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SUM M ARY

There are many recorded examples in which genetic background has been shown to 

radically influence retinal phenotypes in inbred mouse strains. For example, the m anifestations of 

a targeted knockout of the p53 gene are much more severe in mice on a C57 background 

com pared with those on a 129 background. Similarly, the retinal degeneration occurring in Rho-/- 

mice is less severe on a C57 than on a 129 congenic background. The retina is by no means 

unique in this respect. In the majority o f diseases so far investigated in murine models, genetic 

background plays a m ajor role in disease severity. In many cases, such variability is the likely 

result o f the presence of the effects of so-called ‘modifier genes’ which exert variable effects on 

one background or another to modulate a given phenotype. Identification o f such genes, 

particularly if  relating to retinal function or structure is a potentially im portant endeavour, since 

an understanding of their function may bear direct relevance to our understanding o f important 

retinal processes such as visual transduction, or the severity o f disease symptoms induced by 

primary mutations.

A m ajor objective o f my work relates to an exploration o f the effects of genetic 

background on retinal function, as assayed by the most analytical technique currently 

available, the electroretinogram (ERG). In a systematic analysis I have shown that there are 

substantial differences in the cone-mediated ERG between C57 and 129 strains of mice, 

with the 129 strain showing slower b-wave timing, with overall greater b-wave amplitudes.

1 organised a breeding programme to generate animals backcrossed onto both C57 and 129 

strains. During this study, 1 performed electroretinographic assessments o f over 400 mice.

In a quantitative trait study, involving genome-wide screens of DNA from those animals 

displaying extremes of phenotype (that is, those backcrossed animals exhibiting parental 

C57 or 129 phenotypes), a LOD score of 5 was generated with a QTL on chromosome 19.

A further investigation, using more animals, has provided overwhelm ing evidence for a 

QTL o f m ajor effect on chromosome 19, controlling essentially all observable variation in 

the cone ERG a- and b-wave timings and the cone ERG b-wave amplitude. I have 

narrowed the QTL to a 95% confidence interval o f 12cM on chrom osome 19. A study to 

identify candidate genes in this interval has been performed. Further analysis of candidate 

genes within the interval on chromosome 19 should result in the identification of the gene 

involved in this interesting modulation of the cone ERG.

In parallel, I performed a global gene analysis of the transcriptional profiles of 

retinas of C57 and 129 wild type mice. The hypothesis behind this was that it may be



possible to identify differentially expressed candidate genetic modifiers. The expression 

levels of over 40 genes differentially expressed in this study have been ascertained using 

real time quantitative PCR analyses. An interesting overall picture has emerged, indicating 

substantial variability in levels of transcript, between the two strains.

I also undertook a small study looking at factors affecting the ERG. The effect of 

increasing core body temperature on the mouse ERG was analysed and results show that 

temperature increases o f as little as 1.5°C can have a significant effect on all aspects o f the 

ERG. The response to a rise in temperature as measured in the ERG also appears to be 

strain-specific.

I have undertaken an additional analysis whose results are presented in Appendix 

G, addressing the possible genetic basis of phenotypic variability in a large family with 

sensorineural deafness and RP, in which a mutation has been characterised within the 

mitochondrial MTTS2 gene. There was some previous evidence, based on a positive LOD 

score o f 3 on chromosome 9, that a genomic locus might also be involved in the etiology of 

disease in this family. In order to explore this possibility, I sequenced the LAMC3 gene, a 

disease candidate, in affected and unaffected individuals. While some polymorphic variants 

were detected; none o f these was shown to be disease-related.

In conclusion, the murine study o f variation in cone ERG has resulted in the 

identification of a highly significant QTL of major effect on chromosome 19, which may 

hopefully result in the identification of a novel genetic modifier o f retinal 

neurotransmission. The transcriptome analysis has resulted in the identification o f a large 

number of genes which are differentially expressed between C57 and 129 retinas. A small 

study analysing the effects o f increasing body temperature on the mouse ERG, has shown 

the response to temperature to be strain-specific, with C57 mice more resilient to an 

increase in temperature. The study o f the human pedigree excludes the possibility that 

LAMC3 may modulate the phenotype observed in this family. These studies on the murine 

and human genomes, contribute to our developing knowledge of retinal function in these 

systems.
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CHAPTER 1

GENERAL INTRODUCTION



1.0 INTRODUCTION

The primary aim of this thesis has been to identify and classify genes involved 

in controlling phenotypic variation within the retina. Phenotypic variability is a feature 

o f almost every Mendelian disorder; however the genes involved in controlling such 

variability are for the most part unknown.

Hereditary retinopathies, involving degeneration o f the photoreceptors, are a 

frequent form of visual handicap, and are caused by mutations in over 100 genes. 

(http://www.sph.uth.tmc.edu/Retnet/home.htm). In recent years much progress has 

been made in the identification these genes (for reviews, see Rivolta et al, 2002 and 

Kennan et al, 2005) but the molecular and cellular pathways which lead from the 

primary genetic event to eventual death of the photoreceptors are not fully elucidated. It 

is now widely recognised that the death of the photoreceptors in all retinal 

degenerations is by apoptosis (Chang et al., 1993 and Portera-Cailliau, et al., 1994). 

However, the interaction between molecular pathways and the interplay between cell 

types o f the retina prior to, during and subsequent to apoptosis is undoubtedly highly 

complex. Increased knowledge of these processes will contribute to our understanding, 

not only o f mendelianly inherited forms of retinal degeneration but also o f multi

factorial forms such as age-related macular dystrophy (AMD), as well as increasing 

fundamental knowledge about retinal function and providing attractive therapeutic 

targets to slow the disease process.

The purpose of this introductory chapter is to give an overview of the 

mammalian retina, its structure, physiology and visual processes. A study of human and 

mouse inherited retinal disorders has been made in order to identify the functions of 

those genes which, when mutated cause a retinal phenotype. A study o f known genetic 

modifiers, genes which exert an influence on pathways between gene and phenotype, 

has been made for those genes which control retinal phenotypes. An overview is also 

provided of some common methods used to record retinal phenotypes.
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1.1 THE RETINA

As this thesis covers the area o f variation within the retina, it is necessary to 

look at what is a normal retina. The retina, lining the back o f the eye, is the organ of 

vision, a multi-layered tissue within which the process o f phototransduction takes 

place. It is a highly specialised and complex tissue comprised o f as many as 50 cell 

types, including six types o f neuron (Masland et al., 2001). The absorption o f photons 

o f light by the visual pigments of the rod and cone photoreceptors sets in motion 

biochemical signalling pathways which culminate in the transmission o f visual signals 

as nerve impulses to the brain. The retina is only one layer o f the eye, the other two 

(outer layers) being the tough outer coat or sclera and the intermediary layer, the 

choroid, which contains layers o f blood vessels that nourish the retina (Kolb et al. 

2003).

1.1.1 The layers of the retina

Histologically, the retina can be sub-divided into ten layers (Figure 1.1 and 

Figure 1.2). There are three main neuronal layers, the outer nuclear layer (ONL), 

containing the nuclei o f the photoreceptors, the inner nuclear layer (INL), containing 

second order neurons (bipolar, horizontal and amacrine cells) and the retinal ganglion 

cell layer (GCL) containing ganglion and Muller cells. Between these layers are two 

plexiform layers (outer (OPL) and inner (IPL)) in which the three neuronal layers 

synapse with one another. The outermost layer is the retinal pigment epithelium (RPE) 

which is a thin, pigmented cell layer directly beneath the retina, obtaining nutrients and 

oxygen from the choroid and providing them to photoreceptor cells. In this lies the 

photoreceptor layer, where the outer segments of photoreceptors are to be found. The 

irmermost layer is where the nerve axons feed into the optic nerve. The retina also 

contains outer (OLM) and irmer limiting membranes (ILM), which are regarded as an 

extra two layers (Kolb 1991; Ogden 1989).

The optic disc is the area where the ganglion cell axons combine to form the 

optic nerve; this is also referred to as the blind spot as there are no photoreceptors in 

this part of the retina. The retinal layers of the central retina from the ONL inward have
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a yellow carotenoid pigment, xanthophyll and this region is called the Macula lutea. 

The very center o f the macula is called the fovea centralis, an area where all o f the 

photoreceptors are cones; there are no rods in the fovea. The fovea is the point of 

sharpest, most acute visual acuity. The peripheral retina increases the field o f vision 

and continues to the most anterior region of the retina where the photoreceptor layer 

finishes (Ogden 1989).

1.1.2 Photoreceptors

Photoreceptors are the highly specialised sensory cells o f the retina 

which absorb photons of light and transduce them into nerve impulses, in a process 

termed phototransduction. There are two types o f photoreceptors, those which function 

in dim light (rod photoreceptors) and those which function in bright light (cone 

photoreceptors). These cells have a somewhat different morphology (Figure 1.3) and 

contain different visual pigments or opsins, which absorb light at different spectral 

intensities. There are approximately 100 million photoreceptors in the human retina of 

which 5% are cone photoreceptors (Curcio et al. 1990). Murine retinas are also rod 

dominated with approximately 3-5% of photoreceptors being cones (Szel et al. 1996).

All photoreceptors consist of four parts (1) an outer segment, filled with stacks 

of membranous discs which are packed full o f the visual pigments (Figure 1.4), (2) an 

inner segment containing mitochondria, ribosomes and membranes where opsin 

molecules are assembled and processed to the outer segment discs, (3) a cell body 

containing the nucleus and (4) a synaptic terminal where neurotransmission to second 

order neurons occurs (Djamgoz et al. 1995). The discs in the outer segment are 

constantly being regenerated and ‘old’ discs are phagocytosed by the pigment 

epithelium. Rhodopsin is replaced every 10 days (Dryja et al. 1991; Nathans 1992).

There are a number o f differences in photoreceptors between humans and mice, 

the two species discussed in this thesis. Humans, are trichromatic and have three types 

of cone cell with three different opsins, short-, medium and long-wavelength, or blue, 

green and red, whereas mice are dichromatic with two types o f cone opsin, short- and 

medium, which are both expressed in the same cone photoreceptor cell (Neitz and 

Neitz 2001; Szel et al. 1992). The distribution o f cone photoreceptors is also species-
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specific; in humans cone photoreceepitors are concentrated in one spot at the back of the 

retina called the fovea, macula or yyelllow spot, whereas in mice, cone photoreceptors 

are spaced throughout the whole reetima. As a result mice do not have a macula, so do 

not suffer from macular degenerutidons.

1.1.3 Phototransduction

The phototransduction casccade is the process by which a sensory signal is 

produced from photons of light. Thne photoreceptor visual pigment consists of an opsin, 

a seven-transmembrane G-protein,; attached to a chromophore, derived from vitamin A 

(retinal), 11 cis retinal. In rod photdoreceptors, the visual opsin is called rhodopsin. 

When the chromophore absorbs a pbhoton of light, it changes conformation from 11-cis 

to all-trans retinal, resulting in its dilisassociation from the now activated rhodopsin 

molecule (Rho*). There follows un i enzymatic cascade with the activation by Rho* of a 

GTP binding protein (transducin) wvhiich in turn activates cGMP-phosphodiesterase 

(PDE), an enzyme hydrolyzing cGNMP, resulting in the closing of a membrane bound 

cGMP-gated cation channel in the oou ter segments (Figure 1.5) (Molday 1998; Stryer 

1991).

In the dark state, photorecepbtors constantly release the neurotransmitter 

glutamate. The closure of the cGMPP-gated cation channel means that less glutamate is 

released and this results in a hyperpool arisation and the transmission of a signal to the 

inner nuclear layer, which is relayedd as an electrical signal via the optic nerve to the 

brain (Molday and Molday 1998).

Following the transmission oof the visual signal, the photoreceptor is temporarily 

in a bleached form, meaning it cannoot absorb any more photons of light. 11 cis-retinal 

is then regenerated in a process in thhe RPE known as the retinoid cycle, involving 

rhodopsin kinase. The other componneints of the phototransduction cascade are 

converted back to their inactive statee. This process is known as the visual cycle. 

Arrestin binding, prevents further accti vation of transducin. Transducin hydrolyses GTP 

to GDP, and so is unavailable for funrther activation of PDE. The drop in intracellular 

calcium, results in the synthesis ol c tG M P  by the enzyme guanylate cyclase, reopening 

the cGMP-gated channels and retumning the photoreceptor to its depolarized state.
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(Kawamura 1995; Stryer 1991; Yau 1994) The all-trans isomer o f the chromophore is 

reduced to all-trans retinol and transported to the RPE where it is converted to 11-cis 

retinal by retinal isomerases such as RPE65 (Jin et al. 2005; Moiseyev et al. 2005).

1.1.4 Inner nuclear layer (INL)/ second order neurons

The role o f the cells in the INL is to process the visual signal coming from the 

photoreceptors. The post-receptoral synaptic axon terminals from photoreceptors meet 

the pre-synaptic axon terminals o f bipolar cells in the inner plexiform layer (Sharpe and 

Stockman 1999). The inner nuclear layer o f the retina also contains horizontal and 

amacrine cells, involved in lateral inhibition. Amacrine cells come in many shapes and 

sizes. The best studied are the All amacrine cells which are intermediary neurons 

(intemeurons) between rod bipolars and ganglion cells. Most amacrine cells are 

inhibitory, containing the inhibitory neurotransmitters glycine and gamma-amino 

butyric acid (GABA), meaning that they can form a reciprocal ‘feedback loop’ with 

bipolar cells, resulting in an additional level of control within the neural retina, which 

functions in sharpening the image by adding lateral inhibition or antagonism to 

receptive fields of the neurons. Horizontal cells contain the inhibitory neurotransmitters 

glycine and GABA and as such are involved in lateral irJiibition within the neural 

retina. Retinal neurotransmission via bipolar cells will be discussed in chapters 3 and 5.

1.1.5 Ganglion cell layer (GCL)/ third order neurons

The role of the GCL is to assemble the visual signals processed in the INL and 

process them into the optic nerve. Ganglion cells synapse with second order neurons 

(bipolar and All amacrine cells) in the inner plexiform layer (Soucy et al. 1998). 

Ganglion cells are the output neurons o f the retina and their axons are collected into the 

optic nerve. This bundle passes information to the next relay station in the brain, the 

lateral geniculate nucleus (LGN), part of the thalamus, which is the primary processor 

o f visual information, received from the retina, for sorting and integrating into further 

information-processing channels.
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1.2 METHODS OF STUDYING VISUAL FUNCTION

Here I provide a brief overview of methods currently used to study visual 

function clinically and in laboratory mice, wild type and models.

1.2.1 Electroretinography

The electoretinogram (ERG) is one of the most commonly used clinical 

techniques to measure visual function and diagnose retinal disorders. The ERG records 

the impulse generated by retinal cells in response to a single flash o f light (Fishman 

2001). By recording at different intensities, rod and cone function can be recorded, as 

can the function o f some second order neurons (Marmor et al. 2004). The ERG is 

visualised as a distinctive waveform and alterations in this can be used to diagnose and 

follow the progress of a variety of retinal disorders. The system can also be adapted to 

record from anaesthetised mice, including those with models of retinal disorders 

(Nusinowitz et al. 2002; Peachey and Ball 2003) (Figure 1.6). The ERG is particularly 

useful as it is a non-invasive recording technique and thus ERGs may be repeated in the 

same individual to follow the progression of, for example, a retinal degeneration.

1.2.2 Other electrophysiological testing methods

There are, in addition, three other main methods for testing visual function, two 

of which are based on recording nerve impulses across the retina in response to visual 

cues. These are (1) the electro-oculogram (EGG) which measures electrical potential 

across the RPE cells (photoreceptors must be present in order to record a response) and 

(2) the multifocal ERG, an extension of the ERG which can record measurements from 

multiple regions across the retina (used to test for macular dystrophies). The third 

method, the visual evoked potential (VEP), records a cortical response and is used to 

test for optic neuropathies (Fishman 2001; Heckenlively and Arden 1991).

1.2.3 Optomotor system

In regard to testing visual acuity in animals, the optomotor system is widely 

used. In this form of analysis, the (unanaesthetised) mouse is placed on a pedestal 

surrounded by images of black and white lines on four screens which appear to be
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moving (Prusky et al. 2004) (Figure 1.7). An animal with normal vision will respond 

with what is termed the optomotor reflex, which basically is a flick o f the head. 

