagues (1938) recognized a dystrophy in a pink-eyed tan hooded 

(PETH) rat. Dowling and Sidman (1962), cross-bred the PETH strain to develop both 

pigmented and pink-eyed rats both dubbed the Royal College of Surgeons (RCS) rat; the 

breeding pairs of which were originally housed at the Royal College of Surgeons in 

London. The strain has since been out-bred to produce a pigmented non-dystrophic line 

as well (Lavail et al, 1975; Lavail et al, 1981). 

Previous reports of anatomical changes in the retina of pigmented dystrophic RCS 

rats have shown that by three weeks of age, there is already significant disruption of the 
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outer segments (Lue et al, 1994; Sauve et al, 2001). By one month of age, this process 

is even more evident and in addition, the outer nuclear layer is beginning to thin. By 

three months of age, this layer has been reduced to a single layer of cell bodies with the 

debris zone occupying the former outer-segment area; by six months the inner nuclear 

layer is in direct contact with the RPE cell layer with very few photoreceptors surviving 

(Figure 4, adapted with permission from Sauve et al, 2002). Secondary changes in the 

inner retina, including the loss of retinal ganglion cells from whole quadrant segments of 

retina, as well as laminar disruption and changes in the inner plexiform layer have also 

been shown in animals more than 6 months old (Villegas-Perez et al, 1996; Marc et al, 

2003; Jones et al, 2003). 

2.3 Quantification of RCS rat spatial vision. 

Although many studies have characterized the effects of retinal degeneration on 

anatomical and physiological components of the visual system in the RCS rat, spatial 

vision has been poorly studied. Two previous studies have shown that there is 

deterioration in spatial vision from that of non-dystrophic pigmented animals, but neither 

examined the progress over time (Coffey et al, 2002; Hetherington et al, 2000). 

Furthermore, these researchers were using testing regimens in which the maximum 

performance was considerably below the visual thresholds of rodents (Dean, 1981). 

Recent work (Prusky et el, 2000) developed a new test, the Visual Water Task, in which 

it is possible to achieve high resolution performance in rodents with a limited training 

regimen, such that one can study changes in spatial vision over time from an early age, 

quantify the effects of treatments on performance, and identify small variance in 

performance among animals and groups. 
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Preceding experimental treatment studies in the RCS rat, it is important to 

establish the animal's background visual capabilities for a few reasons. First, 

characterization of the visual capabilities of the non-dystrophic RCS rat will provide a 

comparison to other commonly used laboratory rats, and in the process, evaluate the 

effects of strain differences on the visual system function in these animals. Secondly, it 

is important to identify the mutated Mertk gene as the specific cause of any visual 

dysfunction found in the dystrophic animals and not an inherent photoreceptor defect, 

implicating a possible mutation in the MERTK gene as responsible for retinal 

degeneration in humans. Thirdly, characterizing the visual dysfunction in the dystrophic 

RCS animals will determine how the retinal morphology and physiological measures of 

the retina relate to conscious spatial vision, as well as supplying the appropriate controls 

for examining the effects of experimental treatments on spatial vision. Here, the Visual 

Water Task was used first to examine the visual capabilities of non-dystrophic RCS rats, 

and second, determine how spatial vision deteriorates with time in dystrophic RCS 

animals. 

Methods 

Animals 

The animals were housed and handled with the authorization of the Canadian 

Council on Animals Care (CCAC) and supervision of the animal care committee at the 

University of Lethbridge. 

Four Long Evans hooded rats, six non-dystrophic RCS rats (rdy+, p+), and six 

dystrophic RCS rats (rdy', p + ) were used in this study. Long Evans rats were bred from 

stock originally obtained from Charles River and raised in the Canadian Centre for 
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Behavioural Neuroscience (CCBN) vivarium. RCS breeding pairs were obtained from the 

Lund laboratory at the University of Utah and their offspring were born and raised at the 

CCBN. Long-Evans rats and non-dystrophic RCS rats of both sexes were tested as adults, 

at 6-12 months of age. Dystrophic RCS rats of both sexes were tested monthly beginning 

at one month of age. For the duration of the experiment, all animals were housed in the 

same room with an ambient temperature of 21°C, 35% relative humidity, 12/12 light/dark 

cycle, where food and water were available ad libitum. The housing consisted of 

transparent Plexiglas cages (35cm L x 20cm W x 13cm H) hanging on a rack with other 

cages. 

Visual Water Task 

The Visual Water Task has been described in detail previously (Prusky et al., 

2000a, Prusky et al., 2000b, Prusky et al, 2000c, Prusky et al., 2002, McGill et al., 

2004). The apparatus consisted of a trapezoidal tank containing water, with two computer 

monitors facing through a clear glass wall into the wide end of the pool (Figure 3). Visual 

stimuli (sine wave gratings or uniform gray) were generated and projected on the screens 

using a computer program (Vista©; CerebralMechanics). On the screens, the black level 

was 0.05 cd/m 2 and the white level was 72.8 cd/m 2, as measured using a Minolta LS-110 

light meter positioned at the point where the animal makes a choice. This point was 

defined by a 46 cm long midline divider which extended into the pool from between the 

monitors, creating a Y-maze with a stem and two arms. A moveable, transparent 

Plexiglas escape platform (37cm L x 13cm W x 14 cm H) was always submerged directly 

below whichever monitor displayed the grating. A LRLLRLRR sequence, a pattern the 

animals could not memorize, was used for the location of the gratings. 

20 



Rats are instinctive swimmers and the Visual Water Task capitalizes on their 

natural inclination to escape from water to a solid substrate, the location of which was 

directly paired with a specific visual stimulus-in this case, a sine wave grating. The other 

arm of the maze had no platform, and the monitor displayed a uniform gray of the same 

mean luminance. Animals were released into the pool from the wall opposite the 

monitors, and the end of the divider within the pool set the choice point for the rats that 

was as close as they could get to the visual stimuli without entering one of the two arms. 

The length of the divider, therefore, set for the animals the effective spatial frequency of 

the visual stimuli. The animals usually stopped at the end of the barrier and inspected 

both screens before choosing a side. If the animals swam to the platform below the 

grating without entering the arm with the monitor showing a uniform gray, the trial was 

considered correct; if they swam into the arm of the maze that contained the gray 

stimulus, the trial was recorded as an error. Animals were first trained on the apparatus, 

with the simple task to discriminate between a low spatial frequency (~0.1 c/d), vertical 

sine wave grating (+ stimulus; 100% contrast), and uniform gray of the same mean 

luminance (36.2 cd/m 2 at the choice point). The animals were tested in groups of 5 or 6, 

with 15-20 interleaved trials each, with each session lasting 45-60 minutes. No more 

than two sessions, separated by at least one hour, were performed in a single day. All 

trials were run with the room lights off. Once animals achieved near-perfect performance 

(90% or better over at least 40 trials), they were judged to be trained in the procedure and 

ready for their visual acuity to be measured. A flexible method-of-limits procedure was 

used in which incremental changes in the spatial frequency of the sine wave grating were 

made until choice accuracy fell below 70%. Accuracy for a given frequency was 
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measured in blocks of ten trials when near threshold, and shorter blocks at the low spatial 

frequencies, thereby minimizing the number of trials far away from threshold. A 

preliminary grating threshold was established when animals failed to achieve 70% 

accuracy at a spatial frequency. In order to assess the validity of this estimate, the spatial 

frequency of the grating was reduced by 3-4 cycles, and the experimental procedures 

described above were repeated until a stable pattern of performance was established. The 

performance at each spatial frequency was averaged for each animal and a frequency-of-

seeing curve was constructed. The point at which the curve intersected 70% accuracy 

was recorded as the grating acuity. Dystrophic RCS rats were tested until the age at 

which they could not discriminate a black screen from a white screen (0.015 c/d), at 

which point they were judged to be blind. 