Contrast sensitivity can be tested using this system, by varying the colour o f the lines 

(grey and white) and the thickness o f the lines. This system, although providing some 

sensitivity o f testing, should only be used as a qualitative test for vision in the mouse.

1.2.4 Optical Coherence Tomography

Optical coherence tomography (OCT) is a non-invasive procedure used to 

measure the intensity of backscattered light from biological microstructures in living 

tissue. It has been used highly successfully to measure retinal thickness and detachment 

in mice with retinal degenerations (Li et al. 2001).

1.2.5 Fundus photography

Fundus photography is another widely used technique. The fundus can be 

photographed using a camera attached to a microscope and used to document the health 

o f the optic nerve, vitreous, macula, retina and its blood vessels. Parts o f the retina 

containing pigmentary deposits or attenuated blood vessels are particularly easy to pick 

out. Figure 1.8 shows an example of a fundus photograph o f a healthy human eye and 

an eye from an individual with a retinal degeneration.

1.2.6 Histology

Histological analysis o f the retina requires the enucleation (removal) o f the eyes 

post mortem and their immediate fixation to prevent loss o f structure, protein or RNA. 

The fixative used is dependent on the procedure to be performed. Eyes may be resin 

embedded and then cut into thin sections (<100iam) using a microtome. These sections 

may be visualized using a light or electron microscopy to identify whether the retina 

appears normal. Numbers o f cells may be counted in the different nuclear layers to 

determine if  there is a cellular degeneration (light microscopy). Ultra-structual analyses 

of, for example, photoreceptor outer segments, can be performed using electron 

microscopy. Other more qualitative histological methods include in situ hybridisation 

to probe for the presence o f specific mRNA transcripts within the eye and
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immunohistochemistry which uses specific antibodies to probe for the presence of 

proteins (Smith et al. 2002).
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1.3 INHERITED DISORDERS OF THE RETINA (HUMAN)

The most traditional way of characterising genes involved in retinal disorders is 

to find families or individuals with such degenerations and, by linkage analysis, 

identify the chromosomal region and hence genes and mutations involved. Inherited 

retinal disorders are a major cause of progressive visual impairment often leading to 

blindness and are the most prevalent cause of registered blindness in working 

populations in the western world. They represent a very large and extremely clinically 

and genetically heterogeneous group of disorders. Genetic heterogeneity is the term 

used to describe the presence o f either multiple mutations within a given gene or 

different genes involved in the same disorder. For example there are over 100 different 

reported mutations in the rhodopsin gene in autosomal dominant RP (Briscoe et al. 

2004), and clinical heterogeneity is such that the same mutation may cause a variety of 

different symptoms in different individuals. Mutations responsible for human retinal 

disorders have been identified in genes encoding proteins in every layer o f the retina 

and its pathways.

Retinal disorders, caused by mutations in rod or cone photoreceptors, mainly 

affect the photoreceptor layer o f the retina, resulting in cell death by apoptosis. They 

can also involve defects in synaptic transmission within in the retina, such that the 

signals generated in the photoreceptors are not transmitted on to the optic nerve, or can 

result from optic nerve degeneration.

The Retnet database (http://www.sph.uth.tmc.edu/Retnet/) is an important 

resource for any researcher working in the field o f retinal disorders as it provides tables 

o f genes causing inherited retinal diseases and is well annotated and regularly up-dated. 

An overview o f the database has put at 163 the number o f genes involved in inherited 

retinal disease to date. In order to simplify the extensive amount o f information, the 

retinal disorders discussed in this chapter have been divided by the part o f the retina 

they affect. An up to date list o f genes causing inherited retinal disorders summarising 

data in the RetNet database is available in Appendix C. The Retina International 

database also curates retinal disease genes and in addition provides information on gene 

expression within the retina in both humans and animals (http://www.retina- 

international.com/sci-news/database.htm).
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1.3.1 Human retinal disorders affecting the outer nuclear layer/pbotoreceptors

1.3.1.1 Retinitis pigmentosa

Retinitis pigmentosa (RP) is the name given to a group o f inherited disorders 

that result in degeneration o f the photoreceptors. These disorders all show similar 

symptoms: night blindness, progressive loss of peripheral vision leading in more severe 

cases to eventual loss o f central vision (Heckenlively 1988; Ogden 1989). Progressive 

visual loss is routinely followed using the ERG. RP involves the initial death o f rod 

photoreceptors, followed by the death o f cone photoreceptors, hence the onset o f night 

blindness and subsequent loss of peripheral vision (cone photoreceptors are 

concentrated at the fovea).

Inheritance patterns o f RP exhibit a number o f different modes of 

transmission: autosomal dominant, autosomal recessive, X-linked, mitochondrial and 

digenic. To date mutations in 35 genes have been identified which are known to cause a 

form of RP (source RetNet). Such genes encode proteins from a variety o f different 

functional classes (Hims et al. 2003; Kennan et al. 2005; Rivolta et al. 2002). Mutations 

in genes encoding proteins involved in the phototransduction process have been shown 

to cause RP and include the rod visual pigment, rhodopsin (Rho) (McWilliam et al. 

1989), rod cGMP phosphodiesterase subunits (PDE6A and PDE6B) (Dryja et al. 1995; 

McLaughlin et al. 1995) and arrestin (SAG) (Nakazawa et al. 1998). Mutations in 

genes encoding proteins involved in the visual cycle (transforming vitamin A into 11- 

c/5-retinol) have also been shown to cause RP. These include genes encoding cellular 

retinaldehyde-binding protein (CRALBP), ATP-binding cassette transporter - retinal 

(ABCR), lecithin retinol acyltransferase (LRAT) and retinal pigment epithelium- 

specific 65 (RPE65). Genes encoding structural proteins have been shown to be 

involved in RP. Both RDS-peripherin and ROMl are involved in maintaining the 

structural integrity of retinal cells and tissues (Hims et al. 2003). A gene encoding the 

extracellular basement membrane protein tissue inhibitor o f metalloproteinases-3 

(TIMP3), is mutated in Sorsby fundus dystrophy. Dominant Doyne Honeycomb retinal 

degeneration is associated with the ECM protein EGF-containing fibrillin-like 

extracellular matrix protein 1 (EFEMPl) (Stone et al. 1999). More recently, mutations
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in genes encoding ECM proteins fibulin 5 and 6 have been shown to cause famiUal 

cases of age-related macular dystrophy (AMD) (Schultz et al. 2003; Stone et al. 2004).

Mutations in genes involved in retinal transcription such as neural retina leucine 

zipper (NRL) (Bessant et al. 1999) and cone-rod otx-like photoreceptor homeobox 

transcription factor (CRX) can also cause RP (Swain et al. 1997). The normal function 

of these genes lies in promoting transcription of rhodopsin and other retinal genes, and 

their expression is required for rod photoreceptor development. Genes encoding four 

pre-mRNA splicing factors, yeast pre-mRNA splicing factors 3 (PRPF3) factor C8 

(PRPF8), factor 31 (PRPF31) and piml kinase associated protein (PAPl) have also 

been shown to cause RP (Chakarova et al. 2002; Maita et al. 2004; McKie et al. 2001; 

Vithana 2001). Recently mutations in an axonal guidance gene, semaphorin 4A 

(SEMA4A) has been implicated in disease aetiology (Abid et al. 2005). Some RP- 

causing genes are only expressed in the retina, whereas others are expressed in other 

tissue types as well, but only cause a retinal phenotype. For example, mutations in the 

inosine monophosphate dehydrogenase (IMPDHl) gene cause RPIO, which catalyses 

the rate-limiting step in the de novo guanine nucleotide synthesis pathway (Bowne et 

al. 2002; Kerman et al. 2002). Here, a mutant phenotype is only observed in the retina. 

This has been hypothesised to be due the fact that photoreceptor cells are among the 

most physiologically active o f any cell type in the human body and require high levels 

of guanine nucleotides which are fundamentally important in signal transduction 

mechanisms (Bowne et al. 2002; Kerman et al. 2002).

RP involves the death o f rod photoreceptors followed by loss o f function and 

death o f cones. In other words the disease is a rod-cone dystrophy. Recently it has been 

shown that rod photoreceptors produce a cone viability protein called rod-derived cone 

viability factor (RDCVF, also called TXNL6) (Leveillard et al. 2004). In the absence of 

rods, no RDCVF is produced, resulting in cone photoreceptor cell death. This gene is 

not believed to be the only rod-derived factor involved in cone photoreceptor apoptosis.

1.3.1.2 Leber congenital amaurosis

One of the most severe forms o f retinopathy is Leber congenital amaurosis (LCA) 

(OMIM #204000), characterised by a severe retinal dysfunction immediately after
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birth, resulting in blindness during childhood. Mutations in seven genes have been 

shown in this disorder: RPE65 (retinal pigment epithelium-specific 65, visual cycle)

(Gu et al. 1997; Marlhens et al. 1997), AIPLl (arylhydrocarbon-interacting receptor 1, 

chaperone-activity) (Sohocki et al. 2000), CRBl (crumbs homologl, maintenance of 

adherens junctions (van de Pavert et al. 2004)), RPGRIPl (RPGR-interacting protein 1, 

structural protein in the photoreceptor connecting cilium (Zhao et al. 2003), RDH12 

(retinal dehydrogenase 12, encoding a visual cycle protein) (Janecke et al. 2004), 

GUCY2D (retinal-specific guanylate cyclase) (Perrault et al. 1996), and CRX (cone- 

rod otx-like photoreceptor homeobox transcription, a transcription factor) (Sohocki et 

al. 1998). The disease has also been mapped to a number o f other genomic regions, but 

genes remain to be isolated for these regions (Allikmets 2004). Recently a genotyping 

microarray hybridisation disease chip has been developed to enable the identification of 

genetic modifiers of LCA in known genes (Zemant et al. 2005). Analysis o f this data 

showed that 7% of LCA cases were caused by mutations in more than one gene. 

Mutations in most o f the LCA disease genes have been associated with other forms of 

retinal degeneration and a substantial body of work has been done undertaken to 

determine accurate phenotype-genotype associations (Galvin et al. 2005).

1.3.1.3 Syndromes incorporating RP

RP can also be a symptom of some inherited syndromes. Usher syndrome is an 

example o f a genetically heterogenous disorder, where individuals, as well as RP, may 

also have auditory disorders and vestibular dysfunction. The disease has been classified 

into three syndromes (Usher syndrome types 1, 2 and 3), based on the degree of clinical 

symptoms. Usher syndrome is generally caused by mutations in structural genes 

encoding basement membrane or extracellular matrix proteins (Ahmed 2003), which 

are expressed in ear hair cells and photoreceptors, for example Usherin, a structural 

basement membrane protein. Myosin VIIA, an unconventional myosin and Sans, a 

scaffold protein (Weil et al. 2003; Weil 1995; Weston et al. 2000). To date, mutations 

in eight genes (table 1.1) have been shown to cause Usher syndrome and the syndrome 

has also been linkage mapped to three additional genomic regions (Ahmed et al. 2003).
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Mutations in three genes encoding peroxisome biogenesis proteins (PEX7, 

PEXl and PHYH) resulting in abnormal peroxisomal metabolism, give rise to the 

recessive Refsum disease, Zellweger syndrome and phytanic acid storage disease 

(Jansen et al. 1997; Portsteffen et al. 1997; Van den Brink et al. 2003). These 

syndromes have defects throughout the CNS, not only in the retina. Bardet Biedl 

syndrome is another genetically heterogenous syndrome, with mutations in 8 known 

genes having been identified. Individuals with this syndrome suffer from a range of 

symptoms including retinal degeneration, renal abnormalities, mild obesity, 

polydactyly and mental retardation. The BBS proteins localize to the basal body of 

ciliated cells, suggesting that BBS is a ciliary dysfunction disorder (Ansley et al. 2003).

Syndrome Gene symbol Gene Comment

USHIB M Y07A Myosin VIIA component o f cilia and 

microvilli

USHC USHIC harmonin PDZ-containing protein

USHD CDH23 cadherin-like gene 23 intercellular adhesion

USHF PCDH15 protocadherin 15 Only expressed in ear hair 

cells and photoreceptors

USHG SANS Scaffold protein 

containing ankyrin repeats 

and SAM domain

Structual component o f hair 

cell bundles

USH2A USH Usherin basement membrane protein

USH2C MASSl monogenic audiogenic 

seizure susceptibility 1

cell-surface calcium-binding 

G protein-coupled receptor

USH3A USH3 Clarin-1 4-transmembrane protein

Table 1.1 Table detailing all genes known to encode proteins mutated in Usher syndrome.

1.3.1.4 Cone dystrophies

Retinal degenerations involving death initially o f cone photoreceptors followed 

by the death o f rods have also been described and are termed cone-rod dystrophies 

(CORD). Mutations expressed specifically in cone photoreceptor cells usually manifest 

themselves as the loss of visual acuity and/or colour vision. The cone photoreceptor 

cGMP-gated cation channel alpha subunit (CNGA3) when mutated results in
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achromatopsia, a retinal disorder where individuals have no colour vision (are colour 

blind) and do not adapt normally to higher levels o f light, as rod photoreceptors become 

bleached (Michaelides et al. 2005). Loss o f CNGA3 function results in impaired 

cellular trafficking o f the cone CNG channel (Patel et al. 2005). Mutations in the cone 

photoreceptor cGMP-gated cation channel beta subunit (CNGB3) also cause 

achromatopsia (Michaelides et al. 2004).

1.3.1.5 Macular dystrophies (MD)

These are a group o f retinal disorders, characterised by loss o f central vision 

and degeneration o f the macula that may be inherited either in a Mendelian or 

multifactorial fashion. As with RP, MDs show a remarkable degree o f clinical and 

genetic heterogeneity (Michaelides et al. 2003). Stargardt disease (STGD) is the most 

common of the inherited macular dystrophies and is caused by mutations in either the 

retinal ATP-binding cassette transporter (ABCA4) (Allikmets et al. 1997), involved in 

retinoid transport, or the photoreceptor-specific component o f the elongation o f very 

long fatty acids (EL0VL4) (Zhang et al. 2001), involved in the fatty acid elongation 

system.

Macular degeneration also presents as an age-related degeneration (AMD), with 

some of the genes involved overlapping with other retinal dystrophies. AMD is the 

leading cause o f registered blindness in the developed world 

(http://www.who.int/mediacentre/factsheets/fs282/en/). This is a complex disorder, 

however recently some advances have been made into finding genes and risk factors 

involved in AMD. Mutations in two fibulin genes, fibulin 5 (FBLN5) and fibulin 6 

(FBLN6), extracellular matrix proteins have been implicated in 1.7% o f AMD cases 

(FBLN5) (Stone et al. 2004) and a FBLN6 (Hemicentin-1) Gln5345Arg gene variant 

has been described in AMD cases in a Northern Irish population (McKay et al. 2004) 

and a large family with AMD (Schultz et al. 2003), however the AMD in the large 

family may be due to mutations in a different gene (Schultz et al. 2005). More recently, 

a Tyr402His mutation in the complement factor H gene has shown to increase lifetime 

risk o f developing AMD (Hageman et al. 2005; Klein et al. 2005) as has a Ala69Ser 

polymorphism in the gene encoding the protein, LOC387715 (Rivera et al. 2005).
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1.3.2 Human retinal disorders affecting retinal neurotransmission

Congenital stationary night blindness (CSNB) is the name given to a group o f 

retinal disorders which do not show a progressive retinal degeneration. CSNB is due to 

defects in retinal neurotransmission, with mutations in genes encoding components in 

the post-photoreceptoral synapse or the bipolar pre-synapse. Recently CSNB was 

reclassified into two separate disorders CSNBl (complete) and CSNB2 (incomplete or 

iCSNB) (Miyake 2002), with CSNB2 having an incomplete defect o f the ON and OFF 

bipolar cells or their synapses in the rod and cone visual pathways. The genes and 

mouse models governing CSNB 1 and CSNB2 as well as other retinal disorders 

affecting retinal neurotransmission (Oguchi disease and Fundus albipunctatus) are 

covered in chapter 5.

1.3.3 Human retinal disorders of the optic nerve

Patients with an inherited optic atrophy have a primary degeneration o f retinal 

ganglion cells, followed in many cases by a loss of myelin and nerve tissue within the 

optic nerve. Mutations in a number of mitochondrial genes have been shown to be 

responsible for optic atrophy. These genes include inner mitochondrial membrane 

translocase 8 homolog A (TIMM8A) (Koehler et al. 1999) a protein involved in 

transport of metabolites into mitochondria and the gene encoding the Leber hereditary 

optic neuropathy (LHON) protein (Howell 1997). A dominant optic atrophy, Kjer type, 

is caused by mutations in the optic atrophy 1 (OPAl) gene, encoding a dynamin-related 

GTPase which localizes to mitochondria (Alexander et al. 2000).

1.3.4 Other human retinal disorders

There are also a number o f other genetic causes o f retinal disorders. Retinal 

disorders can be caused by choroidal neovascularisation, the uncontrolled growth of 

new blood vessels (angiogenesis) in the retina, which penetrate the ILM and grow into 

the vitreous layer o f the eye. This occurs in diabetic retinopathy, where hyperglycemic 

conditions damage the blood vessels, and in retinopathy of prematurity, where it is 

caused by hypoxic conditions in the retina (Arden et al. 2005). Mutations within the
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gene encoding frizzled-4 Wnt receptor homolog (FZD4) may also be involved in retinal 

angiogenesis (Robitaille et al. 2002).

Choroideremia is an X-linked disease that leads to the degeneration of the 

choriocapillaris, the retinal pigment epithelium, and the photoreceptor o f the eye. This 

condition may be caused by mutations in the Rab escort protein-1 (REP-1) gene (Van 

den Hurk 1997). X-linked retinoschisis, involves intraretinal splitting owing to 

degeneration, followed by detachment o f the retina, and finally complete retinal 

atrophy (Grayson et al. 2000).

In summary, degenerative diseases of the retina are heterogenous both in terms 

of their genetics, where diseases may segregate according to the Mendelian ratios, or as 

multifactorial conditions, and of their clinical manifestations. In the majority o f cases 

however, these diseases are serious and often sight-threatening. Our growing 

knowledge o f the genetics o f these conditions may soon hopefully impact on the 

development o f novel therapeutic approaches.
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1.4 ANIMAL MODELS WITH RETINAL PHENOTYPES

Mouse models o f retinal disorders provide an excellent means o f investigating 

the genetic basis o f disease, to follow its path and to attempt to assess therapeutic 

treatments. A number o f naturally occurring or spontaneous mouse models o f retinal 

disorders exist which have arisen in stocks o f inbred mice. Targeted mutations have 

also been made in specific genes to mimic human retinal diseases.

1.4.1 Naturally occurring retinal disorders in mice

For many years, inbred mice have been tested for vision defects in an attempt to 

classify and characterise spontaneously occurring retinal disorders. Those animals 

harbouring a retinal degeneration are conventionally termed rd animals. To date, 24 

naturally occurring mouse models of retinal disease have been identified and these are 

summarised in table 1.1. Most o f these animals are naturally occurring models of RP, 

however, they have all been individually classified (for a review see (Chang et al.

2002)) based on ERG analysis and fundus photography.

The most common naturally occurring rd mouse is rd l, the underlying mutation 

being a retroviral insertion in the rod cGMP phosphodiesterase beta subunit (Pde6b) 

(Bowes et al. 1993). This mutation, whose phenotype was first described by Keeler in 

1924, causes a severe early onset retinal degeneration in homozygous animals. As this 

mutation occurs in a number o f strains o f inbred mouse, such strains should not be used 

as controls for visual research nor in the generation o f targeted mouse models that 

affect the retina (for current information on these strains search in the phenotypic allele 

database at http://wwrw.informatics.jax.org) All naturally occurring mouse models of 

retinal disorders currently known are in table 1.1. The phenotypes o f these mice have 

been comprehensively reviewed by the Jackson Laboratory, where most o f the new 

mutations have arisen (Chang et al. 2002). These animals include models o f purkinje 

cell degeneration ipcd) (Femandez-Gonzalez et al. 2002; Messer et al. 1993), models of 

motor neuron disease {mnd) (Messer et al. 1993), as well as models o f syndromes 

incorporating RP such as Bardet Biedl syndrome {Tub mowsdrdS) (Noben-Trauth et al. 

1996)) and USHIC (Johnson et al. 2003). In addition to rd mice, where rod 

photoreceptors degenerate rapidly, a single naturally-occurring cone degeneration
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model has been observed, cone photoreceptor functional loss 1 {Cpfll). The gene has 

been only been mapped to chromosome 19 although it remains to be identified (Chang 

et al. 2002). The no b-wave mouse {nob) is a naturally occurring mouse model for 

CSNBl (Pardue et al. 1998), with a mutation in the nyctalopin (Nyx) gene (Gregg et al. 

2003). The hugger mouse is a model for neuronal cell death within the retina (Sidman 

et al. 1997). There are also a number of recently observed rd mice where the mutated 

gene has not yet been identified; these include rdl4, r d l5 and rdl6. It should be briefly 

noted that mice are not the only animals to suffer from naturally occurring retinal 

degenerations. The Briard dog has a naturally occurring retinal degeneration similar to 

LCA, due to a mutation in the Rpe65 gene (Aguirre et al. 1998). The RCS rat is has a 

naturally occurring retinal degeneration, due to a defect in RPE phagocytosis as a result 

of a mutation in the Mertk gene, a receptor tyrosine kinase (D'Cruz et al. 2000).

Symbol C hr
O bserved Phenotypes in Mouse 

Retinal D isorder Sim ilar H um an Diseases
Reference

Pcd 13
photoreceptor cell 

degeneration, onset at 1 
month

(Femandez-Gonzalez et 
al. 2002)

Nclf 9 Retinal degeneration Ceroid Lipofuscinosis, 
Neuronal 601780

(Bronson et al. 1998)

Mnd 8 Retinal degeneration Ceroid Lipofuscinosis, 
Neuronal 8 600143 (Messer e ta l. 1993)

Sedc 15 Inner and outer layers of 
INL are separated Retinoschisis. (Donahue et al. 2003)

Cpfll 19

cone photoreceptor 
degeneration and reduced 

cone cell number, No cone- 
mediated ERG

Achromatopsia 2; 
ACHM2 216900 Chang et al, 2002

Crbl/rd8 1 Retinal degeneration (PRs) (Mehalow et al. 2003)

hug 19
14cM

RGCs lie in abnormal 
position in IPL, neuronal 
degeneration in all retinal 

layers

(Sidman e tal. 1997)

Ins2 7

Abnormal retinal apoptosis, 
abnormal retinal neuronal 
layer and abnormal retinal 

ganglion layer due to 
hyperglycaemia

Maturity-Onset Diabetes 
of the Young

(Barber et al. 2005)

Mfrp/rd6 9 progressive degeneration of 
rods and cones as detected

Fundus Albiounctatus 
136880

(Hawes et al. 2000)

19



by ERG starts at 1 month

M itf 6 slow progressive loss of 
photoreceptor cells (Smith 1995)

Frc 10 behavior, growth/size, 
vision/eye, nervous system (Young et al. 2002)

rd7 9

Progressive reduction o f rod 
and cone signals (ERG) and 

white spots on retina 
(Fundus photo)

Enhanced S-Cone 
Syndrome; ESCS 268100 (Chang et al. 1998)

nob X vision/eye
Night Blindness, 

Congenital Stationary, 
Type 1;CSNB1 310500

(Gregg et al. 2003)

rd l (rdlO 5
severe retinal degeneration 
and vision loss in rods and 

then cones

Night Blindness, 
Congenital Stationary, 

163500
(Bowes et al. 1990)

rd4
i

4

retinal outer nuclear and 
plexiform layers begin to 
reduce at 10 days o f age, 
total sight loss at 6 weeks

(Roderick et al. 1997)

i1
1 rd3 1

Retinal degeneration at 2 
weeks o f age, total sight loss 

at 8 weeks
(Chang e tal. 1993)

rds/rd2 17
outer segment o f the 

photoreceptor cell fails to 
develop

RP7 (179605) (Coimell et al. 1991)

rdl2 3

Retinal degeneration: 
disorganized outer segment 
discs, reduced rod function, 

lack o f rhodopsin

Leber Congenital 
Amaurosis, Type II 

204100
(Pang et al. 2005)

rdl3 15 Outer nuclear layer of the 
retina is 2-3 cell layers thick (Buchner et al. 2004)

rdl4

I

18

white retinal spots, large 
cells in the subretinal space, 

blood on retina caused 
decrease in ERG amplitude

http://www.jax.org/staff/
bo_chang.html

rdl 5!
i

7
slow progressive retinal 
degeneration and OPL 

dystrophy, onset at 4 weeks

http://www.jax.org/staff/
bo_chang.html

!

rd l6 10
retinal degeneration with 
white retinal vessels at 1 

month

http://www.jax.org/staff/
bo_chang.html

1
rd5 7 Retinal degeneration Bardet-Biedl Syndrome 

(209900)
(Noben-Trauth et al. 

1996)

Ushlc 7 Slight peripheral retinal 
degeneration from 9 months

Usher Syndrome, Type Ic 
(276904) (Johnson et al. 2003)

Table 1.2 Summary of all known naturally-occurring retinal degenerations in inbred mouse strains
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1.4.2 Targeted mouse models with a retinal phenotype

Gene targeting, using homologous recombination in embryonic stem cells 

(Capecchi 1989), has been used with great success as a method to create genetically 

manipulated mice with disruptions in specific genes, with the aim o f determining gene 

function, for example (in the context of the current thesis) the rhodopsin knockout 

mouse model of RP (Humphries et al. 1997). This technique can be extended using 

Cre/Lox technology, where expression is limited only to specific organs or tissues (Le 

and Sauer 2000). Gene targeting has helped to functionally categorise the role o f genes, 

both disease and wild type (normal), expressed in the retina (Capecchi 2005). Mouse 

models are also being created using mutagenesis (Nishimura et al. 2003; Pinto et al. 

2004) and gene trapping (Skames et al. 2004) techniques. Such models may then be 

tested for a range of phenotypes including retinal function.

A comprehensive search o f the Mouse Genome Informatics (MGI) database at 

the Jackson Laboratory (http://www.informatics.iax.org/menus/allele menu.shtml) was 

made to identify all those mouse models with targeted mutations that have been 

reported to have a retinal phenotype. Over 500 targeted models exist with catalogued 

abnormalities in the category o f ‘vision/eye’ phenotypes. However, many o f these 

mutations result in structural defects of the eyeball and eyelids, such as eyelids open or 

no eyes. Retinal defects have been attributed to 122 o f these targeted mouse models 

which are summarised in Appendix D. Such mice show functional defects at every 

level o f the retina. Other currently available gene targeted mouse models could 

potentially show retinal defects, but these models are not routinely tested for a retinal 

phenotype, unless one is anticipated.

Those targeted mouse models most commonly used in vision research are the 

ones which mimic human retinal disorders. These include the cyclic nucleotide gated 

channel alpha 3 knockout (Cnga3'^‘), with loss of cone photoreceptors (Biel et al. 1999), 

the rhodosin knockout (RJio''̂ ')> with loss o f rod photoreceptors (Humphries et al. 1997), 

the cone-rod homeobox containing knockout (Crx" '̂) lacking rod and cone activity 

(Furukawa et al. 1999) and the neural retina leucine zipper gene (Nrl'^') which has 

complete loss of rod function and supernormal cone function (Mears et al. 2001). 

Double and triple knockouts have also been reported.
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It should also be noted that not all targeted disruptions in mice of disease- 

causing genes mimic the human disease. In humans, mutations in the retinitis 

pigmentosa GTPase regulator (RPGR) gene cause LCA, a childhood blindness, 

whereas mice show a mild phenotype (Mavlyutov et al. 2002). shl, the mouse model 

for USHIB, an Usher syndrome with congenital deafness and RP, does not have a 

retinal phenotype, despite the mutation for both USHIB and shl being in the myosin 

VII a gene (Steel 1995). In both cases this is explained by species-specific expression 

of the disease gene in retinal tissues (el-Amraoui et al. 1996; Mavlyutov et al. 2002).
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1.5 GENETIC MODIFIERS INFLUENCING STRUCTURE OR FUNCTION

IN THE RETINA

Phenotypic variation is an intrinsic feature of nearly every Mendehan disorder. 

Disease phenotypes may occur due to allehc differences, environmental effects or 

genetic modifiers. Background genes can interact with the mutated disease gene and/or 

on the pathways between the mutated gene and the eventual phenotype (Haider et al. 

2002). Such background genes are called genetic modifiers. In retinal diseases, the 

influence o f genetic modifiers may be seen in variation in age o f onset, in severity of 

disease, in rate o f disease progression and in disease presentation. Since genetic 

modifiers can either enhance, or suppress the effects o f a mutant phenotype, the 

identification o f such genes has the potential to give new insights into the biological 

pathways which lead from mutation to disease phenotype, perhaps opening up novel 

targets for therapeutics (Pacione et al. 2003).

L5.1 Genetic modiflers of human retinal disorders

Human retinal disorders, such as RP and allied retinal degenerations are 

extremely clinically and genetically heterogeneous, with different mutations in many 

genes causing differential variability o f RP symptoms. Much research has gone into 

comparing phenotype with genotype. However few patterns have been found linking 

clinical and genetic findings (Ben-Arie-Weintrob et al. 2005), suggesting that genetic 

modifiers, rather than individual mutations are responsible for a good deal o f the 

observed phenotypic variability.

In human retinal disorders, the current method o f looking for genetic modifiers 

is to find families where individuals with the same disease-causing mutations present 

with different symptoms. The hypothesis is that the variation in phenotype is due to the 

presence o f modifier gene(s). One of the first observed examples o f phenotypic 

variation in human retinal disease was where different members o f a family, all 

carrying the same mutation in the peripherin/RDS gene, developed either RP, pattern 

dystrophy or fundus flavimaculatus (FFM) (Weleber et al. 1993). In a separate family, 

members with a 4bp insertion in the peripherin/RDS gene exhibited a variety of 

phenotypes ranging from subtle pigmentary changes in the RPE to more widespread
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pigmentary changes associated with choroidal neovascularization (Kim et al. 1995).

RP also exists in digenic form, where some individuals with a Leul85Pro mutation in 

the peripherin/RDS gene also have a null mutation in the ROMl gene (Kajiwara et al. 

1994).

The influence o f genetic modifiers can also be observed in individuals 

heterozygous for an Arg677ter mutation within the RPl (autosomal dominant RP) 

gene. Non-penetrance or minimal disease expression is seen in some Arg677ter +/- 

individuals suggesting the impact of modifier genes or environmental factors in R P l- 

related disease (Jacobson et al. 2000). A remarkable degree o f clinical heterogeneity 

has been reported in the flecked retinal disease Sorsby Fundus Dystrophy (SFD), where 

individuals with a SerlSlCys mutation in the tissue inhibitor o f metalloproteinases-3 

(TIMP3) gene show interfamilial phenotypic variability in the form of ftindus spots and 

deposits (Felbor et al. 1997).

Phenotypic variability attributable to genetic modifiers has also been observed 

in a number o f other retinal disorders. In choroideremia, an X-linked disorder, three 

female carriers, all with the same 1388delCCinsG, were shown to have varying 

phenotypes. This may be due to varying expression o f the inactivated and activated 

forms o f the gene within the same cell (Rudolph et al. 2003). Patients with mutations in 

the ABCA4 gene, present with Stargardt’s Macular dystrophy/fundus flavimaculatus. 