Contrast sensitivity was assessed using similar procedures, except that the 

minimal contrast required to differentiate between the screens at different spatial 

frequencies was measured. Contrast thresholds were measured after grating acuity was 

assessed, so that minimal re-training was required. Seven spatial frequencies were tested; 

0.059, 0.119, 0.208, 0.297, 0.505, 0.712, and 0.890 c/d. At each spatial frequency, trials 

were initiated at 100% contrast and the contrast was decreased systematically until 

performance fell below 70% accuracy. The contrast threshold was measured 

independently at least three times, after which final values were computed from 

frequency-of-seeing curves of the combined data. 

Statistical Analysis 

Student's r-test was used to compare acuities of the Long-Evans and non 

dystrophic RCS rats. Repeated measures analyses of variance (ANOVA) were used to 
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compare the contrast sensitivities of those groups and examine the acuity of the 

dystrophic RCS rats with time. The probability level at which the null hypothesis was 

rejected is represented by p; statistical significance was at p<0.05. 

Results 

Training 

All rats readily learned to associate swimming to the platform with escape from 

the water. About 100 trials were required for animals to reach 90% accuracy over 40 

trials and there were no obvious group differences in this ability. All animals learned 

serendipitously to grasp the end of the divider and inspect both screens before making 

their choice. 

Spatial vision of non dystrophic RCS and Long-Evans rats 

During the course of testing, both non-dystrophic RCS and Long-Evans rat strains 

performed the Visual Water Task with near perfect accuracy until the spatial frequency 

was increased to approximately 0.80 c/d. At around this point, both strains began to 

make errors in discriminating the stimuli, but still performed above 70% correct until 

about 1.0 c/d. The average grating acuity of the strains was slightly higher than 1.0 c/d, 

(Long-Evans=1.03 c/d (SE=0.004), c-RCS=1.01 c/d (SE=0.0009)) and did not differ 

statistically (t(s)= 0.050, P=0.963) (Figure 5). The acuities of the Long-Evans animals 

were comparable to what we and others have reported previously (Dean, 1981a; Prusky, 

2000). 

Contrast sensitivity functions of Long-Evans and non-dystrophic RCS rats 

revealed typical inverted "U"-shaped functions that did not differ significantly, one from 

the other (F(6A8)= 1.493, P=0.201)(Figure 6). Both strains had peak sensitivities at 0.208 
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c/d, and hypothetical intersections of the curves with spatial frequency at around 1.0 c/d. 

There was no evidence of strain-related differences in performance in the tests 

that might reflect different cognitive capabilities. 

Acuity of Dystrophic RCS rats with age 

The grating acuity of dystrophic RCS rats was tested each month over the course 

of eleven months. Mean acuities were determined from individual frequency-of-seeing 

curves (Figure 7). Acuity fell from 0.82 c/d at one month of age to 0.32 c/d by four 

months of age (Figure 8). The acuity deteriorated thereafter at a slower rate until the tenth 

month of age when the best animals could only distinguish a black screen from a white 

screen (one cycle displayed across the two screens, 1 cycle/60 o = 0.015 

c/d)(F (io,50)=73.749; p<0.000; All SEM<0.057). By the eleventh month, none of the 

animals were able to distinguish between a black and a white screen and all were thus 

considered blind. The competence of animals to perform the task did not appear to 

change as their vision deteriorated; each animal, regardless of its acuity, swam to the 

barrier (choice point) before making a choice. In addition, the behavior of dystrophic 

animals in the task was indistinguishable from that of non-dystrophic animals, except that 

their grating threshold declined progressively with age (Figure 7). However, it was 

evident at what stage the dystrophic animals were no longer able to discriminate between 

black and white screens because they no longer swam to the barrier to make their 

decision. Instead, each animal swam randomly to one side of the pool and followed the 

perimeter of the pool wall by using its vibrissae until reaching the platform. 

Summary 
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The results show that non-dystrophic RCS rats have acuity and contrast sensitivity 

measures that are indistinguishable from Long-Evans strain rats, which are known to 

have normal spatial vision (Prusky et al, 2000b). An acuity of around 1.0 c/d has been 

achieved in normal pigmented rats in a number of previous behavioral studies using quite 

different but often more time-consuming testing regimens (Dean, 1981a), not suitable for 

the studies undertaken here. In addition, physiological recording from cells in the primary 

visual cortex of normal pigmented rats has given spatial resolution thresholds of around 

1.2 c/d, suggesting that this is the true optimal performance that can be expected in 

rodents. The contrast sensitivity curve of the RCS rats was essentially identical to that of 

Long-Evans. A similar "U"-shaped function has also been previously characterized 

(Keller et al, 2000), but the low frequency fall-off in both strains at 0.059 c/d may have 

been exaggerated by the small number (2) of cycles on the screen. 

Previous studies have shown that genetic mutations, such as those of albinism, 

can produce large changes in visual acuity (Prusky et al, 2002; Birch et al, 1979). With 

respect to the present studies, abnormalities in the visual function of dystrophic RCS rats 

(rdy ', p +) are exclusively the consequence of the RPE abnormality and not due to 

irrelevant background effects within the RCS line. The normality of the non-dystrophic 

RCS rat demonstrated here is important because it can now serve as a suitable control in 

many experiments. These results also indicate that there are no inherent photoreceptor 

defects, and that any visual dysfunction found in the dystrophic RCS rats is caused solely 

from the mutation in the Mertk gene. 

This study also shows that spatial vision deteriorates in dystrophic RCS rats in 

two phases - 1) a phase of rapid deterioration already underway by one month, when the 
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acuity is 0.82 c/d, and continuing until four months of age, by which age the acuity has 

reached 0.32 c/d, 2) a phase of slow deterioration of responsiveness, which begins at four 

months and gradually increases in slope leading to eventual total loss of spatial vision by 

eleven months. This sequence and the levels of performance possible at even six months 

of age might not be predicted from previous anatomical and functional studies. 

Anatomical investigation has shown that while a near complete photoreceptor 

complement is present at one month of age; there is nevertheless considerable disruption 

of outer segments. Over the next months, there is a fall in photoreceptor density from 300 

photoreceptor cell nuclei per midsagittal section at two months of age (about two nuclei 

thick) to 100 at three months (a single cell layer)(Sauve et al, 2001; DiLoreto et al, 

1998). After that, only a discontinuous layer of single cells is seen, although a few 

photoreceptors are still present at one year of age and these appear to be cones. Because 

rods account for more than 95% of photoreceptors in the rat, any raw count of 

photoreceptors without distinction of type is likely to bias towards rods. There has at this 

point been no systematic study of changes in cone numbers with age. With time, there 

are changes in the inner retina (Villegas-Perez et al, 1996; Marc et al, 2003; Jones et al, 

2003). Some of the changes result from abnormal vascular formations and from 6 months 

onwards, there is progressive loss of retinal ganglion cells. 

ERG studies indicate that the a wave, an indicator of rod function, is lost by day 

55 and the remaining b wave, which is largely cone-dependent, disappears by 80-100 

days (Sauve et al., 2003). Adaptation studies (Girman et al, 2003) indicate that rod 

function is severely compromised as early as 3 weeks of age, although there is indication 

that a slowly adapting response is still present up to 3 months, but this would be unlikely 
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to play any role in discriminations under the testing conditions used here. Physiological 

studies (Girman et al, 2003) of single-unit responses in the cerebral cortex of RCS rats 

show that with time, units become less well tuned to specific stimuli, and by 7 months, 

units can no longer be isolated that respond to visual stimulation. Multiunit recording 

studies from the superior colliculus under mesopic conditions (background luminance of 

0.02 cd/m ) show that thresholds increase with age and that by 6 months it is hard to get 

responses to focal stimulation although responses can still be elicited to full-field 

stimulation (Girman et al, 2003). Certain reflex responses such as the pupillary light 

reflex can be elicited albeit with higher threshold levels up to at least 12 months of age 

(Lucas et al, 2003). However, it has been shown that such responses may be driven by 

melanopsin-containing ganglion cells and may not need rod and cone photoreceptors 

(Gooley et al, 2003). 

Head tracking to moving stripes is lost in untreated dystrophic rats by 8 weeks 

(Coffey et al, 2002), whereas at the same age normal rats can track at better than 0.5 c/d. 

Previous work (Coffey et al, 2002) testing acuity in dystrophic RCS rats also showed 

deterioration in performance with time, but under the testing conditions used, best 

performance in non-dystrophics was around 0.38 c/d and by 6 months, dystrophic rats 

from the same strain as that used here were unable to discriminate stripes of 0.1 c/d. The 

present test gives optimal performance in non-dystrophics at similar levels to those found 

in other experiments (Dean, 1981a; Girman et al, 1999) and at 6 months dystrophic rats 

can still perform at 0.28 c/d. The increased sensitivity of the present method allows 

better analysis of change with time and titration of the dynamics of such change. 
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It appears then that there are several variables that affect measures of 

performance. First is the question of whether rods, cones, or some other cell type such as 

the melanopsin-containing ganglion cells are responsible for behavior. The present study 

was conducted under photopic conditions in which rods are likely to be saturated; 

furthermore, adaptation studies (Girman et al, 2003) and the age at which the ERG a 

wave is lost suggest that much of the testing in dystrophics is done under conditions in 

which the rods are likely to be severely dysfunctional or non-functional. The luminance 

levels that drive melanopsin-mediated responses are much higher than those used here. 

For these reasons, it is most likely that the test is reflecting the abilities of cones. The 

second variable is the sensitivity of the particular test. It is known, for example, that in 

patients with retinal disease, the ERG response can be flat, but the patients may still have 

a considerable degree of vision (Seiving et al, 1999). In dystrophic RCS rats, the cone-

based ERG fails at around 14 weeks which is close to the end of the first phase of 

deterioration in acuity. Comparisons between our results and those attained previously 

(Coffey et al, 2002) show that even minor changes in methodology and testing 

conditions can influence performance outcomes considerably. A third potential variable 

is the condition of the inner retina, whether changes in cell patterns and synaptic details 

and, after 6 months of age, the loss of retinal ganglion cells, might all contribute to the 

decline over time. Finally there is the issue of where in the CNS the input signals are 

being processed to affect the behavior. Based on previous observations (Lashley et al, 

1930), it is likely that high resolution responses are cortically mediated. However it 

cannot be excluded that at lower spatial frequencies, non-cortical mechanisms may also 

play a role. 
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The results from this study also provide a suitable background for assessing the 

efficacy of techniques aimed at preventing the loss of vision due to retinal disease. The 

work done here shows that visual dysfunction in dystrophic RCS rats is evident at an 

early age and progresses in two stages. This work also provides the RCS rat model with 

quantified measures of spatial vision which is a most important tool when assessing 

experimental treatment regimens for human retinal degenerative disease. 
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Chapter 3-Limiting retinal degeneration 

3.1 Experimental Treatment Techniques used in Humans 

There have been a number of attempts to limit retinal degeneration through cell 

transplantation in humans with RP and AMD. At least 18 people with RP have received 

sub-retinal fetal (Das et al, 1999; Radtke et al, 999) or neuroretinal transplants (Kaplan 

et al, 1997). Another 24 people with AMD have received subretinal RPE transplants 

(Peyman et al, 1991; Gouras et al, 1996; Algvere et al, 1994, 1997, 1999; Weisz et al, 

1999). These techniques used in humans have been successful in determining that cells 

transplanted sub-retinally can live in the retina without any evidence of rejection or 

abnormalities; however, none of the transplants has been shown to preserve the retina or 

spatial vision. There could be a number of reasons why vision wasn't preserved in these 

patients. First, it is possible that the cells that were transplanted died shortly after the 

procedure. It is also possible that the area the cells were transplanted into may not be 

optimal for this type of procedure or that injuring the eye may have detrimental effects 

that might have counteracted any beneficial effects. Another possibility is that the stage 

at which these patients had surgery was late in the degeneration of the retina. At this 

advanced stage there are presumably a limited number of photoreceptors left surviving 

and functioning in the retina and unfortunately, there was no method employed by the 

researchers to determine the extent of retinal deterioration (i.e. number of photoreceptors 

surviving) before the procedure. However, the most important indicator of the 

procedures success is vision, and the best visual acuity of any of the patients before the 

procedure was 20/200, which is considered legally blind (an order of magnitude worse 
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than normal) supporting the notion that the retina was severely compromised even before 

the surgery. 

The transplants used in humans were ineffective as the fetal or neuroretinal 

transplants were probably unable to establish appropriate connections with the adjacent 

cell layers. The RPE cell transplants were designed (as a preventative measure) to 

preserve the photoreceptors still alive and may have had a larger effect had the procedure 

been done at an earlier stage of retinal degeneration. Therefore, even if the transplants 

were working to preserve vision, none of the patients had enough spatial vision to 

preserve in order to see a quantitative difference between patients with transplants and 

control patients. Another reason the transplants may have appeared to not preserve 

visual function is that the measures of visual performance which included hand-waving, 

finger-counting and light-perception (Das et al, 1999), may not have been appropriate 

(quantitative) or sensitive enough. Any positive effects of the treatment within 

individuals could have been a sham effect, or more likely, a placebo effect. 

3.2 Treatment techniques used in the RCS rat 

Laser treatment in the RCS rat has been done in an attempt to eliminate collecting 

debris in the dead zone, the area of the outer retina that the degenerated outer-segments 

used to occupy. This treatment is intended to reduce the retinal cell degeneration by 

eliminating excessive debris buildup. This treatment was shown (Behbehani et al, 1984) 

to improve ERG recordings up to 25 days of age, and morphological study of the retina 

showed a significant reduction in the debris accumulation in the treated site. Although 

the ERG recordings showed improvement of retinal function, the improvement lasted for 
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only a limited period of time. This short duration of the improvements limits the 

usefulness of this therapy for human studies. 

Gene therapy in rats has been shown to reduce significantly the loss of 

photoreceptors in the treated eye up to two months of age (Dunaief et al, 1995; Vollrath 

et al, 2001; Akimoto et al, 1999). However, fatalities in human gene therapy 

experiments (Lehrman et al, 1999; Marshall et al, 1999) have raised safety concerns 

with this type of therapy. 

A number of growth factors have been shown to reduce the loss of photoreceptors 

in the degenerating retina. These include bFGF, CNTF, and GDNF (Carwile et al, 

1998). The use of trophic factors delivered subretinally has been shown to preserve 

photoreceptors for up to two months after injection; and intra-vitreal injection resulted in 

even more widespread preservation, across almost the entire retina (Faktorovich et al, 

1990). While growth factor delivery may be a viable technique, some growth factors 

remain in the vitreous for as little as 24 hours requiring other methods of long term 

delivery to be devised. 