However extensive phenotypic variability has been reported. Some o f this variability 

can be explained by the presence of compound heterozygotes within the ABCA4 gene 

but there are unexplained phenotypic differences which are presumably due to the 

influence o f other alleles (Gerth et al. 2002). Mutations in the GUCAl A gene, 

encoding guanylate cyclase activator 1 a (retina), have been shown to cause autosomal 

dominant cone and cone-rod dystrophies. A number of mutations have been reported in 

this gene, with the P50L mutation exhibiting an extremely variable phenotype, from 

mild to severe cone-rod dystrophy (Downes et al. 2001). Another example of 

phenotypic variability is where a single Tyr99Cys mutation in the GUCAl A gene has 

been shown to cause cone, cone-rod, or macular dystrophy in six affected members of 

the same family (Michaelides et al. 2005). X-linked retinoschisis shows phenotypic 

variability as well as mutational heterogeneity, with over 100 known mutations in the
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RS1 gene. Phenotype-genotype (mutation) correlations have been attempted but to date 

none have been discovered (Tantri et al. 2004). This suggests a potential role for 

modifier genes influencing phenotype.

Phenotypic variability has also been observed in a number of retinal disorders 

where the gene in question has not yet been determined, such as Joubert’s syndrome 2, 

showing extreme variation in phenotype, sometimes presenting with LCA and other 

times without (Valente et al. 2005). hi these cases, variability could be allelic or due to 

compound mutations.

1.5.2 Genetic modiflers of animal retinal disease models (targeted and naturally 

occurring)

Phenotypic variability in mouse models of human disease occurs less than in the 

human diseases themselves primarily because most mouse models are maintained on 

inbred mouse strains. The first report suggesting that mouse models might exhibit 

phenotypic variation was an observation of differences in rate of photoreceptor 

degeneration in the rdi mouse (Heckenlively et al. 1993). Variation of phenotype is 

often apparent when mouse models are backcrossed onto different background strains. 

Examples of this are the rhodopsin knockout mouse model of RP, which shows a 

strain-specific rate of photoreceptor degeneration (Humphries et al. 2001), the rd7 

mouse which shows reduced penetrance in its retinal spotting phenotype in some of the 

offspring of an intercross oiBt.Cg-rd7/rd7 with the CAST/Ei strain (Akhmedov et al. 

2000). In a canine model of LCA, caused by a mutation in the Rpe65 gene, a variable 

rate of disease progression is seen with a different topographical distribution of disease 

within the retina depending on whether the mutation is in miniature poodles or English 

cocker spaniels (Aguirre and Acland 1988; Aguirre et al. 1998).

The fierce mouse {Frc), is a naturally occurring rd mouse whose behavioural 

and ocular phenotypes are caused by a mutation in the gene encoding nuclear receptor 

subfamily 2, group E, member 1. This mouse exhibits variation in ocular phenotype 

which is strain dependent. Retinal vessels are deficient in size and number in 

129P3/JEms-frc and B6/129Fl-frc mice but almost entirely absent in C57BL/6J-frc
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mice (Young et al. 2002). Genetic modifiers and their influence on the murine retina 

are covered in more detail in chapter 3.

1.5.3 Methods to identify genetic modifiers

To date very few genetic modifiers have been identified in any human inherited 

disease. This is largely due to the degree of genetic variation in this population which 

means it is difficult to identify genes of small phenotypic effect. Large families with a 

variable retinal phenotype would be required and these are not very common. Genetic 

modifiers have been identified in other neurodegenerative disorders, with some 

evidence for example that the age of onset in Huntingdon’s disease may be influenced 

by the kainate receptor GLUR6 (Chattopadhyay et al. 2003) and a gene encoding for 

ubiquitin carboxy-terminal hydrolase LI (Naze et al. 2002). These studies were 

undertaken in Indian and European populations; it is plausible that different genetic 

modifiers could influence phenotypic variability in other populations.

Phenotypic variability becomes visible by comparing traits in different strains 

o f inbred mouse. A limited number o f genetic modifiers have been mapped between 

these different inbred strains using quantitative trait mapping techniques (Flint et al. 

2005; Nadeau 2001).

26



1.6 POTENTIAL THERAPIES FOR RETINAL DISORDERS

To date no effective therapy for human retinal disorders has been developed. 

Mutations in genes generally cause a disorder in one o f two ways (1) in a dominant 

negative manner, where the gene adversely affects any normal, wild-type gene product 

within the same cell (in heterozygotes); (2) haploinsufficiency, where an individual 

heterozygous for a single copy o f the normal gene is incapable o f providing sufficient 

protein production as to assure normal function. Individuals harbouring disease-causing 

genes with dominant negative mutations will require therapies to suppress the mutant 

copy o f the gene and replace it with a normal copy (Farrar et al. 2002; Millington-Ward 

et al. 1997), whereas individuals who are haploinsufficient for a gene will require only 

an increase in the amount o f gene product. Another method is to suppress the secondary 

effect o f a primary mutation, for example apoptosis in photoreceptors (Doonan and 

Cotter 2004). Methods currently being developed in vitro and in animal models to 

suppress a disease-causing gene include methods to knockdown transcript o f a mutant 

gene. Such gene-silencing methods include use of ribozymes, which are small catalytic 

RNA molecules that can cleave other RNAs. They can be targeted to cleave a specific 

sequence o f RNA (Liu et al. 2005; O'Neill et al. 2000). RNA interference (RNAi) 

methods, based on the use o f small dsRNA, have also been used in vivo to knockdown 

a mutant version of a gene (Kiang et al. 2005). Some success has been achieved in 

being able to restore sight in canine and mouse models o f retinal disease using adeno- 

associated viral delivery o f the Rpe65 gene (Acland et al. 2001; Narfstrom et al. 2003). 

In some cases o f haploinsufficiency, delivery of the missing protein or gene is 

sufficient to restore vision (Rohrer et al. 2005; Zeng et al. 2004). Other methods 

proposed have been to repair a damaged retina for example using stem cells to grow the 

retinal neurons lost in retinal disorders (Haynes and Del Rio-Tsonis 2004). In addition, 

bone marrow derived stem cells have been shown to preserve some vision in retinal 

disorders (Otani et al. 2004; Smith 2004). However, commendable progress is being 

made toward the eventual therapy of hereditary retinal disorders. Specifically in the 

case o f LCA, success achieved in the Briard dog model will almost certainly lead to the 

initiation o f phase I clinical trials in human subjects within the next 12 months.
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1.7 AIMS OF THIS THESIS

The objectives o f this work were to study variation in retinal function in wild 

type strains of inbred mouse. In chapter 2 ,1 present a microarray study designed to 

analyse the global retinal transcriptional profiles o f C57BL/6J01aHsd and 

12982/SvHsd mice, two strains on which the Rho-/- targeted mutation shows 

differences of phenotype. In chapter 3 ,1 introduce a genome-wide study whose purpose 

was to examine the phenotypic variation observed between the eight traits o f the cone- 

mediated ERGs of C57BL/6J01aHsd and 129S2SvHsd and to identify QTLs in which a 

gene or genes controlling the genetic variation may be present. Chapter 4 is a follow-up 

study to chapter 3, confirming the presence of a major QTL on chromosome 19 which 

controls variation in the cone-mediated ERG, between these two strains o f inbred 

mouse. Chapter 5 is similar to chapter 3, attempting to find QTLs which control 

variation observed in the amplitudes of the dark-adapted (rod-mediated) ERG. Chapter 

6 is a study of environmental variation, examining the affects o f an increase in core 

body temperature on the ERGs of both C57BL/6J01aHsd and 129S2/SvHsd strains of 

mouse. Also included in appendix G are the results o f a study to determine whether 

mutations in the human LAMC3 gene cause a digenic form of RP.
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Figure 1,1 Light micrograph o f a vertical section through a human retina, stained using toluidene blue, a 

nuclear stain. All retinal layers are labelled (1-10) including OLM: outer limiting membrane, ONL; outer 

nuclear layer, OPL: outer plexiform layer, INL: inner nuclear layer, IPL: inner plexiform layer, GCL: 

ganglion cell layer and ILM: inner limiting membrane. Also shown is the direction in which light moves 

through the retina as the direction in which the signal generated by the photoreceptors is transmitted 

through the retina. Adapted from http://webvision.med.utah.edu/sretina.html
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Figure 1.2 Stylised diagram showing the neurons o f the retina and how they interconnect within the 

retina. ONL: outer nuclear layer, OPL; outer plexiform layer, INL: inner nuclear layer, IPL; inner 
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Figure 1.3 Diagram o f a rod and cone photoreceptor cell in the human retina. (Modified from Young 

R.W., The Bowman Lecture: Biological renewal: Applications to the eye, Trans. Ophthalmol. Soc. UK 

102:60, 1982), showing the four main sections o f the vertebrate retina (1) outer segment, (2) inner 
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Figure 1.4 Electron micrograph o f a rod outer segment (ROS) showing stacked membraneous discs (left) 

and schematic diagram o f the seven transmembrane rhodopsin molecule and opsin molecule within the 

disc (right). Adapted from (Kolb et al. 2003).
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Protected Imapa

Figure 1.7 Diagram showing an overview o f the Optomotor system used to test visual acuity in mice 

(adapted from Prusky et al) (A) A virtual cylinder is projected in 3-D coordinate space on monitors. The 

head o f the mouse centers the rotation of the cylinder. (B) When the cylinder is rotated, the mouse tracks 

the drifting grating with head and neck movements. (C) A single-frame video camera image o f a mouse 

tracking the cylinder grating.
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F igu re  1.8 Fundus photo from a normal human retina (left) and one affected by a retinal degeneration 

(right). A ttenuation o f  the blood vessels is very obvious in the unhealthy eye as are retinal pigmentary 

deposits (black spots).



CHAPTER 2

STRAIN-SPECIFIC GENE EXPRESSION PROFILING IN

THE MOUSE RETINA



2.1 INTRODUCTION

We report on the first global comparison of retinal transcriptional profiles 

between strains o f inbred mice.

To investigate the strain-specific difference observed in retinal phenotypes of 

mice on different genetic backgrounds and search for candidate genetic modifiers, a 

series of experiments was devised to compare retinal gene expression in two commonly 

used inbred mouse strains, C57BL/6J01aHsd (C57) and 129S2/SvHsd (129). Previous 

research at this laboratory has shown that the extent o f photoreceptor degeneration in 

the rhodopsin knockout mouse (Rho'^') varies depending on the background strain of 

mouse on which the targeted deletion o f the rhodopsin gene is expressed (Humphries et 

al. 2001). Specifically a slower rate of retinal degeneration in the Rho'^' C57BL/6J 

mouse, compared with the Rho'^' 129Sv mouse was observed. Such variation is 

undoubtedly the result o f expression o f background genes which modify phenotype.

A microarray hybridisation study using Affymetrix MGU74v2 chip sets was 

performed to evaluate gene expression levels in wild type mice at two time points, 10 

days and 4 months. Functional and gene ontology analysis was carried out to get an 

overview o f differential expression between the two strains. Forty four genes of interest 

were amplified by real time PCR to independently confirm expression changes. RNA 

expression was localised in the retina by in situ hybridisation for three o f these genes.

A remarkable degree o f change between wild type C57 and 129 retinas has been 

demonstrated, with 1899 genes and ESTs differentially expressed. Transcripts of 

murine homologues of retinal degeneration genes, cell structural genes, apoptotic genes 

and ion transporting genes were all confirmed as differentially expressed. These 

candidate modifiers might help in explaining phenotypic differences or in elucidating 

the biological pathways which exist between primary genetic mutation and eventual 

cell death.

2.1.1 Strain-specific phenotypic variability in animal models of retinal 

degeneration

A number o f published studies have reported strain-dependent differences in 

retinal phenotypes o f genetically manipulated mice, containing engineered null-
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mutations o f certain genes. Strain-specific variation o f phenotype is beHeved to be 

influenced by the presence of modifier genes in the genetic background o f a strain, 

which in turn can affect the primary phenotype. The Rho'^', mouse an animal model of 

RP, has a targeted disruption of the rod visual opsin, rhodopsin (Humphries et al.

1997). It was subsequently shown that the severity o f the retinal degeneration in these 

animals is influenced by the genetic background on which the mutation is expressed 

(Humphries et al. 2001).

Other examples exist where genetic background influences ocular function. For 

example, p53-deficient mice develop ocular abnormalities including optic nerve 

hypoplasia, retinal folds and abnormal inner retinal vessels when on a C57BL/6 

background, but have a normal-appearing fundus when on a 129Sv background (Ikeda 

et al. 1999). In addition, a spontaneous mouse model o f Alstrom syndrome, the tubby 

mouse, since renamed as retinal degeneration 5 (Rd5), shows defects in growth and 

hearing as well as a retinal degeneration. Mice homozygous for the tubby mutation 

show extensive variation in the thickness o f the retinal outer nuclear layer (ONL) in a 

C57BL/6J X AKR/J intercross. Another example o f variation o f a retinal phenotype is 

in light induced retinal degeneration, where some strains o f mouse, including C57 are 

resistant to light induced apoptosis, whereas others, including the 129 strain are 

susceptible (Danciger et al. 2000). Such susceptibility has been shown to be partly due 

to a single nucleotide polymorphism on mouse chromosome 3 within the Rpe65 gene 

(Wenzel et al. 2001).

2.1.2 Strain-specific variation in the rliodopsin knockout (Rho' '̂) mouse

The study undertaken in this chapter was performed in an attempt to 

determine the extent of retinal genetic variation between C57BL/6J (C57WT) and 

129Sv (129WT) strains, as measured by differential gene expression between the two 

strains. These two inbred strains were chosen in view of the fact that a previous study at 

this laboratory had involved backcrossing Rho'^' mice onto pure C57WT and pure 

129WT genetic backgrounds and variation in the rate o f disease progression had been 

observed (Humphries et al. 2001).
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Rho'^' mice form non-functional rod photoreceptors which fail to elaborate outer 

segments. As a result the rod cells die progressively after birth. In the absence of rod 

cells, the cone photoreceptor cells also die by apoptosis. On a mixed 129WT/C57WT 

genetic background, visual function from cone photoreceptors, as measured by 

electroretinogram, survives until the mouse is 3 months o f age. On a pure genetic 

background, 129WT Rho'^' mice lose visual function by 3 months o f age, however 

C57WT Rho'^' mice, though suffering from a slightly more severe degeneration at one 

month o f age, undergo a slower rate o f cell loss in the first 3 months, still retaining 

limited visual function, as measured by electroretinography, at 4 months o f age 

(Humphries et al. 2001) (Figure 2.1). Numbers of photoreceptors in the ONL were also 

measured, with a significant difference in numbers o f ONL nuclei recorded at 3 and 4 

months o f age between 129 and C57WT‘̂ '’°'''(Figure 2.2).Wild type controls

from each strain showed no statistically significant differences in numbers o f ONL 

nuclei at any time point (Humphries et al. 2001). This difference in phenotype, though 

seeming relatively small, could equate to more than 10 years extra useful vision in a 

human patient with RP (personal communication with Paul Sieving, NEI). The 

differences observed in the Rho'^' animal model, suggest a complexity to the process o f 

retinal degeneration which is influenced by strain-specific pathways other than the 

immediate loss o f rhodopsin.

2.1.3 The influence of gene expression levels on phenotype

To date relatively few animal studies comparing the influence o f gene 

expression levels and phenotype in the retina have been reported. Use o f a human 

custom retinal array designed to assess differences in gene expression levels in non

disease retinas resulted in the observation of great variability in many genes o f retinal 

function, suggesting that this may contribute to phenotypic diversity across normal 

adult retinas (Chowers et al. 2003).

Retinal degenerations can result from haploinsufficiency, where an individual is 

clinically affected because a single copy o f the normal gene is incapable o f providing 

sufficient protein production as to assure normal function. This situation could also be 

termed under-expression. This has been observed in some cases o f optic atrophy
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(Alexander et al. 2000) and vitelliform macular dystrophy 2 (VMD2) (Kramer et al. 

2003). Haploinsufficiency has also been suggested as one cause o f retinal degeneration 

in a number o f mouse models, including the Crx'^' mouse model (Chen et al. 2002) and 

the FSCN2 mouse model (Yokokura et al. 2005) as well as the naturally occurring 

peripherin/RDS mouse (Strieker et al. 2005). Over-expression o f rhodopsin in targeted 

mouse models has been observed to induce a photoreceptor degeneration similar to RP 

(Tan et al. 2001).