A promising technique (being developed) is subretinal cell transplantation. 

Previous studies have shown that retinal degeneration in the RCS rat can be delayed by 

the transplantation of an alternative RPE cell type in an attempt to replace the lost 

function of the defective cells (Lavail et al, 1992). This and other studies have shown 

that when transplanted, various RPE cell types survive and act to reduce photoreceptor 

loss, improve ERG recordings and preserve single unit recordings in the superior 

colliculus (DiLoreto et al, 1998; Yamamoto et al, 1993; Sauve et al, 1998). ARPE19 is 

an immortalized RPE cell line that exemplifies many features typical of normal RPE cells 
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(Dunn et al, 1996). There have been a number of recent studies showing the beneficial 

effects of transplanting ARPE19 cells into the retina of young RCS rats. These studies 

showed that transplantation of these cells slows the progress of photoreceptor loss (Lund 

et al, 2001) and the deterioration of retinal sensitivity to light (Yamamoto et al, 1993; 

Sauve et al, 2002). Subretinal transplantation of ARPE19 cells has also been shown to 

retain the physiological response specificity of single units in the primary visual cortex of 

the RCS rat (Girman et al, 2003). 

3.3 Effects ofARPE19 transplantation on spatial vision 

The majority of studies using the cell transplantation method in the RCS rat have 

focused on assessing outcomes (rescue or restoration of visual function) by means of 

ERG and automatic responses such as pupillary light reflex, avoidance behaviors, opto-

motor tracking responses (Lawrence et al, 2000), as well as physiological measures such 

as adaptation and threshold responses recorded in the brain. However, little attention has 

been devoted to the effects of retinal degeneration on spatial vision. This is surprising 

given that progressive loss of spatial vision is the most insidious and debilitating 

consequence of retinal degeneration, and preventing its decline would be the ultimate 

measure of a successful treatment. Because the effects of cell transplantation on spatial 

vision have received so little attention, the goal of the present study was designed to 

evaluate whether the subretinal transplantation of ARPE19 cells can limit the progressive 

loss of visual acuity in the RCS rat. If this treatment is successful, it will provide 

essential validation for using cell-based therapies to treat retinal degenerative disease. 

Methods 

Animals 
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Thirty pigmented dystrophic (rdy', p+) RCS rats were used in this study. The 

animals were housed and handled with the authorization and supervision of the 

Institutional Animal Care and Use Committee (IACUC) at the University of Utah, and 

the University of Lethbridge animal care committee. Every procedure conformed to 

guidelines of the National Institutes of Health (NIH) and the Canadian Council on 

Animal Care (CCAC). 

Animals were housed in isolated rooms with a 12 hour dark/light cycle, a constant 

temperature of 22°C, with food and water available ad libitum. They were maintained on 

the immunosuppressant agent cyclosporin A administered in the drinking water (210mg/l; 

resulting blood concentration of around 300 u,g/liter; Coffey et al, 2002), from 2-3 days 

prior to transplantation until they were sacrificed after all behavioral testing. 

Transplantation 

The cell type transplanted was the extended-life human ARPE19 cell line (ATCC; 

Dunn et al., 1996), which was stored in liquid nitrogen prior to removing, culturing and 

preparing for transplantation as described elsewhere (Lund et al, 2001). A control group 

was used in which sham-operated animals received only injection of vehicle. In addition, 

unoperated non-dystrophic (rdy+p+) and dystrophic (rdy-p+) rats provided reference 

material. 

All cell transplantations were done in the Ray Lund laboratory and followed the 

procedure described in Lund et al., 2001. Briefly, 12 rats aged PN21 were anesthetized 

with 2,2,2 tribromoethanol (230mg/kg) and the eyes were further anesthetized locally 

with ophthaine. The pupil was dilated with tropicamide and the eye was proptosed 

slightly using a thread. Cell cultures were trypsinized, washed and delivered as a 
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suspension in 2ul of Ham's F10 medium through a fine glass pipette (internal diameter 

75-150|am) attached by tubing to a lO^il Hamilton syringe into the eye through a small 

scleral incision (Figure 2). The cell suspension contained about 2x l0 5 ARPE19 cells. 

The cornea was punctured to reduce intraocular pressure and to limit the efflux of cells. 

Immediately after injection, the fundus was examined to check for retinal damage or 

signs of vascular distress. Any animals showing such problems were removed from the 

study. Donor cells were checked for viability at the beginning and end of a 

transplantation session using dye exclusion. A typical figure of greater than 95 % intact 

cells was obtained at both time points. Eighteen sham-injected animals received injection 

of carrier medium and were otherwise treated identically to the cell transplant group, 

including receiving cyclosporin A throughout the course of the study. 

Visual Water Task 

The grating acuity of all animals was assessed using the Visual Water Task, 

which has been described in detail previously (Prusky et al, 2000a; Prusky et a et al., 

2000b; Prusky et al, 2000c; Prusky et al, 2002; McGill et al., 2004). Briefly, the 

apparatus consisted of a trapezoidal-shaped pool with two computer monitors facing 

through a clear glass wall into the wide end of the pool and a midline divider extending 

into the pool from between the monitors, creating a Y-maze with a stem and two arms. 

Animals are trained to discriminate between different visual stimuli generated and 

projected on the screens using a computer program (Vista©; CerebralMechanics). 

Training and testing followed the same procedure as described elsewhere (McGill 

et al, 2004) with the following exceptions: animals in this study were tested once per 

month commencing at four months of age. ARPE19-transplanted and sham-treated 

35 



animals were tested up to seven months of age at the University of Lethbridge, at which 

point they were transported to the University of Utah for physiological and anatomical 

analyses (Sauve, et al, 2003). 

Statistical analysis 

Repeated measures analyses of variance (ANOVA) were used to compare 

ARPE19 and sham-operated groups. The probability level at which the null hypothesis 

was rejected is represented by p; statistical significance was at p<0.05. 

Results 

Training 

All rats readily learned to associate swimming to the platform with escape from 

the water. On average, about 100 trials (i.e. 4-5 days) were required for animals to reach 

90% accuracy over 40 trials and there were no obvious group differences in this ability. 

Testing 

During testing, all animals maintained a high level of performance at spatial 

frequencies below threshold and made very few, if any, errors. As the spatial frequencies 

neared threshold values, the animals made an increasing number of errors until 

performance dropped below 70%. Although the grating thresholds generally decreased 

with age, there was no evidence of any accompanying cognitive deficits, motor deficits, 

or lack of general ability to perform the task. Figure 9 displays frequency-of-seeing 

curves for a representative animal from each group at four and seven months of age. 

Note that although the thresholds differ between animals, the shapes of the functions are 

remarkably similar. 

Sham controls 
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Eighteen animals were used as sham operated controls. These animals were 

tested from four to seven months of age, over which time the group's average acuity 

dropped from 0.445 c/d to 0.265 c/d. An analysis of variance confirmed that the visual 

acuity of the sham animals decreased significantly with age (F (3 i4 5)=33.935, P=0.000). 

ARPE19 

The grating acuity of the twelve dystrophic RCS rats with ARPE19 cell 

transplants was tested from four to seven months of age. Transplanted animals exhibited 

an average visual acuity of 0.69 c/d at four months, which fell to 0.38 c/d by seven 

months. The best animals performed at 0.72 c/d at four months and the best at five 

months gave a figure of 0.55 c/d. An analysis of variance was used to compare ARPE19 

and sham operated control groups. There was a significant effect of age on ARPE19 

transplantation (F(3>33)=78.652, P=0.000) and a significant interaction of age and ARPE19 

treatment (F ( 3j 8)=7.147, P=0.000). Posthoc comparisons showed that ARPE19-

transplanted animals had a higher acuity than sham controls at all ages. Figure 10 shows 

the average grating acuity of the ARPE19-transplanted group compared with the sham 

transplanted animals across all ages tested. 

Summary 

The results of this study show that the sub-retinal transplantation of human-

derived RPE cell line, ARPE19, into the RCS rat retina limits the loss of visual acuity for 

up to at least seven months of age. At all points tested, the visual (sine-wave grating) 

acuity of the ARPE19 transplanted group was significantly better than that of the sham-

operated group, with an average acuity over twice that of unoperated controls at four 

months of age. All animals, both transplanted and sham-operated, performed 
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competently in the task even as their vision degenerated, indicating that only threshold 

values, and not general behavioral proficiency, changed over time. Similarly, no 

peripheral conditions of the treatment appeared to affect the ability of animals to 

distinguish salient visual stimuli, signifying that the effects of cell transplantation can be 

directly evaluated. 

This builds on previous anatomical and physiological work showing that various 

types of RPE cells, either freshly harvested or immortalized cell lines as used here, 

preserve not only photoreceptors but also visual responsiveness (Lund et al, 2001; 

Coffey et al, 2002). A range of visual behaviors have been shown to be preserved by 

this treatment, including parameters of the ERG response (Sauve et al, 2003) and 

pupillary light reflex (Whiteley et al, 1996) as well as relative retinal sensitivity in the 

area of graft preservation (Sauve et al, 2002), single unit physiological responses in the 

visual cortex (Girman et al, 2003) and head tracking to moving drums (Coffey et al, 

2002). Some of these effects, such as improvement in ERG and head tracking, are not 

generally sustained for long periods, even though measurements of other indicators such 

as cortical physiology show continued functional rescue. Previous ARPE19 transplant 

studies in rats used a terrestrial two-choice test to measure visual function, which was 

only able to record visual thresholds up to 0.35 c/d, even in normal pigmented rats. 

Although this method was able to discriminate performance in grafted vs unoperated 

dystrophic RCS rats, it failed to discriminate between grafted and non-dystrophic animals 

(Coffey et al, 2000). The Visual Water Task, used here, is a higher resolution test which 

has made it possible to identify small differences in performance among animals and 

treatment groups. Taken together with the results of previous studies, our results show 
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that ARPE19 transplantation improves anatomical, physiological and functional measures 

of the visual system. 

Although deterioration of spatial vision in these animals was significantly 

delayed, it was not stopped completely. Whether this reflected the inadequacy of 

cyclosporin as a complete immunosuppressant (Crafoord et al, 2000; Del Priore et al, 

2003), or a physiological problem associated with other aspects of graft cell survival, or 

its ability to sustain photoreceptor rescue is unclear. Rejection or immune response was 

not measured in these animals and therefore it is possible that there was an immune 

reaction to the grafts. The issues surrounding immune-suppression will be addressed 

later. 

Another measure of transplant success is the level of integration of the 

transplanted cells with the host retina. Ideally, the implanted cells should occupy an 

appropriate area on Bruch's membrane and phagocytose shed outer-segments replacing 

the function of the host RPE cells. Although the transplanted ARPE19 cells integrated 

themselves along the host RPE layer (Figure ll)(Lund et al, 2001; unpublished data-

Lund lab), and they survived in the host retina for a long period of time, there was no 

evidence that the transplanted cells phagocytosed photoreceptor outer-segments. This 

raises the question of how these cells function to preserve spatial vision in the RCS rat. 

In the normal retina, RPE cells phagocytose outer-segments as well as provide structural 

support and trophic support, such as bFGF (Malecaze et al, 1993) to the photoreceptors. 

It has been shown that a number of trophic factors can support photoreceptor survival 

(Carwile et al, 1998), suggesting that the transplanted ARPE19 cells provided the 
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required trophic support (Dunn et al., 1998) for photoreceptor survival which in return 

translated into improved visual function. 
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Chapter 4 - Mechanisms of Spatial Vision Deterioration Prevention 

4.1 Effects of trophic factors on retinal degeneration 

The mechanisms by which photoreceptor degeneration is delayed by subretinal 

cell transplantation are unclear; however previous studies have provided clues to what 

these mechanisms might be. In the ARPE19 cell transplantation study, there was no 

evidence that the transplanted cells assumed the physiological role of phagocytosing 

outer segments, however there still was functional improvement. The lack of evidence 

for phagocytosis suggests that there may have been a trophic role performed by the 

transplanted ARPE19 cells. A previous study (Faktorovich et al., 1990) has shown that 

intra-vitreal injection of bFGF can preserve photoreceptors across the retina for up to at 

least two months. In addition, Carwile et al., (1998) showed that CNTF, GDNF, and 

bFGF can all significantly delay the degeneration of photoreceptors. 

The role of NTF's in preserving photoreceptors has been studied using a few 

different methods. These include injecting NTF's directly into either the vitreous or the 

subretinal space, vector mediated delivery, and cell transplantation. Direct injection of 

growth factors into the vitreous or subretinal space has been shown to preserve 

photoreceptors but it is not known exactly how long the benefits last (longer than two 

months) or whether multiple injections are needed. The use of viral vectors to deliver 

NTF's has also been found to preserve photoreceptors; however it is not known how long 

lasting these effects are. 

4.2 Effect of Schwann cell transplantation on spatial vision in the RCS rat 

Schwann cells have been shown to continually produce numerous growth factors 

(Neuberger et al., 1993; Meyer et al., 1992; Sendtner et al., 1992) eliminating the need 
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for multiple injections. Transplantation of Schwann cell lines secreting BDNF and 

GDNF has been shown to preserve photoreceptors (Lawrence et al, 2004). In addition, a 

previous study showed that when congenic Schwann cells are transplanted subretinally 

they can slow the accompanying loss of visual function as measured by head tracking to 

moving stripes, and visual receptive fields measured in the superior colliculus (Lawrence 

et al, 2000); however, there has been no systematic description of how these transplants 

affect spatial vision. In addition, Schwann cells also have the advantage of being easily 

harvested from an individual and could be used for transplantation into that same person 

(syngeneic transplantation). This characteristic alone provides a method to overcome the 

major complication of immune-suppression, which is especially important when treating 

the elderly population. The objective of the present study is to evaluate whether the 

subretinal transplantation of human Schwann cells can limit the progressive loss of visual 

acuity in the RCS rat. 

The rationale of this work is that as potential treatments for human retinal 

degenerative disease are developed, they are tested in animal models before clinical trials. 

Here, it was important to establish two important points: first, can human Schwann cells 

survive following transplantation, and second, can human Schwann cells preserve vision 

following transplantation. 

Methods 

Animals 

Fifteen pigmented dystrophic (rdy', p+) RCS rats were used in this study. The 

animals were housed and handled with the authorization and supervision of the 

Institutional Animal Care and Use Committee (IACUC) at the University of Utah, and 
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the University of Lethbridge animal care committee. Every procedure conformed to 

guidelines of the National Institutes of Health (NIH) and the Canadian Council on 

Animal Care (CCAC). 