In non-retinal diseases, gene expression levels have been shown to modify 

phenotypic outcome. An example o f this is sickle cell anaemia, a monogenic disorder, 

where expression levels o f the bilirubin gene influence the incidence o f gallstones and 

expression levels of the VCAMl gene affect stroke incidence (Heeney et al. 2003; 

Taylor et al. 2002). One method of detecting gene expression levels as modifiers is to 

study promoter polymorphisms. This method has been used to show that gene 

expression levels can modify disease risk, for example, in Alzheimer’s disease, prostate 

cancer and type 2 diabetes (Bulotta et al. 2005; Licastro et al. 2005; Rodriguez et al. 

2005; Vesovic et al. 2005).

2.1.4 Strain-specilic global gene expression studies

Although gene expression studies are an excellent method by which to study 

strain-specific differences in phenotype at the mRNA level, very few such studies have 

been undertaken. In one example, genes differentially expressed between specific brain 

regions o f 129SvEv and C57BL/6 mouse strains, were reported (Sandberg et al. 2000). 

The results of that study indicated that approximately 1% of expressed genes were 

differentially expressed in at least one region of the brain. This study was performed 

using Affymetrix genechip® arrays, Mul IKsubA and M ul IKsubB, which contain the 

transcripts of 10,000 genes and ESTs A database containing genes differentially 

expressed between the neonatal brains o f 129Xl/SvJ and C57BL/6J mice is also 

available (Suzuki and Nakayama 2003).
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2.1.5 Studies of global gene expression within the retina

Recent advances in molecular biology techniques have resulted in the 

development of methods to simultaneously assess all genes and ESTs expressed in any 

given tissue. One such method involves the use o f microarray chips, enabling the 

analysis o f global gene expression, by utilising the ability o f cRNA or cDNA to bind to 

its complementary sequence. Global gene expression analyses have been used with 

great success to expand current knowledge of retinal function using both custom retinal 

chips (Chowers et al. 2003; Y\xet al. 2003) and commercially available cDNA 

microarray chips (Blackshaw et al. 2004; Diaz et al. 2003; Dorrell et al. 2004; Kennan 

et al. 2002).

Many o f these studies have focussed on comparing gene expression in 

degenerating retinas to gene expression in normal (wild type) retinas. For example 

recent analysis of the global gene transcriptional profiles o f the Rho'^' mouse has been 

performed using Affymetrix genechips® (Kennan et al. 2002) and retinal expression 

analyses o f the Nrl'^' mouse, a cone-only model, and the naturally occurring rdl mouse 

have been performed using custom retinal chips (Hackam et al. 2004; Yu et al.). 

Microarray studies have also profiled changes in expression in wild type mice, looking 

at gene expression in the developing retina (Diaz et al 2003) and developing postnatal 

retina (Dorrell et al 2004). An additional use for global gene expression studies has 

been the resolution o f genes and ESTs with retina-specific expression patterns. This 

approach has resulted in the detection of novel genes expressed in the retina, which 

could be candidates for retinal disease (Blackshaw et al. 2001; Hackam et al. 2003). A 

number o f pathways involved in retinal degenerations have been highlighted, including 

those involved in the Wnt signalling pathways (Hackam 2005; Yu et al. 2004) and 

neuro-inflammation and apoptosis (Rohrer et al. 2004). Microarray analyses have also 

been used to show differential expression between mice reared in dim and bright cyclic 

light (Huang et al. 2005).

Global gene expression analyses have added a phenomenal amount o f data to 

the study of the retina and its degenerations by providing a ‘snapshot’ o f the 

transcriptome at a particular time and under specific conditions. These data have 

provided their own problems, posing more questions than they answer and highlighting
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the remarkable degree o f complexity associated with retinal gene expression, both in 

normal and degenerating retinas.

2.1.6 Microarray analysis and validation

Microarray experiments allow for the simultaneous study o f thousands o f gene 

transcripts from a tissue, providing information on expression patterns in specific 

tissues. Microarrays can be divided into two major types, cDNA chips and 

oligonucleotide chips; however both consist of DNA sequences, corresponding to 

known genes and EST clusters, immobilised on to glass slides. cDNAs are spotted on 

to chips generally using a robot. It is possible to create custom, for example tissue 

specific, cDNA chips under general lab conditions, however, it is necessary to 

determine all the genes/ESTs present in a single tissue type in order to perform a global 

gene expression analysis for an individual tissue type. For cDNA chips, control and 

reference cDNA samples are labelled with different fluorescent labels (usually Cy3- 

and Cy5-dUTP) which are then hybridised to the cDNA chip. Fluorescent signal 

intensities for hybridisation of the samples are detected and ratios o f hybridisation 

determined.

Oligonucleotide arrays, such as the Affymetrix GeneChip® Mouse Genome 

U74v2 probe arrays (MGU74v2) used in these sets of experiments, are in situ 

manufactured chips, with 25-mer oligonucleotides synthesised directly on the chip. The 

MGU74v2 probe sets consist o f 3 chips; a, b and c, which contain 36,000 full length 

mouse genes and EST clusters from the Unigene database, build 74 (Affymetrix 2002- 

2005). There are approximately 16 probe pairs per gene represented on the chip. Chips 

also contain inbuilt hybridisation and polyA controls, to ensure that (a) cDNA was 

created successfully and (b) hybridisation was successful (http;//www.affymetrix.com). 

Total RNA is reverse transcribed to make cDNA which is in vitro transcribed to create 

biotin-labelled cRNA which is fragmented and hybridised to a GeneChip®. The 

microarray chip is scanned and quantified (Figure 2.3). Hybridisation is compared 

across different samples to give a relative gene expression level.

A major recent study has compared different types o f microarrays using 

different platforms for analysis and in different laboratories to determine levels of
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reproducibility. These findings indicate that microarray results can be comparable 

across multiple laboratories, especially when a common platform and set o f procedures 

are used (Bammler et al. 2005; Irizarry et al. 2005; Larkin et al. 2005). No individual 

type of microarray produced more accurate or more reproducible results.

2.1.7 Study Aims

Gene expression profiling has been applied to retinal tissue fi'om two inbred 

strains commonly used in vision research that differ in their response to photoreceptor 

cell death when they have a non-functional rhodopsin gene. Affymetrix GeneChips® 

(MGU74Av2, Bv2 and Cv2), commercially available microarry chips which have been 

used in a number o f other retinal studies (Makino et al, 2004; Wilson et al, 2003, both 

used MGU74Av2) were employed for global gene expression profiling. This 

experiment was performed in an effort to learn more about retinal function and also to 

see whether genetic modifiers which influence the original phenotype o f rate o f cell 

death could be elucidated. For this, the unusual step o f profiling the wild type mouse 

instead o f the knockout was taken as the retinas o f rhodopsin knockout mice have many 

degeneration-associated traits which could mask the genetic variation in gene 

expression between strains.

Here I report an analysis of the comparative transcriptional profile of 

approximately 36,000 genes and ESTs in the retinas o f C57WT and 129WT mice, in 

which a remarkable degree of variability with respect to levels o f transcript between the 

to strains has been encountered. Specifically, the microarray experiment showed 1899 

genes and ESTs were differentially expressed between the retinas o f C57WT and 

129WT mice. These transcripts derived from genes encoding structural proteins, 

proteins involved in apoptosis, ion transport and neurotransmission. In addition, a 

number o f transcripts derived fi'om the murine homologues of disease-causing genes 

were also differentially expressed. Transcripts identified in this study thus represent 

candidate modifiers o f phenotype in for example, the Rho-/- mouse. This study also 

gives a broader understanding of the molecular events that occur in the retina 

particularly those molecular events which lead to a strain-specific phenotype.
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2.2 MATERIALS AND METHODS

2.2.1 RNA extraction

All procedures involving mice were performed in accordance with the ARVO 

statement for the Use o f Animals in Ophthalmic and Vision Research. Wild type retinal 

tissue samples were obtained from freshly euthanised (CO2 asphyxiation) 

C57BL/6J01aHsd (Harlan, Bicester, UK) and 129S2/SvHsd (Harlan, Bicester, UK) 

inbred mouse strains at 10 days and 4 months. Mice were euthanised at the same time 

every day in order to exclude possible changes attributable to circadian timing. Retinas 

were immediately dissected to exclude pigmented epithelium and other extraretinal 

tissue. Total RNA was extracted using standard phenol/guanidine thiocyanate 

extraction (Trizol®, Invitrogen, Carlsbad, CA). Retinas from four animals were pooled 

at each time point to account for the small quantity o f retinal tissue yielded and to 

minimize the effect o f biological variation between individual mice. RNA integrity was 

assessed by gel electrophoresis and with A260/A280 absorbance ratios. Two thirds of 

this ‘original’ RNA was used in microarray analysis and one third in real time PCR 

analysis. A ‘new’ set of pooled RNA samples was also extracted from both strains of 

mice at the same time points and used in real time PCR analysis. Harlan animals were 

euthanised by Dr. Paul Kenna and retinal RNA extraction was performed by Dr. Arpad 

Palfi.

RNA was also extracted from three C57BL/6 animals (Bantin and Kingman, 

UK) where all procedures were performed by Alison Reynolds.

2.2.2 cRNA preparation for microarray hybridisation

First and second strand cDNA synthesis was performed on 12|^g o f total RNA 

using the SuperScript Choice System (Life Technologies, Inc., Gaithersburg, MD, 

USA) according to the manufacturer’s instructions, except using a T7-oligo (dT)24- 

primer containing a T7 RNA polymerase promoter site (Life Technologies, Inc., 

Gaithersburg, MD, USA). Second strand cDNA synthesis was followed by incubation 

in 50mM NaOH/O.lmM EDTA for 10 min at 65°C in order to degrade rRNA and 

tRNA. Labeled cRNA was prepared using BioArray High Yield RNA Transcript
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Labeling kit (ENZO Life Sciences, Farmingdale, NY, USA). Biotin labeled CTP and 

UTP (ENZO Life Sciences, Farmingdale, NY, USA) were used in the reaction, together 

with unlabeled nucleotide triphosphates. Unincorporated nucleotides were removed 

from the in vitro transcript using RNeasy spin columns (Qiagen, Crawley, UK).

2.2.3 Microarray hybridization and scanning

Fifteen \x.g o f each cRNA were fragmented at 94°C for 35 min in a 

fragmentation buffer containing 40mM Tris-acetate (pH 8.1), lOOmM potassium 

acetate and 30mM magnesium acetate. Prior to hybridisation, the fragmented cRNA 

was heated to 95°C in a 6x SSPE-T hybridisation buffer [IM  NaCl, lOmM Tris (pH 

7.6) and 0.005% Triton] for 5 min and subsequently to 40°C for 5 min before loading 

onto the probe array cartridge. Murine probe sets M G-U74Av2-arrays with 12,487 

datasets, MG-U74Bv2-arrays with 12,477 datasets and M G-U74-Cv2-arrays with 

11,934 datasets (Affymetrix Inc., Santa Clara, CA, USA) were incubated for 16 hours 

at 45 °C with constant rotation (60rpm). The washing and staining procedure was 

preformed in the Affymetrix Fluidics Station. The probe array was exposed to 10 

washes in 6 x SSPE-T at 25°C, followed by 4 washes in 0.5 SSPE-T at 50°C. The 

biotinylated cRNA was stained with a streptavidin-phycoerythrin (SAPE ) conjugate at 

a final concentration o f 2|ag/|il (Molecular Probes, Eugene OR, USA) in 6x SSPE-T for 

30 min at 25°C, followed by 10 washes in 6x SSPE-T at 25°C. An antibody 

amplification step was added using normal goat IgG at a final concentration o f 

0.1 mg/ml (Sigma Chemical Co.) and anti-streptavidin antibody (goat) biotinylated at a 

final concentration o f2 |ig /|il (M olecular Probes, Eugene OR, USA) in 6x SSPE-T for 

30 min at 25°C and followed by 10 washes in 6x SSPE-T at 25°C. The probe arrays 

were scanned at 560nm using a confocal laser-scanning microscope with an argon ion 

laser as the excitation source (Hewlett Packard GeneArray Scanner Expression 

Analysis Software) and scaled to a global intensity o f 150 as published previously 

(Thykjaer et al. Cancer Res). Array hybridisation and scanning was performed by our 

collaborators Dr. Karin Birkenkamp-Demtroder and Dr. Kim Nielsen fi’om the Danish 

Affymetrix group in the laboratory o f  P ro f Torben F. 0m toft, Aarhus University 

Hospital, Aarhus, Denmark.
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2.2.4 Comparison Analysis (Differences between the two wild-types)

Comparison analysis was done using Affymetrix Microarray Suite 5.0 (MAS 

5.0), MicroDB 3.0 (MDB 3.0) and Datamining Tool 3.0 (DMT 3.0) (Affymetrix,

USA).

For all three array subtypes A, B and C, retinal RNA expression o f wild-type 

129S2/SvHsd (129WT) mice at 10 days and at 4 months was compared to that o f wild- 

type C57BL/6J01aHsd (C57WT) mice, treating the C57WT expression values as 

baseline. Comparison analysis was performed by our collaborators Dr. Karin 

Birkenkamp-Demtroder and Dr. Kim Nielsen from the Danish Affymetrix group in the 

laboratory of Prof Torben F. 0m toft, Aarhus University Hospital, Aarhus, Denmark.

2.2.5 Bioinformatics analysis

Information on Affymetrix probe sets representing changed genes was obtained, 

using a number of programmes freely available on the web. Functional annotation for 

probe sets was acquired using the Affymetrix NetAffx analysis centre 

(https://www.affymetrix.com/analysis/netaffx/index.affx) and with reference to the 

Gene Ontology terms (http://www.geneontology.org/). The mouse genome browser 

(MGB) (http://genome.ucsc.edu/cgi-bin/hgGateway?org=mouse), Unigene, Locuslink, 

Entrez, Blast and OMIM (all available via the NCBI gateway 

http://www.ncbi.nlm.nih.gov/) were used for additional genomic and protein 

annotation. The RetNet database (http://www.sph.uth.tmc.edu/Retnet/) was used to 

identify human retinal disease loci. Information was collated on normal expression 

patterns to see whether any of the differentially expressed genes fell outside known 

patterns of expression using the mouse genome informatics (MGI) at the Jackson 

Laboratory (http://www. jax.org/). The Gene Ontology Tree Machine (GOTM) was 

used to identify functional classes of genes which were over-represented in the probe 

sets (http://aenereg.oml.aov/gotm/): perhaps identifying pathways o f interest 

differentially expressed between C57WT and I29WT mouse retinas.
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2.2.6 Real Time quantitative RT-PCR

Gene-specific primers for real time quantitative RTPCR were designed in the 

region o f the gene which contained the hybridisation probe using the probe sequence 

information provided at Netaffx (http://www.affymetrix.com) and aligning it to the 

genomic information available for that gene from the MGB. Primers were designed in 

exonic sequence and where possible the PCR product spanned an intron. Primer 

sequences are available in Appendix B l.

First strand cDNA was synthesised from 1.5|j.g o f total retinal RNA using the 

Omniscript RT kit (Qiagen GmbH, Germany) and oligo d(N)e priming (Roche Applied 

Science, Nutley, NJ, USA). cDNA was synthesised for each time point using both the 

original (same sample that hybridised to the microarray chip) and new pools o f RNA.

cDNA samples were amplified using real time (RT) PCR on a Roche 

Lightcycler (Roche Diagnostics, Nutley, NJ) and quantified using QuantiTect SYBR 

Green PCR Kit (Qiagen, GmbH, Germany). PCR quality and specificity was verified 

by melting curve dissociation analysis and gel electrophoresis (2% in IxTAE) o f the 

amplified product. For quantification, a standard curve using four serial dilutions was 

generated from the cDNA template. Relative expression levels o f each gene were 

calculated using the second derivative maximum values from the linear regression of 

cycle number versus log concentration o f the amplified gene. The relative expression of 

129WT retinal cDNA was compared to C57WT retinal cDNA at each time point and, 

as with the microarray experiment, written as a fold change (C57WT was the baseline). 

Every experiment was carried out in triplicate and mean values o f 3 experiments are 

reported. Values were normalised to the relative amounts o f glyceraldehyde 3- 

phosphate dehydrogenase (Gapdh) present in each sample.
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2.3 RESULTS

A number o f studies have highlighted the influence of genetic background in 

phenotypes associated with animal models of human disease. Two examples that relate 

to the retina are that of the Rho'^' mouse and that o f the p53-deficient mouse, both of 

which show significantly different phenotypes depending on the genetic background to 

which the knockout is bred (Humphries et al. 2001; Ikeda et al. 1999a). Both of these 

studies compared knockouts on a C57BL/6J background to that on a 129S background. 

Investigating strain-specific modifying effects will help to explain the various effects 

occurring in the animal model. Understanding the inherent variability between these 

two strains of inbred mouse will add to the current knowledge of retinal function. In 

order to investigate strain-specific variation in retinal gene expression, a microarray 

hybridisation study was undertaken to examine differences in global gene expression 

levels between the retinas of C57BL/6J01aHsd (C57WT) and 12982/SvHsd (129WT) 

wild type mice. The affymetrix MGu74v2 chipsets used for these experiments contain 

approximately 36,000 genes and ESTs. Wild type mice were used as it was thought that 

the degeneration and secondary remodelling o f the retina occurring during degeneration 

might mask any gene expression variation which could explain modifying effects in the 

knockout animals. The time points used were ten days and four months as they equate 

to the time just before the onset of degeneration (ten days) and after the end of 

degeneration in one strain (129WT) but not the other (four months).

2.3.1 Microarray aDalysis

Pooled retinal RNA samples from C57WT and 129WT mice at ten days and 

four months of age were analyzed by hybridization to MGU74v2 Affymetrix chips 

(sets A, B and C) to determine which transcripts were differentially expressed in the 

two strains o f mice. Retinal tissue samples from four mice were pooled in order to 

obtain sufficient quantities o f RNA for hybridization. While pooling overcomes 

problems associated with using individual samples, such as variability due to genetic 

effects or environmental differences, there are also distinct disadvantages to the use of 

pooled samples, including loss o f information (Bakay et al. 2002). Pooling o f samples 

was therefore used to help eliminate noise and to focus on general and more robust
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changes between the two strains of mice. O f the 36,000 genes and ESTs represented on 

the MGU74Av2, MGU74Bv2 and MGU74Cv2 Affymetrix chip sets, 1899 genes were 

shown to be differentially expressed, with a fold change of at least 2-fold in either 

direction, between C57WT and 129WT mouse retinas in at least one o f the time points. 

For the purposes o f the comparison analysis the C57WT results were treated as 

baseline. Since the retina has been estimated to express approximately 25,000 genes 

(Swaroop and Zack 2002), differential expression o f 1899 genes comprises 

approximately 7.5% of all retinally expressed genes .

O f the 1899 differentially expressed genes, the vast majority displayed change 

at four months (1332 genes) whereas a much smaller number displayed change at ten 

days (231). Relative to the C57WT strain at ten days, 33% of genes were up-regulated 

and 67% down-regulated in 129WT strain while at four months, 80% were up- 

regulated and 20% down-regulated in 129WT mice. This may indicate a higher level of 

retinal expression in the 129WT strain of mice. Since the vast majority o f genes remain 

unchanged between the two strains, however, we believe that this is not due to 

experimental bias.

Those transcripts showing differential expression were attributed at least one 

function based on those assigned by the Gene Ontology (GO) Consortium 

(http://www.geneontology.org). GO provides a structured, controlled vocabulary for 

describing gene products. It is divided into three networks describing biological 

processes, cellular components and molecular function, allowing a structured and 

consistent method of organising proteins according to their properties. Referring to the 

GO terms allowed the major function to be assigned to 1490 o f the 1899 genes altered 

in the 129WT/C57WT comparison, with the rest of the genes being o f “unknown 

function”. The results of this functional analysis are depicted in figure 2.4. Many genes 

important to neuronal activity were differentially expressed between the two strains, 

including those encoding ion channels, cell structural proteins, signal transduction 

cascades and transcription factors. While such analyses provides an indication of the 

types o f genes and pathways that show modified expression between these two strains, 

it may also be partly a function o f the higher relative representation o f these functional 

groups in the total transcriptome of the retina, compared to other tissues.
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It was o f interest to compare differentially expressed genes to the full 

complement of genes expressed in the retina, according to the microarray data. GO 

Tree Machine (GOTM) software was used to identify any GO class significantly over

represented among those genes showing differential expression in the C57WT and 

129WT mice by comparing to all retinally expressed genes (Zhang 2004). Among the 

biological processes identified as over-expressed were those involved in 

neurotransmission, cell structure, visual perception, metabolism, ubiquitination, 

melanin biosynthesis, translation, chromatin packaging and protein transport (Figure 

2.5).

2.3.2 Validation of gene expression

Real time RTPCR (called RTPCR from here on) was used as an independent 

method to validate changes in mRNA observed in microarray analyses. In order to 

make this validation as stringent as possible, two separate sets o f pooled retinal mRNA 

were used to generate cDNA for these analyses, the first set consisting o f the RNA 

pools that had been used for microarray analysis and the second set consisting o f retinal 

RNA collected from a different set of animals at the same time points and treated in the 

same manner. Forty four genes were tested by real time PCR in the two RNA pools in 

both wild type strains at the ten day and four month time points. These genes were 

selected from those showing altered expression on the microarray chip and also on the 

basis o f functional interest and their expression ratios. Only genes whose expression 

levels have been confirmed by real time PCR methods are definitively considered in 

this study to have altered expression between the two strains. O f the 44 genes analysed, 

the direction of fold changes in expression levels between strains was validated for 20 

genes at ten days and for 32 genes at four months. In many cases where it proved 

impossible to replicate the microarray results, the genes showed lower than average 

signal levels on the microarrays. Also, as has been observed in many similar studies, 

the absolute ratios calculated differed between the real time PCR and the array 

hybridisation results although, in all cases trends (up- or down-regulation) were similar 

in both sets o f data (Yuen et al. 2002). The results of those differentially expressed 

genes are presented based on their function.
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An analysis o f the correlation of microarray data with RTPCR data was 

performed on the 30 genes examined by RTPCR whose data could be compared to 

microarray data (not fourteen genes were either present or absent). This looked at 

whether the fold change noted in the microarray was the same as the fold change 

observed in the RTPCR experiments. At the 10 day time point, the microarray data 

agreed with RTPCR from both original and new pools o f RNA for 16 genes. The 

RTPCR results agree with eachother 29 out of 30 times. At the 4 month time point, the 

microarray data agrees with the RTPCR data at both time points for 17 of the 30 genes 

analysed. For four genes, the microarray agreed with the RTPCR in neither pool of 

RNA and for nine genes, the microarray data agreed with one pool o f RNA, either 

original (seven genes) or new (two genes).

In addition, the raw hybridisation signal generated in the microarray experiment 

was analysed to determine whether there was a threshold or cut off point below which 

it was not possible to replicate the microarray fold changes using RTPCR. Table 2.0 

below shows the average o f the raw hybridisation signal in C57WT and 129WT retinal 

RNA as given by the microarray MAS 5.0 software. The average raw signal value of 

those genes whose fold-change was confirmed by RTPCR is above 200, whereas the 

average raw signal value o f those genes whose fold change was not confirmed by 

RTPCR is below 126. This suggests that the threshold sensitivity o f RTPCR, as 

performed on a Roche Lightcycler, to validate the microarray results is above 200. This 

suggests that there is little point trying to replicate expression changes whose raw 

signal value is under 200.

Average hybridization value Confirmed by RTPCR Not Confirmed by RTPCR

CS7WT 227.1 103.5

129WT 209.4 125.4

Table 2.0 Table showing average raw hybridisation values o f those genes confirmed by RTPCR and not 

confirmed by RTPCR (30 genes analysed)
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2.3.2.1 Genes flagged ‘present’ in one strain and ‘absent’ in the other strain

Transcripts from 36 genes were flagged by the MAS 5.0 software as absent in 

one strain of mouse; either the C57WT or 129WT strains (table 2. la-absent 129WT 

and table 2. lb-absent C57WT). The complete absence of expression o f a gene in one 

strain o f mouse would be o f particular interest as it could explain the differences 

observed in the knockout mouse models, Rho'^‘ and p53'^'. A number o f these genes 

were analysed in the two retinal RNA pools by RTPCR to see whether the observation 

of present in one strain, absent in the second strain could be independently validated. 

Transcripts from 13 genes were analysed by real time PCR: small inducible cytokine 

A27 (Ccl27), pituitary tumor-transforming 1 (Pttgl), galactosidase, beta 1 (Glbl), 

myosin Vila (Myo7a), syndecan 4 (Sdc4), thioredoxin-like 4, (Txnl4), SEC61, alpha 

subunit 2 (Sec61a2), platelet-activating factor acetylhydrolase 2 (Pafah2), beaded 

filament structural protein 2 (Bfsp2), opticin (Optc), UDP-Gal:betaGal beta 1,3- 

galactosyltransferase polypeptide 6 (B3Galt6), epidermal growth factor receptor 

pathway substrate 8 related protein 1 (EpsSll) and synuclein alpha (Snca). Despite the 

absence o f signal from the Affymetrix software PCR products were amplified in both 

strains in all cases except for Snca, which only amplified in the 129WT strain. The 

PCR primers for Ccl27 produced a product 300bp too long, so no analysis was 

performed with this gene.Ccl27 is known to be differentially spliced into secretable and 

nuclear forms and this may explain the presence o f a PCR product o f a different size 

(Baird et al. 1999). Results for these genes can be seen in Tables 2.2a and 2.2b and 

figures 2.6a and 2.6b. For a number o f these genes the absent signal in the microarray 

analysis was apparently due to the signal value being below the detection p-value cut 

off set in the MAS 5.0 software. Transcripts from two of the 13 genes however, 

B3Galt6, and Pafah2 showed a difference in PCR product size between the two strains 

o f mouse in both the melting curve analysis following real time PCR, and on agarose 

gels. In these cases one strain o f mouse was either heterozygous or homozygous for a 

PCR product of an unexpected size. Given that the RTPCR primers were designed in 

the same sequence as the microarray hybridisation probe, such strain specific 

variability in expression levels might be the result o f an inability o f the microarray
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match/mismatch probes to hybridise in one strain due to sequence polymorphism, 

resulting in an absence o f signal.

RTPCR analysis o f the gene encoding synuclein alpha (Snca), a putative 

negative regulator of dopamine transmission (Schluter et al. 2003), indicated that, in 

accordance with the microarray data, it was not expressed in C57WT retinal tissue 

(figure 2.7a, b). Further investigation revealed however, that the C57WT sub-strain 

used in this study, C57BL/6J01aHsd, has a deletion o f a 365Kb region on chromosome 

6 making it a naturally-occurring null for both the Snca and Multimerin 1 (M rmnl) 

genes (Specht and Schoepfer 2001; Specht and Schoepfer 2004). Over-expression of 

Snca, in the form of a triplication of the gene, has been shown to cause a familial form 

of Parkinson disease (Singleton et al. 2003). The neurodegeneration appears to be 

caused by aggregation of mutant Snca protein in neuronal cells, which, as a result die 

by apoptosis (Narhi et al. 1999). It has been shown that a knockout Snca mouse model 

is resistant to the Parkinsonian neurotoxin MPTP (l-methyl-4-phenyl-l,2,5,6- 

tetrahydropyridine) (Dauer et al. 2002). This suggests that the C57WT strain may be 

more resistant to neurotoxins and as a result may be less likely to lose photoreceptors, 

which could account possibly in part for the differences in retinal phenotype previously 

observed between these two strains.
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Gene Symbol Gene Name ID
C57BL/6J01aH sd

expression

129S2SvHsd

expression

Ccl27 small inducible cytokine A27 NM _011336 Present Absent

P ttg l pituitary tumor-transforming 1 NM_013917 Present Absent

G lbl galactosidase, beta 1 NM_009752 Present Absent

0610012A05Rik 0610012A05Rik NM_027496 Present Absent

6430706D22Rik 6430706D22Rik NM_198652 Present Absent

M17327 Mouse endogenous murine 
leukemia virus

M17327 Present Absent

Myo7a myosin Vila NM_008663 Present Absent

Mm.262056 AW050020 AW050020 Present Absent

Sdc4 syndecan 4 NM _011521 Present Absent

G b n
Golgi-specific brefeldin A- 

resistance factor 1
NM_178930 Present Absent

D18Wsu98e Thioredoxin-like 4 NM_178604 Present Absent

01fml3 Olfactomedin-like 3 NM_133859 Present Absent

T ra l Tumor rejection antigen gp96 NM_011631 Present Absent

AI594676 EST AI594676 Present Absent

Bfsp2
Beaded filament structural 

protein 2, phakinin

NM _0010028 

96
Present Absent

M rpslS b
Mitochondrial ribosomal 

protein S 18B
NM_025878 Present Absent

Mm.380006 Similar to 4933409K07Rik AI846433 Present Absent

Hist2h2be Histone 2, H2be NM_178214 Present Absent

AI594877 RIKEN cDNA 0610012AOS AI594877 Present Absent

4931414P19Rik RIKEN cDNA 4931414P19 NM_028890 Present Absent

B3galt6
UDP-Gal:betaGal beta 1,3- 

galactosyltransferase polypeptide 6
NM_080445 Present Absent

Eps811 EPSS-like 1 NM_026146 Present Absent

EST EST AV320482 Present Absent

Table 2.1a genes flagged as ‘present’ in the C57BL/6J01aHsd strain and ‘absent’ in the 129S2/SvHsd

strain when analysing retinal gene expression using the affymetrix MasS.O software. (23 genes in total)
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Gene Symbol Gene Name ID
C57BL/6J01aH sd

expression

129S2SvHsd

expression

B930046C15Rik B930046C15 AI853444 Absent Present

A630082K20Rik A630082K20Rik XM_145254 Absent Present

Pafah2
Platelet-activating factor 

acetylhydrolase 2
NM_133880 Absent Present

P a ip l
Polyadenylate binding 

protein-interacting protein 1
NM_145457 Absent Present

1110033M05Rik 1110033M05Rik XM_193728 Absent Present

M m .lll7 1
similar to axonemal heavy 

chain dynein type 3
AI853140 Absent Present

3632451006R ik RIKEN cDNA 3632451006 NM_026142 Absent Present

Sec61a2
SEC61, alpha subunit 2 (S. 

cerevisiae)
NM_021305 Absent Present

D rbp l
Developmentally regulated 

RNA binding protein 1
NM_ 178090 Absent Present

O ptc Opticin NM_054076 Absent Present

1700018B24Rik RIKEN cDNA 1700018B24 NM_025493 Absent Present

2410011022R ik RIKEN cDNA 2410011022 NM_183133 Absent Present

Mm.366258 Transcribed locus AV346285 Absent Present

Table 2.1b genes flagged as ‘present’ in the 129S2/SvHsd strain and ‘absent’ in the C57BL/6J01aHsd 

strain when analysing retinal gene expression using the affymetrix Mas5.0 software (13 genes total).

Gene

Symbol

10 Day C om parisonR TPC R 4 m onth com parisonR TPC R

O ri New O ri New

B3Galt6 Heterozygote Heterozygote

Bfsp2 il2 .5 0 i6.70 i8.30 3.01

Ccl27 Wrong size PCR product Wrong size PCR product

Eps8Ll - |6 .70 150.00 i  16.67

Glbl T3.57 T1.07 11.30 11.06

Myo7a T4.12 T2.18 tl .5 0 12.17

Pttgl T1.16 i2.70 i 16.67 i  14.30

Sdc4 T7.99 tl .2 2 12.29 T2.29

Txnl4 T27.85 T3.88 tl .8 2 T1.93

Table 2.2a Genes examined by RTPCR which were present in C57WT and absent in 129WT strain. The 

RTPCR results show the up- or down-fold change in expression o f the 129WT compared to the C57WT.

48



Gene

Symbol

10 Day Comparison 4 month comparison

RTPCR RTPCR

Ori New Ori New

Drbpl Did not work Did not work

Optc T6.50 T1.31 T2.68 11.20

Pafah2 heterozygote heterozygote

Sec61a2 T6.61 tl.5 4 il .2 0 tl.4 8

Snca Absent in C57BL/6J01aHsd Absent in C57BL/6J01aHsd

Table 2.2b Genes examined by RTPCR which were present in 129WT and absent in C57WT strain. The 

RTPCR results show the up- or down-fold change in expression o f the 129WT compared to the C57WT.