Animals were housed in isolated rooms with a 12 hour dark/light cycle, a constant 

temperature of 22°C, and food and water available ad libitum. They were maintained on 

the immunosuppressant agent cyclosporin A, administered in the drinking water 

(210mg/l; resulting blood concentration of around 300 u.g/liter; Coffey et al, 2002) from 

2-3 days prior to transplantation until they were sacrificed after all behavioral testing. 

Transplantation 

The cell type transplanted was a human Schwann cell culture derived from organ 

donors (Casella et al, 1996). A sham-injected group utilized fibroblasts as a control cell 

type (Casella et al, 1996), because it is likely that the cultures were contaminated with a 

small number of fibroblasts. In addition, unoperated non-dystrophic (rdy+, p+) and 

dystrophic (rdy-, p+) rats provided reference material. 

All cell transplantations were done in the Ray Lund laboratory and followed the 

procedure described in Lawrence et al., 2000. Briefly, nine rats aged PN21 received 

Schwann cell transplants and six rats aged PN21 received fibroblast transplants. All 

animals were anesthetized with 2,2,2 tribromoethanol (230mg/kg) and the eyes were 

further anesthetized locally with ophthaine. The pupil was dilated with tropicamide and 

the eye was proptosed slightly using a thread. Cell cultures were trypsinized, washed and 

delivered as a suspension in 2|xl of Ham's F10 medium through a fine glass pipette 

(internal diameter 75-150|im) attached by tubing to a lOfxl Hamilton syringe into the eye 

through a small scleral incision. The cell suspension contained about 2x l0 4 Schwann 
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cells. The cornea was punctured to reduce intraocular pressure and to limit the efflux of 

cells. Immediately after injection, the fundus was examined to check for retinal damage 

or signs of vascular distress. Any animals showing such problems were removed from the 

study. Donor cells were checked for viability at the beginning and end of a 

transplantation session using dye exclusion. A typical figure of greater than 95 % intact 

cells was obtained at both time points. All animals were treated identically, including 

receiving cyclosporin A throughout the course of the study. 

Visual Water Task 

The grating acuity of all animals was assessed using the Visual Water Task, 

which has been described in detail previously (Prusky et al., 2000a; Prusky et al, 2000b; 

Prusky et al, 2000c; Prusky et al, 2002; McGill et al, 2004). Briefly, the apparatus 

consisted of a trapezoidal pool with two computer monitors facing through a clear glass 

wall into the wide end of the pool and a midline divider extending into the pool from 

between the monitors, creating a Y-maze with a stem and two arms. Animals are trained 

to discriminate between different visual stimuli generated and projected on the screens 

using a computer program (Vista©; CerebralMechanics). 

Training and testing followed the same procedure as described elsewhere (McGill 

et al, 2004) with the following exceptions: animals in this study were tested once per 

month commencing at four months of age. The Schwann cell and fibroblast cell 

transplanted animals were tested up to five months of age at the University of Lethbridge, 

at which point they were transported to the University of Utah for further study (Wang et 

al, 2003). In order to collect correlative data at a stage when performance was optimal, 

post-surgical testing of the Schwann cell group was not extended to seven months of age. 

44 



Statistical Analysis 

Repeated measures analyses of variance (ANOVA) were used to compare groups. 

The probability level at which the null hypothesis was rejected is represented by p; 

statistical significance was at p<0.05. 

Results 

Training 

All rats readily learned to associate swimming to the platform with escape from 

the water. On average, about 100 trials (i.e. four-five days) were required for animals to 

reach 90% accuracy over 40 trials and there were no obvious group differences in this 

ability. 

Testing 

During testing, all animals maintained a high level of performance at spatial 

frequencies below threshold and made very few, if any, errors. As the spatial frequencies 

neared threshold values, the animals made an increasing number of errors until 

performance dropped below 70%. Although the grating thresholds generally decreased 

with age, there was no evidence of any accompanying cognitive deficits, motor deficits, 

or lack of general ability to perform the task. Figure 12 displays frequency-of-seeing 

curves for a representative animal from each group at four and five months of age. Note 

that although the thresholds differ between animals, the shapes of the functions are 

remarkably similar. 

Fibroblast controls 

Six fibroblast controls started the experiment; however, two animals died before 

the second test date and were thus removed from the study. The remaining four 
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fibroblast controls were tested at four and five months of age. The average acuity of 0.46 

c/d at four months fell to 0.36 c/d by five months of age, however, this change was not 

significant (F ( 1 , 3 )= 3.968, P=0.140). 

Schwann cells 

The grating acuities of the dystrophic RCS rats with Schwann cell transplants 

were tested at four and five months of age. The average acuity of the group was 0.57 c/d 

at four months of age, which remained unchanged at five months of age (0.55 c/d; no 

significant effect of age F(i,s)=1.561, P=0.247). The best performers gave figures of 0.72 

c/d and showed no significant deterioration between the two time points. An analysis of 

variance was used to compare Schwann cell transplant group with sham operated and 

fibroblast controls. There was no significant difference between the fibroblast group and 

the sham group (F (i,i8)=0.017, P=0.898; Figure 13). There was a significant group effect 

of Schwann cells when compared with sham animals (F(i,23)=10.738, P=0.003) and with 

fibroblasts (F (i,n)=6.017, P=0.029), as well as a significant interaction of age and 

treatment (F (iji)=5.153, P=0.035). This indicated that the acuity of the Schwann cell 

group was significantly better than both control groups, even though the fibroblast group 

did not decrease significantly with age. 

Summary 

The results show that sub-retinal transplantation of human-derived Schwann cells 

into RCS rats can preserve the visual acuity in these animals for at least up to five months 

of age. In collaboration, Ray Lund's lab has shown that human-derived Schwann cells 

can survive in the RCS rat retina up to at least five months of age, and that following 

transplantation, the Schwann cells survive as undifferentiated groups of cells along the 
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RPE cell layer (Figure 14). The work done here also showed that Schwann cell 

transplanted animals had an average visual acuity twice that of unoperated controls at 

five months of age, and individual animals retained almost 90% of their original visual 

acuity at five months of age. 

Earlier work on Schwann cell transplantation in RCS rats (Lawrence et al, 2004; 

Lawrence et al, 2000) showed that the cells survived in the subretinal space, rescued 

photoreceptors, sustained visual threshold responses recorded from the superior 

colliculus, slowed the deterioration of head tracking, and preserved the receptive field 

properties of cortical neurons. Here, the Schwann cells do not appear to have a 

phagocytotic role ingesting photoreceptor outer-segments, suggesting that any beneficial 

effects of the transplants are caused solely from the trophic factors produced by the cells. 

Schwann cells produce a range of neurotrophic factors, including CNTF, GDNF and 

BDNF (Carwile et al, 1998; Neuberger & De Vries, 1993; Meyer et al, 1992; Sendtner 

et al, 1992), which are known to preserve photoreceptors when introduced into the eye. 

Because there is always the possibility of some contamination with fibroblasts in the 

isolation procedure, a fibroblast control was an important step to rule out the possibility 

that these cells might be responsible for at least some of the rescue. It should also be 

noted that the animals were not prescreened and some transplants may have failed. If this 

was the case, the mean visual acuity of the cell transplanted group is underestimated. 

It still remains to be discovered exactly how the Schwann cells are acting to 

preserve vision in these animals. It is unclear whether the trophic support provided by 

the Schwann cells is directly affecting the photoreceptors themselves or rather increasing 
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the rate of phagocytosis in the defective RPE cells, either of which is likely to have a 

beneficial effect on preserving photoreceptors and consequently promote better vision. 