2.3.2.2 Differentially expressed genes involved in retinopathies

Eight genes with known involvement in human genetic disorders o f the eye 

were present among the 1,899 genes differentially expressed between C57WT and 

129WT strains of mice, according to the microarray data. Since these have a known 

role in biological processes o f the retina, non-pathogenic polymorphisms in these genes 

could be considered potential genetic modifiers, whose expression might contribute to 

phenotypic variations. These eight genes encode choroidermia (Chm), cyclic 

nucleotide-gated cation channel (Cngal), jagged 1 (Jagl), optic Atrophy 1 (Opal), 

retinoblastoma 1 (Rbl) retinol dehydrogenase 5 (Rdh5), retinitis pigmentosa 2 homolog 

(Rp2h) and retinoschisis 1 homolog (Rslh) proteins. The genes and the retinal 

disorders in which they play a role are summarised in table 2.3, along with the types of 

mutations which cause a pathogenic phenotype.

As seen in table 2.4a and figure 2.8 (a, b), changes in the level o f transcription 

for six o f the eight retinopathy genes proved possible to validate by RTPCR in one of 

the time points. Those derived from Jagl, Opal and Rbl were confirmed at the ten day 

time point as having increased expression in the 129WT strain. The expression levels 

o f Chm, Cngal and Rdh5 were all confirmed as up-regulated in the 129WT strain at 

four months of age. These results would seem to suggest that there is an increase in the 

expression of genes involved in retinal disorders in the 129WT strain. Difficulties in 

validating microarray results by real time PCR in the case o f at least some o f the other
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genes are likely to have been the result o f low signal levels in the retina, combined with 

only small fold changes between strains.

Jagl, the ligand for Notch proteins is involved in cell communication via 

calcium ion binding (Li et al. 1997). The gene encoding this protein is mutated in 

dominant Alagille syndrome (OMIM #118450 )a disease incorporating retinal 

pigmentary changes in addition to abnormalities in the heart, bones and nervous 

system. Jagl is elevated in the 129WT strain at ten days by a fold change o f 9.25. 

Mutations within the gene encoding the GTPase O pal, cause dominant optic atrophy, 

an early onset visual impairment with moderate to severe loss o f visual acuity and 

characterized by temporal optic disc pallor and color vision deficits(Alexander et al. 

2000; Delettre et al. 2000). Opal expression is higher in the 129WT strain at ten days. 

Loss o f both functional copies of the Rbl gene product, a cell cycle regulatory element 

and tumor suppressor, causes retinoblastoma, an embryonic malignant tumor o f retinal 

origin. Transcripts derived from this gene are up-regulated in the 129WT strain by at 

least 7-fold (average of RTPCR results) at ten days.

Choroideremia is an X-linked disease where mutations in the Chm gene lead to 

degeneration of the choriocapillaris, retinal pigment epithelium and photoreceptors 

(Van den Hurk et al. 1997). All known mutations in the Chm gene cause disease due to 

a truncated or absent protein (McTaggart et al. 2002). Chm is up-regulated in 129WT 

at four months by at least 2-fold (average of RTPCR results). Cngal is mutated in 

recessive RP (Dryja et al. 1995). Mutations in this gene either result in the non

formation o f the cGMP cation-gated channel, necessary for phototransduction or results 

in proteins which are not exported out of the cell (Trudeau and Zagotta 2002). Cngal is 

up-regulated in 129WT at four months by at least 2-fold compared with C57WT. Rdh5 

is mutated in recessive fundus albipunctas. Missense mutations disrupt the function of 

this RPE enzyme involved in converting 11-cis retinol to 11-cis retinal (Yamamoto et 

al. 1999). Rdh5 is up-regulated in 129WT by at least 2-fold compared to C57WT.

Every gene involved in a retinal disorder whose expression has been confirmed 

by RTPCR in this study has relatively higher fold expression in the 129WT strain, 

whether at ten days or at four months. This does not necessarily mean that there is a 

fault in 129WT expression, some of these genes could have normal expression in the
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129WT and reduced expression in the C57WT. Many retinal disorders such as

dominant Alagille syndrome are caused by haploinsufficiency o f  a gene.

Gene

Symbol
Protein Disease OMIM M utation Reference

Chm
Rab escort 

protein-1
Choroideremia #303100

truncated or absent 

protein

(McTaggart et al. 

2002)

C ngal
rod cGM P-gated 

channel alpha subunit
recessive RP #268000

Non-formation o f  cation 

channel/ non-export ex-cell

(Trudeau and Zagotta 

2002)

Ja g l
ligand for Notch 

proteins

Alagille

syndrome
#118450

frame-shifl mutations 

haploinsufficiency
(Oda eta l. 1997)

O pal
dynamin-related

GTPase

dominant optic 

atrophy
#165500

96 known mutations, 

only 40% penetrance

httt)://lbbma.univ-

aneers.fr/

R b l
retinoblastoma 

protein 1

Dominant 

germline/somati 

c retinoblastoma

+180200
Splice-site disruption, 

premature stop codons

(Lohmann et al. 

1996)

RdhS
11 -cis retinol 

dehydrogenase 5

fundus

albipunctatus
#136880

Mutations destabilise 

and inactivate enzyme

(Cideciyan et al. 

2000)

Rp2h
similar to human 

cofactor C

Retinitis 

pigmentosa 2
+312600 Unknown None

R slh retinoschisin Retinoschisis +312700 mutations inactivate htto://www.dmd.nl/rs

Table 2.3 Table detailing the list of differentially expressed genes involved in retinopathies and

information about the retinal disorder they cause and what are the most common mutations.

Gene

Symbol

10 Day Com parison 4 m onth com parison

Chip
RTPCR

Chip
R TPC R

O ri New O ri New

Chm il.2 2 T33.8 tl.8 3 T13.27 T3.13 Tl.lO

C ngal 12.87 T14.9 tl.0 7 T2.2 T2.96 T1.13

Ja g l t9.25 1 10.07 T2.26 T2 tl .8 7 i3.57

O pal tl .1 9 tl4 .11 T1.20 T2.3 T1.43 i2.60

R bl T1.16 T13.12 T1.37 T3.1 i l . l 6 i l .6

RdhS i2.91 1 1.505 ri.0 2 t l .8 T2.77 tl .3 6

Rp2h il .0 5 - tl .7 4 tlO.4 - tl .4 0

R slh i4.31 T17.6 tl .3 7 T7.36 tl .7 6 il.2 5

Table 2.4 Differentially expressed genes involved in retinopathies: results o f microarray hybridiation

fold change (chip) and expression analysis in two pools of RNA (original and new) using RTPCR.
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Z.3.2.3 Differentially expressed genes encoding structural proteins

Genes encoding proteins involved in maintaining cell structure, including 

cytoskeleton, extra-cellular matrix (ECM) and cell adhesion proteins, comprised 9.4% 

of those known genes differentially expressed between mouse strains. O f these, 6.5% 

were up-regulated and 2.9% down-regulated in 129WT compared to C57WT retinal 

RNA. It has been previously observed that within the degenerating retina o f the Rho'^' 

mouse, ECM and other structural genes are up-regulated (Kennan et al. 2002).

Increased production o f such proteins may be the result o f an attempt to compensate for 

the degenerating state o f the retina. Genes encoding structural proteins have also been 

implicated in a number o f retinal degenerations. For examples, different forms of Usher 

Syndrome, incorporating retinal degeneration as well as deafness, are caused by 

mutations in the genes encoding Usherin, a structural basement membrane protein; 

Myosin VIIA, an unconventional myosin and Sans, a scaffold protein (Weil et al. 2003; 

Weil 1995; Weston et al. 2000). Dominant Doyne Honeycomb retinal degeneration is 

associated with the ECM protein EGF-containing fibrillin-like extracellular matrix 

protein 1 (EFEMPl) (Stone et al. 1999). More recently, mutations in genes encoding 

ECM proteins fibulin 5 and 6 have been shown to cause familial cases o f age-related 

macular dystrophy (AMD) (Schultz et al. 2003; Stone et al. 2004).

In this study, genes encoding structural proteins have been shown to be 

differentially expressed between C57WT and 129WT retinas in the microarray analysis 

and independently using RTPCR analysis (table 2.5 and figures 2.9a and 2.9b). Beaded 

filament structural protein 2 (Bfsp2) was down-regulated in 129WT compared to 

C57WT by 9.5 fold at 10 days and by 8 fold at 4 months. These findings have been 

confirmed by others who report that gene expression for the intermediate filament 

protein Bfsp2 (also called Cp49) is affected by a 6303bp deletion in a number o f 129 

substrains (129Sl/SvImJ, 129S2/SvPas, 129S4/SvJae, 129SvJ and 129/Ola) and this 

mutation sharply reduces mRNA levels resulting in an effective Bfsp2 fiinctional 

knockout (Alizadeh et al. 2004; Sandilands et al. 2004). These functional knockouts for 

Bfsp2 exhibit a slow but progressive loss o f optical clarity with age. To date Bfsp2 

(CP49) has only been reported as being expressed in lens fibres; however, this study 

has found it to be expressed in retinal tissue. To confirm these findings, in situ
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hybridisation was performed to localise Bfsp2 within the retina (results section 2.3.3). 

The results show Bfsp2 expression localised to the photoreceptor layer, possibly within 

the inner segments. Opticin (Optc), an ECM protein (Reardon et al. 2000), showed 

increased expression o f approximately 4-fold at ten days (average o f RTPCR). ARP2 

actin-related protein 2 homolog (Actr2), a structural component o f the cytoskeleton was 

verified at four months, with an up-regulation o f approximately 4-fold (McCarthy and 

Bicknell 1994). Procollagen type VI alpha subunit 3 (Col6a3), an extracellular matrix 

protein, showed a decrease o f between 7-fold in 129WT mice compared to C57WT 

strain. Epidermal growth factor receptor pathway substrate 8 like 1 (EpsSll), 

expression is up-regulated in the C57WT strain by 7 fold at 10 days and by 30 fold at 4 

months. This gene controls actin based motility (Offenhauser et al. 2004). A naturally 

occurring increase in the expression of some extracellular proteins in the C57WT strain 

may help maintain the retinal scaffolding and thus help maintain useful vision for 

longer periods, again possibly accounting, at least in part, for the differences in retinal 

phenotype observed in the Rho-/- mouse on C57WT and 129WT genetic backgrounds. 

Most of the changes validated in the structural genes by RTPCR have confirmed a 

tendency for increased expression of structural proteins in C57WT mouse retinal RNA. 

Myosin V ila (Myo7a) a structural gene expressed in the retina is discussed in section 

2.3.2.1,

Gene

Symbol

10 Day Comparison 4 montli com parison

Chip
RTPCR

Chip
RTPCR

Ori New Ori New

Actr2 i l .5 9 T2.62 T1.21 T 16.79 T4.86 T2.96

Bfsp2 117.02 112.50 i6 .70 jS.34 18.30 T3.01

Col6a3 i9 .58 t l .9 T1.04 il .7 3 i  10.00 14.00

EpsSLl i55 .72 - i6 .70 i4 .08 150.00 116.67

M yo7a 13.05 T4.12 12.18 |3 .5 T1.50 12.17

Optc T1.61 T6.50 tl.3 1 T2.26 T2.68 i l .2 0

Table 2.5 Differentially expressed genes encoding structural proteins: results of microarray hybridiation 

fold change (chip) and expression analysis in two pools of RNA (original and new) using RTPCR.
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2.3.2.4 Differentially expressed genes encoding apoptosis-related proteins

It is now widely accepted that the mechanism of photoreceptor cell death in all 

retinopathies, is by apoptosis. Four genes involved in the apoptotic cascade were shown 

to be differentially expressed in this study between the retinas o f C57WT and 129WT 

mice both by microarray and by real time PCR analysis (table 2.6 and figures 2.10a and 

2.10b). These genes encoding baculoviral lAP repeat-containing 4 (Birc4) protein, 

vascular endothelial growth factor A (Vegfa), programmed cell death 11 (Pdcdl 1) 

protein, and pituitary tumour transforming gene 1 (Pttgl) protein were all altered at 

both time points. Birc4, an anti-apoptotic inhibitor o f caspase activation, which also 

plays a role in protein ubiquitination (Farahani et al. 1997), had an increase in 

expression o f 1.6-fold at ten days and 1.5-fold at four months in 129WT retinas. 

Transcripts derived from another anti-apoptotic gene encoding Vegfa, involved in 

angiogenesis, cell growth and maintenance (Witmer et al. 2003), had an increase in 

expression at both time points o f 1.6-fold at ten days and 3.7-fold at four months. In 

contrast, two genes encoding apoptosis related proteins, Pdcdl 1 and Pttgl, were down- 

regulated at both time points. Pdcdl 1 an apoptotic protein and regulator o f transcription 

(Lacana and D'Adamio 1999), had decreased expression in the 129WT of 6.1-fold at 

10 days and 18-fold at 4 months. Pttgl, involved in the regulation o f sister-chromatid 

separation (Zou et al. 1999), binds to p53 and plays a role in p53-dependent apoptosis. 

Expression of the gene encoding Pttgl is down-regulated in 129WT compared to 

C57WT retinas, by 2-fold at ten days (only confirmed in 1 set o f RNA) and by 15-fold 

at four months, a finding that confirms the finding o f a microarray study comparing 

global expression levels in the brains o f C57WT and 129WT mice (Sandberg et al. 

2000). It is o f interest that the Pttgl oncogene also shows homology to Mertk, the c- 

mer proto-oncogene receptor tyrosine kinase mutated in one form of recessive RP and 

causing retinal degeneration in the RCS rat (D'Cruz et al. 2000; Gal et al. 2000).

Differential expression o f apoptosis-related genes in different strains o f mice 

could conceivably have an impact on the relative rates of photoreceptor degeneration in 

murine models of retinal diseases. However, the genes discussed above appear unlikely 

to be having such an effect. The retinal degeneration in the Rho'^' mice on a 129WT 

background is faster than the degeneration on a C57WT background. The up-regulation
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of two anti-apoptotic genes, Birc4 and Vegfa, and the down-regulation of two apoptotic 

genes, Pdcdl 1 and P ttg l, in the retinas of wild type 129WT mice would not be 

expected to result in the faster rate of apoptosis that is observed in Rho'^' mice on this 

background. However, in a recent study, RNAi-mediated knockdown o f PTTG l was 

sufficient to induce p53-dependent apoptosis in vitro (Kho PS et al. 2004). It seems that 

further studies of the levels and changes to the expression of apoptotic genes in mouse 

models of retinal degenerations are required before any deductions can be made.

Gene
Symbol

10 Day Comparison 4 month comparison

Chip
RTPCR

Chip
RTPCR

Ori New Ori New

Birc4 11.73 T1.90 ri.35 T8.28 T1.81 tl.29

Pdcdl1 il.21 i3.13 19.10 18.82 i33.30 i4.00

Pttgl 13.07 t l . l 6 i2.70 13.32 116.67 i  14.30

Vegfa T1.33 t2.22 T1.05 T9.92 T5.76 tl.55

Table 2.6 Differentially expressed genes encoding apoptosis-related proteins: results of microarray 

hybridiation fold change (chip) and expression analysis in two pools of RNA (original and new) using

RTPCR.