The human-derived Schwann cells used here can survive following 

transplantation as well as delay the degeneration of visual acuity. This is a promising 

finding in that this is the first time that human derived Schwann cells have been 

transplanted into the RCS rat retina. These findings also provide support for using 

syngeneic Schwann cells transplants for treatment of human retinal degenerative disease. 
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Chapter 5-Discussion 

5.1 Rat Model of Retinal Degeneration 

The studies presented here support the use of rats, in particular the RCS rat, for 

use in studying retinal degenerative disease. Rats have fundamentally similar visual 

systems and visual capabilities to those of humans. The RCS rat also has a homologous 

mutation to patients with RP, and analogous photoreceptor loss and visual dysfunction to 

patients with AMD. The work done here adds to the vast amount of anatomical and 

physiological work that has been done on the RCS rat. Many previous studies in the RCS 

rat have determined the rates of structural deterioration and loss of photoreceptors, and of 

degeneration of physiological responses such as ERGs and single-unit recordings; 

however, until recently (McGill et al, 2004) there have been no systematic 

psychophysical measurements of the RCS rat's visual capabilities. 

Here, the RCS rat's visual acuity was quantified using the same measurement as 

those used for determining human visual capabilities (visual acuity). It is important to 

have comparable measures of visual function because the goals for treatment of human 

retinal degenerative disease are to provide patients with improved visual function for a 

long period of time. Because there is no animal model of naturally occurring AMD, the 

closest analogous model would be one with a RPE cell dysfunction. The RCS rat serves 

this purpose as well as being a homologous model for the MERTK gene mutated form of 

RP. For the first time, the RCS rat provides researchers with a model of retinal 

degenerative disease with its visual capabilities characterized allowing for further 

investigation of possible treatment techniques for humans to be evaluated in this animal 

model. 
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Many patients with RP have rhodopsin mutations and there is a rat model for 

these types of mutations (Dresner et al, 1998). In future studies, it will be important to 

establish how these mutations affect spatial vision in animals with rhodopsin mutations. 

Because photoreceptor degeneration occurs in both the RCS and P23H rat, it is 

conceivable that spatial vision may deteriorate in a similar fashion. If this is the case, 

then similar methods of preventing photoreceptor loss and spatial vision loss might be 

effective. 

5.2 Cell-Based Therapy 

The results of these studies show that cell-based therapies may be an effective 

technique in the treatment of human retinal degenerative disease. In addition, these 

studies show that two very different cell types, as those transplanted here can be used to 

preserve spatial vision in an animal model of human retinal degenerative disease. At all 

ages tested, ARPE19 and Schwann cell transplanted animals significantly outperformed 

controls with the best animals retaining up to 70% of normal vision. 

In the present study, it is remarkable that at four months the animals with the 

highest acuity in both the ARPE19 and Schwann cell transplanted groups was better than 

0.7 c/d. This is well above the average acuity of sham operated and fibroblast control 

animals, which degenerated over time with a pattern similar to that observed in un-

operated dystrophic RCS rats (McGill et al, 2004). These findings indicate that not all 

cell types will provide a benefit to visual function, most likely only those which perform 

physiological functions similar to that of cells found in the normal retina. 

One concern is that the mechanism of preservation of photoreceptors using the 

ARPE19 and Schwann cells remains unclear. It is possible that the activation of Mertk 
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by its ligand (Gas6) in photoreceptor outersegments could retard degeneration by a non-

phagocytotic role such as activating synthesis/release of rescue-promoting substances. If 

this is the case, then both ARPE19 and Schwann cells must express Mertk, and 

fibroblasts must not. However, at present, there appears to be no evidence that any of the 

cell types used in this experiment express functional Mertk. On the other hand, ARPE19 

cells do express other genes typical of RPE cells such as RPE65 and CRALBP (Dunn et 

al, 1996). In addition, the ligand (Gas6) acts as a growth factor on Schwann cells 

increasing both their size and number (Li et al., 1996), and the effects of Gas6 on 

ARPE19 cells is largely unknown. Although the experiments done in this thesis show a 

significant benefit to the visual acuity of treated animals, much work is needed to 

determine the exact mechanisms these cells are using. 

Another concern is that the rescue of photoreceptors and vision may be limited to 

the local area of the transplants and not across the retina or the entire visual field. 

Anatomical studies that followed the behavioural work with the Schwann cell 

transplanted animals showed that the photoreceptor preservation ranged from 25% to 

50% of the retina (Wang et al, 2003a). Although the preservation is not universal 

across the entire retina, this proportion is enough to encompass the human macula and 

fovea. For human patients with AMD and cone-based RP, preserving the photoreceptors 

in this area (macula and fovea), should provide the most benefit to visual function. 

However, human patients with rod-based RP may require a different treatment method, 

providing a more widespread effect on the retina and peripheral vision. 

For possible application clinically, the ARPE19 cell line may have an advantage 

in being homologous to the defective host RPE and therefore potentially capable of 
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replacing a number of physiological functions. It does have the drawbacks in not being 

syngeneic to the recipient and therefore requiring some level of immunosuppression, and 

in the safety concerns that attend all cell lines. Schwann cells, however, do appear to 

survive without pathological manifestations in the subretinal space and they do have the 

advantage that they could be harvested from a peripheral nerve of a patient and 

introduced into the subretinal space of that same patient. In demonstrating in this study 

that human Schwann cells have benefit to vision not very different from that of ARPE19 

cells (Figure 15) in an animal model of retinal degenerative disease, it is clear that with 

the potential of performing autologous transplantation, the path from laboratory 

investigation to clinical trials is significantly simplified with the Schwann cell type. 

The results from the studies done in this thesis are directly applicable to RP 

patients with a mutation in their MERTK gene, and that subretinal cell transplantation 

may delay their corresponding loss of vision. The results in this study are also applicable 

to the many other forms of blinding diseases that have secondary photoreceptor cell 

death, such as AMD. It is possible that independent of the primary cause of the disease, 

the treatment methods used here may prevent the loss of photoreceptors, and more 

importantly central vision. 

5.3 Final Comments and Future Directions 

These experiments are exciting in that they show that cell-based transplantation is 

a possible therapy for limiting the loss of spatial vision resulting from retinal 

degenerative disease. There are, however, a number of research questions that need to be 

resolved before formal clinical trials can be undertaken: 1) What is the mechanism by 

which transplanted cells preserve function? 2) How long can transplanted cells live and 

52 



preserve visual function? 3) How long do these treatments affect the visual performance 

when performed in a state of reduced visual function? 4) Can an autologous (self to self) 

transplantation technique be developed to avoid the use of immune suppressants that are 

currently required to prevent the transplanted cells from being attacked by the recipient's 

immune system. 

First, the mechanisms by which photoreceptor degeneration is delayed by 

subretinal cell transplantation are unclear. Studies have shown that both RPE cells and 

Schwann cells produce a number of neurotrophic factors (NTF's), and some of these 

factors have been shown to preserve photoreceptors (Faktorovich et al, 1990). Here, it 

was shown that subretinal transplantation of ARPE19 and Schwann cells can preserve 

visual function supporting the hypothesis that NTF's are the necessary component to 

photoreceptor preservation and survival. A number of methods are available for 

delivering NTF's subretinally. One such method is using viral vectors, and using this 

method the NTF GDNF has been shown to slow the rate of degeneration in mutant Tg 

rhodopsin rats for at least two months (McGee Sanftner et al, 2001). However it remains 

to be seen whether vector delivered NTF's can preserve visual function, and if so, how 

long the benefits can last. Answering these questions will address the issues of which 

method of delivering NTF's is better, single vector delivery, multiple vector deliveries, or 

a single transplantation of cells. 

Secondly, successful subretinal cell transplantation requires that the grafted cells 

survive and function for extended periods of time following transplantation. Recent 

experiments have shown that both RPE cells and Schwann cells, when transplanted early 

(p21) into the RCS rat, can survive up to at least six months of age (Sauve et al, 2002; 
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Lawrence et al, 2000). In addition, the studies in this thesis have shown that these cell 

types can preserve vision until at least 7 months of age for the ARPE19 cells and 5 

months for the Schwann cells; however, it is not known how much longer the beneficial 

effects on vision can last. 

Thirdly, the results of these studies correlate well with the disease histories of 

children with blinding diseases because the retinal deterioration found in the RCS rat 

begins at a very early age. However, the majority of blinding diseases affect the elderly 

population in which photoreceptor degeneration does not begin until a person's senior 

years. Also, visual dysfunction is usually not detected until a significant portion of the 

retina has deteriorated. Therefore, it is important to understand how the transplantation 

methods used in young animals would affect visual performance in aged animals (which 

are in a state of reduced visual function) before clinical trials are considered. 

Fourth, immune suppression can be avoided with the use of an autologous (self to 

self) transplantation technique. This procedure involves performing a small biopsy on a 

peripheral nerve, harvesting and culturing Schwann cells, and transplanting those cells 

into the subretinal space of the animal that the cells came from. There are three questions 

to be addressed with this type of study 1) Can the transplanted cells survive without the 

aid of immune-suppression? 2) Do these grafts preserve vision? 3) Provided they do 

survive and preserve visual function, how long do the benefits last? All of these 

questions need to be addressed using an animal model before clinical application. 

In summary, the results of these studies should be applicable to clinical therapies 

for both RP and AMD. It is essential to know whether an animal's central vision is 

preserved with a treatment such as transplantation, before any clinical application is 
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attempted. It is also important to evaluate visual performance under conditions of reduced 

input efficacy, such as the presence of a background, before attempting experimentally to 

enhance information capture. As a potential therapy, autologous Schwann cell 

transplantation promises an added benefit of not requiring immune-suppression for the 

transplanted cells to survive and function, which would be vital when treating elderly 

patients. As well, delivery of various growth factors via vectors may also be a method of 

circumventing immune-suppression while preserving visual function. Addressing these 

questions will contribute both to the understanding of normal visual processing and to the 

potential of a therapy that might serve to improve visual outcome in a large group of 

patients with progressive retinal disease. 
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Figure 1. Morphology of a normal retina, an AMD retina and a RP retina. Images were 
taken from The Retina Center (Permission obtained from Edward Goldman, M.D. at 

www.focusonretina.com) and Retina Australia (Permission obtained from David McKay 
at www.eyemac.com.au) 
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Figure 2. The Figure shows the anatomical components of the retina and the subretinal 
transplantation procedure. 
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Visual Water Task 

Figure 3. The Visual Water Task. 
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gure 4. The figure shows photoreceptor degeneration in the RCS rat over the course of 
six months. Micrograph A was taken from an animal three weeks of age, B from an 
animal six weeks, C at three months and D and six months. Figure is adapted (with 

permission) from Dr. Ray Lund's lab (Sauve et al, 2002). 
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Grating Acuity 

Figure 5. Grating acuity of adult Long-Evans and non-dystrophic RCS rats. Both strains 
have acuities of approximately 1.0 c/d. There were no significant differences between 

the groups. See text for details. 
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Contrast Sensitivity 
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Figure 6. Contrast sensitivity of Long-Evans and non-dystrophic (control (c)) RCS rats 
measured in the Visual Water Task. Each strain displayed a characteristic inverted "U" 
shaped function that peaked near 0.2 c/d. There were no significant strain differences in 

the contrast sensitivity functions. SE for the peak is shown which may be smaller than the 
data point marker. See text for details. 
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Task Performance with Age 
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Figure 7. Frequency-of-seeing curves used to calculate the acuity of an individual 
dystrophic RCS rat at 1 month, 2 months, 4 months and 8 months of age (arrows indicate 
the grating threshold). A high level of performance was maintained at spatial frequencies 

below threshold as the animal aged and its acuity decreased. See text for details. 
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RCS Rat Grating Acuity 
1.0-1 

Age (months) 

Figure 8. Mean grating acuity of six RCS rat as a function of age. There was a rapid 
decrease in the grating acuity until 4 months of age. A slower decline in acuity then 

occurred until blindness at 11 months. The asterisk indicates an inability to determine a 
black computer screen from a white one. A indicates the age at which RCS rats lose the 

retinal a-wave (Sauve Y, et al. 10VS 2003; ARVO abstract 485), B indicates the age 
when the b-wave is lost (Sauve Y, et al. IOVS 2003; ARVO abstract 485), and C 

indicates the age when there is a loss of responses in superior colliculus to small spots 
(Girman S, et al. IOVS 2003; ARVO abstract 482). Any non visible SE's are smaller 

than the data point marker. 
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Figure 9. Task performance of individual ARPE19 and vehicle transplanted animals at 
both four and seven months of age. 
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Effect of ARPE19 Transplantation 
on RCS Rat Acuity 

Figure 10. Effect of sub-retinal ARPE19 transplantation on the mean grating acuity of 
dystrophic RCS rats compared with sham surgery (vehicle injections), measured in the 
Visual Water Task. The ARPE 19 group performed significantly better than the sham 

group (F (3,78)=7.147, P=0.000). See text for details. 
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Figure 11. The figure displays ARPE19 cell transplantation into a RCS rat retina. The 
highlighted area shows the site of ARPE19 cell transplantation at six months of age. The 
ARPE19 cells appear as a purple cell layer on a dark background, being the host RPE cell 

layer. The figure is orientated so the inner retina is at the top and the choroid is at the 
bottom. The arrows indicate areas where photoreceptor survival is impaired which is 
outside the graft area. (Unpublished data, permission obtained from Dr. Ray Lund) 
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Figure 12. Task performance of individual Schwann cell and fibroblast cell transplanted 
animals at both four and five months of age. 
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Effect of Schwann Cell 
Transplantation on RCS Rat Acuity 
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Figure 13. Effect of sub-retinal Schwann cell transplantation on the grating acuity of 
dystrophic RCS rats compared with sham animals (vehicle injections) and fibroblast 

controls; measured in the Visual Water Task. The Schwann cell group performed 
significantly better than both control groups (F(i,n)=5.153, P=0.035). See text for details. 
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Figure 14. Human derived Schwann cells transplanted into a RCS rat retina. The figure 
is from an animal six months of age and is orientated so that the inner retina is at the top. 
The area highlighted shows the Schwann cells as undifferentiated groups of cells between 

the host RPE cell layer and the photoreceptor outer-segments. The figure also shows a 
distinguished photoreceptor cell body layer. (Unpublished data, permission obtained from 

Dr. Ray Lund) 
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Effect of Cell Transplantation 
on RCS Rat Acuity 
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Figure 15. A comparison of the average visual acuity of all groups at four and five 
months of age. At four months, both ARPE19 and Schwann cell transplantation resulted 

in a significant benefit to vision when compared to sham and fibroblast groups. The 
ARPE19 group was also significantly better than the Schwann cell transplanted group. 

At five months, there was no difference between the ARPE19 cell transplanted group and 
the Schwann cell transplanted group, however, both ARPE19 and Schwann cell 

transplanted groups were better than control groups. See text for details. 
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