2.3.2.S DifTerentially expressed genes encoding intracellular transport proteins

A large number of genes involved in protein transport were found to be 

differentially expressed between C57WT and 129WT retinas. Transcripts derived from 

three such genes were analyzed by real time PCR in new and original pools of RNA 

and confirmed as elevated in the 129WT strain at the four month time point in 

comparison to the C57W T (table 2.7 and figures 2.1 la  and 2.1 lb). Two of these, 

karyopherin alpha 3 (Kpna3) and karyopherin alpha 4 (Kpna4), encode members of an 

intracellular transport protein family and are up-regulated between 2- and 3- fold at 

four months (Marelli M et al. 2001). Sec61, alpha subunit 2 (S. cerevisiae), Sec61a2, 

which plays a role in the translocation of secretory proteins across the endoplasmic 

reticulum, was also found to be elevated in 129WT retinas at four months (Gorlich and 

Rapoport. 1993). Expression of Kpna4 and Sec61a2 was also up-regulated at the ten 

day time point, by approximately 25-fold (Kpna4) and 4-fold (Sec61a2). A number of
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protein transport genes have been implicated in retinal degenerations. M utations in the 

gene encoding the nuclear transport and chaperone protein aryl hydrocarbon receptor 

interacting protein-like 1 (A IPL l) can bring about a form of the early onset retinal 

degeneration known as Leber congenital amaurosis (LCA) as well as a dominant cone- 

rod dystrophy (Sohocki et al. 2000). Translocase of inner mitochondrial membrane 8 

homolog A (TIM M8A), a gene causing optic atrophy, functions in the transport of 

metabolites across the inner mitochondrial membrane (Koehler et al. 1999). RP14 is 

caused by mutations in the gene encoding tubby like protein 1 T U L P l, which 

transports rhodopsin from inner to outer segments of the photoreceptors (Gu et al.

1998). As with all cells, protein transport is obviously critical to the normal functioning 

of photoreceptors. M inor changes in levels of expression of genes involved in protein 

transport might, in theory, influence any of the multi-pathway processes which result in 

the death of photoreceptors by apoptosis. The three protein transport genes studied have 

shown to be up-regulated in the 129WT strain.

Gene
Symbol

10 Day Comparison 4 month comparison

Chip
RTPCR

Chip
RTPCR

Ori New Ori New

Kpna3 12.07 T1.2 T1.6 T9.4 T2.4 t l . 2
Kpna4 T1.57 T2.5 T52.3 t31.8 T1.9 t i . o

Sec61a2 t l .73 T6.6 tl .5 T2.2 i l . 2 0 Tl.5
Table 2.7 Differentially expressed genes encoding intracellular transport proteins; results of microarray 

hybridiation fold change (chip) and expression analysis in two pools of RN A (original and new) using

RTPCR.

2.3.2.6 Differentially expressed genes encoding ion transport proteins

Transcripts derived from a number of genes involved in ion transport were 

found by both RTPCR and microarray analysis to be differentially elevated in the 

129WT strain compared to the C57W T strain (table 2.8 and figures 2.12a and 2.12b). 

Among these were transcripts from three genes encoding subunits of the gamma- 

aminobutyric acid GABA-a receptor, a protein involved in chloride transport: G abral, 

Gabra2 and Gabrg2. GABA is the major inhibitory neurotransmitter in the vertebrate
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retina and the GABA-a receptor is principally expressed in horizontal and amacrine 

cells (Yang et al, 2004) whose role is to refine and sharpen the visual signal by 

inhibiting it. Horizontal and amacrine cells comprise a very low percentage of retinal 

tissue and their RNA would be expected to make up only a small percentage of total 

retinal RNA, thus it is a possible indication of quite substantial differential mRNA 

expression of such genes between the strains. It would also be informative to look at 

the populations of bipolar cells in C57WT and 129WT retinas to confirm that the 

numbers of bipolar cells in these retinas are similar, since a higher level of expression 

in one strain, compared with the other could suggest that one strain has more retinal 

bipolar cells than the other. Changes in three members of the same protein family may 

indicate a change in the level of expression of a common regulatory factor in the 

GABA-a pathway. RTPCR validation of Gabral, Gabra2 and Gabrg2 genes has shown 

them to be up-regulated in the 129WT strain by between 1- and 2- fold at ten days and 

four months (Gabral was not validated in the original pool of RNA at four months and 

gene expression was only validated in the ‘new’ pool of RNA at ten days as there was 

no ‘original’ pool of RNA left).

Potassium voltage-gated channel, shaker-related subfamily, beta member 3 

(Kcnab3) is involved in potassium ion transport as an oxidoreductase. It is up-regulated 

in the 129WT at both time points, by 4.9-fold at ten days and by 3.3-fold at four 

months.

Gene

Symbol

10 Day Comparison 4 month comparison

Chip
RTPCR

Chip
RTPCR

Ori New Ori New

Gabral 11.1 - T1.21 T3.2 il.59 tl.69

Gabra2 T2.36 - tl.63 T3.46 tl.67 tl.23

Gabrg2 tl.25 - tl.37 T2.73 tl.28 T1.91

Kcnab3 T8.46 T8.20 T1.61 TI.44 13.61 t2.9

Table 2.8 Differentially expressed genes encoding ion transport proteins: results o f microarray 

hybridiation fold change (chip) and expression analysis in two pools of RNA (original and new) using

RTPCR.
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2.3.2.7 Other differentially expressed genes

Genes encoding nine other proteins, whose function does not fit in the previous 

categories, were investigated. These genes are annexin A1 (A nxal) annexin AIII 

(Anxa3), ATP synthase, H+ transporting, mitochondrial FO complex, subunit f, isoform 

2 (Atp5j2), guanine nucleotide binding protein (G nbl), heat shock protein 3 (Hspb3), 

M pvl7 transgene, kidney disease mutant (M pvl7), WNK lysine deficient protein 

kinase 1 (Prkw nkl, also called W nkl), steroid 5 alpha-reductase 1 (SrdSal) and TRAP 

family member-associated Nf-kappa B activator (Tank). These genes have diverse 

functions; both annexin, genes A nxal and Anxa3, are involved in calcium ion binding, 

G nbl has GTPase activity and is involved in acetylcholine receptor signalling, M pvl7 

is a peroxisomal protein, Prkwnkl is a large serine/threonine protein kinase and has 

ATP binding functions and Tank binds metal ions as part of the NF-kappaB cascade. It 

was possible to validate gene expression changes in 6 of these genes in at least one time 

point (table 2.9 and figure 2.13a and 2.13b).

Three of these genes show differences in expression that have been validated at 

the ten day time point. A nxal is extremely highly down-regulated 2901-fold in 129WT 

at ten days. This may be the result of a polymorphism in the A nxal gene, however no 

differences in PCR size were observed in this study and no polymorphisms have been 

recorded between these 2 strains (source MGI) in this gene. A nxal knockout mice have 

defects in their inflammation response (Roviezzo et al. 2002) so perhaps the 129WT is 

a functional knockout for the A nxal gene (gene is down-regulated at 4 months also).

G nbl is increased in 129WT compared to C57W T at ten days by approximately 

3-fold. It was not possible to validate levels of expression at four months o f age. 

Sequence divergence of 0.2% has been reported between C57BL/6J and 129Sv mice in 

the genomic region 5 ’ to the G nbl gene and in exon 1 (Kitanaka et al. 2003). These 

substrains are similar to the ones used in this study, which may also show sequence 

divergence. Differences in sequence could explain the difference in expression 

recorded at 10 days as expression is measured by comparing the hybridisation of 

match/mismatch probes and a difference in sequence in one strain may mean that the 

cRNA from that gene in that sample may not hybridise as efficiently to the probe.
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However, these differences in sequence may also explain expression differences as 

mRNA with different sequences could have variable viability.

Prkw nkl is up-regulated in the 129WT by approximately 2.7-fold at ten days. 

W NK kinases have been shown to play an essential role in electrolyte homeostasis. 

Deletions within the introns of the human W N K l gene result in over expression of the 

gene and lead to pseudohypoaldosteronism type II, a disease with salt-sensitive 

hypertension (Xu et al. 2005). Increased Prkw nkl expression in the 129WT strain, 

compared with the C57W T may mean that this strain of 129WT has increased 

hypertension. Hypertension has been shown to affect the electroretinogram, a method 

of measuring retinal function, in humans (Fishman 2001).

Expression differences in three genes have been validated at the four month 

time point, Anxa3, M pvl7 and Tank. The function of Anxa3 in vivo is unknown.

Anxa3 was up-regulated 1.4-fold in the 129WT at 4 months. Expression of the gene 

encoding M pvl7 a peroxisomal protein, was up-regulated by 2.1-fold in the four month 

comparison. Peroxisomes are cellular organelles that function to rid the cell of toxic 

substances. Mutations in genes encoding peroxisomal biogenesis proteins are known to 

cause syndromes incorporating retinal degenerations, such as Refsum disease (OMIM 

#266500) and Zellweger syndrome, actually a spectrum of syndromes (OMIM 

#214100). These retinal disorders occur as the result of abnormal neuronal migrations 

due to the lack of functional peroxisomes. The up-regulation of a peroxisomal protein 

in the retinas of 129WT mice has the potential to cause abnormal neuronal migration. 

Tank, an activator of the NF-kappa B transcription factor signaling cascade is up- 

regulated by 1.7-fold in 129WT retina at four months. It was not possible to validate 

the changes in expression of Atp5j2, HspbB or SrdSal.
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Gene

Symbol

10 Day Comparison 4 month comparison

Chip
RTPCR

Chip
RTPCR

Ori New Ori New

Anxal 111.24 - 12901.00 T1.96 - 17722

Anxa3 il.80 T4.07 tl.95 T18.38 tl .4 Tl.4

Atp5j2 18.17 tl l .4 0 T2.23 i8.00 il.68 tl.21

Gnbl T2.83 T6.06 T1.14 Tll.OO 11.88 i l . l 9

Hspb3 il.35 T6.85 T12.25 T 16.68 tl.6 9 |1.2

Mpvl7 18.28 tl.8 0 tl.2 0 tl.91 T2.4 T1.8

Prkwnkl T1.21 14.20 tl.33 |9.25 il.8 2 T1.3

SrdSal 12.55 11.91 tl.27 |5.50 T3.64 T1.34

Tank 18.69 - T2.03 tl.32 - T1.67

Table 2.9 O ther differentially expressed genes: results o f  m icroarray hybridiation fold change (chip) 

and expression analysis in two pools o f RNA (original and new) using RTPCR.

2.3.2.S Differentially expressed genes with different sized PCR products

As mentioned in the section 2.3.2.1, a number of genes have been shown to 

have strain-specific sequence polymorphisms in the region amplified by primers 

designed for RTPCR. These genes, UDP-Gal:betaGal beta l,3*galactosyltransferase, 

polypeptide 6 (B3Galt6), LSM4 homolog, U6 small nuclear RNA associated (Lsm4), 

platelet-activating factor acetylhydrolase 2 (Pafah2) and solute carrier family 6 

(neurotransmitter transporter), member 14 (Slc6al4), have all shown to have different 

length PCR fragments when analysed under melting curve analysis (figure 2.14). 

Expression analysis could not be performed for these genes, as the quantitative RTPCR 

method used for analysis involves the incorporation of a SYBR green molecule 

between double stranded DNA. Longer PCR products will incorporate more SYBR 

green, so cannot be compared to shorter products.

2.3.2.9 Differentially expressed genes whose expression could not be validated

During the validation set of experiments, it was not possible to validate the 

expression of every gene at every time point. Validation involved confirming the 

direction of expression on the microarray in two pools of retinal RNA. These pools
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comprised (1) part of the original pool which was hybridised to the affymetrix 

microarray chips and (2) a new pool of retinal RNA, treated in the same manner as pool 

(1). Where validation was not possible, levels of expression were lower, as measured 

by looking at the raw hybridisation signal (table 2.0, section 2.3.2) and fold-changes 

between C57W T and 129WT were not large. The sequence data for the Affymetrix 

MGu74v2 chip sets came from unigene build 74. The C57BL/6J mouse strain is one of 

the most commonly used strains in research and the first mouse strain to be fully 

sequenced (Mouse Genome Sequencing Consortium 2002). It stands to reason that 

most of the sequence data in the MGu74v2 chip set (which have been available since 

March 2002) came from the C57BL/6J strain. It would be interesting to speculate that 

some differences in expression levels may be due to the fact that transcripts from one of 

the genetic backgrounds bound more precisely to the chip set because the chip set was 

designed from the genomic sequence of this strain. This is particularly evident for the 

four genes whose expression changes turned out to be sequence polymorphisms.

2.3.3 In situ hybridisation

Three of the genes for which variable expression had been confirmed between 

C57W T and 129WT mice, P d c d ll, P ttg l, and Bfsp2, were further investigated by in 

situ hybridisation (ISH) analysis in the mouse retina (figure 2.15). These analyses were 

performed only on retinas from C57WT mice since ISH is not a quantitative method of 

analysis and therefore would not be expected to detect differences in expression levels 

between the mouse strains. In all cases, repeatable detection of the antisense probes in 

at least one of the retinal layers was observed. The apoptosis-associated genes P d cd ll 

and Pttgl showed the most expression in the inner nuclear layer (INL), with Pttgl also 

being highly expressed in the ganglion cell nuclei and outer segments (OS) of the 

photoreceptors. The cytoskeletal protein Bfsp2, which is a known structural constituent 

of the eye lens, shows low-level, discreet expression in the photoreceptors, which may 

in fact localize to the inner segments of these cells (Hess 1996). To date Bfsp2 

expression has only been reported in lens fibre cells, so this suggests a possible, 

previously unidentified structural role for Bfsp2 in the photoreceptors.
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2.4 DISCUSSION

A number of examples of the phenotypic effects of genetic background on 

photoreceptor survival in mice have been reported. For example, p53-deficient mice 

develop vascular problems, vitreal opacities and abnormal folding of the retina on a 

C57BL/6J background, quite extreme phenotypic characteristics which are, 

nevertheless, essentially absent when such animals are crossed onto a 129Sv 

background (Ikeda et al. 1999). It is also well established that the retinas of C57 mice 

are more resistant to light damage than the majority of other strains (Danciger et al. 

2000; Wenzel et al. 2001). Moreover, mice with a targeted disruption of the rhodopsin 

gene display a progressive retinopathy, which is less severe on a C57BL/6J than 129Sv 

background (Humphries et al. 2001). In another extreme example, the retinal 

phenotype displayed by tubby mice varies substantially depending on the strain of 

mouse expressing the primary mutation (Ikeda et al. 2002). Phenotypic variability of 

this sort is likely to be caused either by polymorphic variation in protein sequence 

between strains of mouse, or alternatively, by variability in levels of transcript 

expression derived from a sub-set of retinal genes when two strains are compared, or a 

combination of both. It is therefore of intrinsic scientific interest to compare retinal 

transcriptional profiles from different strains of mouse in order to gain some idea of the 

inherent variability in expression levels which may be encountered. Such variability 

might underlie changes like those described above. In this study, the global 

transcriptional profiles of C57W T and 129WT mice at two time points (at 10 days and 

4 months) have been compared, revealing a remarkable difference between the two 

strains, particularly in considering that these two strains of mouse have only been bred 

apart since the 1920s (Beck et al. 2000).

Gene Ontology Tree Machine (GOTM) analysis, used to identify functional 

groups of proteins that are over-represented when comparing all expressed genes to 

those differentially expressed in the retina genes, highlighted a number o f categories of 

interest, such as those involved in the gamma-aminobutyric acid pathway, where levels 

of transcripts derived from genes encoding three G A B A a receptors (G abral, Gabra2 

and Gabrg2), were up-regulated in the 129WT. These receptors are only present in 

horizontal and amacrine cells, which comprise relatively few cells of the retina,
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suggesting that differences in levels of expression of such genes may be substantial in 

order to be detected (Yang 2004). Changes in three members of the same protein family 

may indicate a change in the level of expression of a common regulatory factor. 

Alternatively, it is possible that the same evolutionary pressures have acted in concert 

on all three genes in the different strains of mice. GOTM analysis also resulted in the 

identification of genes encoding components of the melanin biosynthesis pathway 

using similar selection criteria. In this respect, the 129WT strain of mouse is an agouti 

and therefore does not produce melanin from tyrosinase, thus providing an example of 

the effectiveness of this form of analysis (W olff 2003). It is of interest to note that 

genes encoding transcription factors account for 10% of those genes with altered 

expression patterns on the microarray and therefore it may be of significance to note 

that much of the alterations observed in levels of transcription between the two strains 

may be related to this phenomenon. Naturally any additional conclusions on this 

hypothesis would require confirmation of expression levels in separate pools of RNA.

Six of those genes with confirmed alterations in levels of transcript between 

C57W T and 129WT mouse retinas encode proteins with defined functions within the 

retina and mutations within these genes are known to cause human retinal diseases.

Two such genes, Jag l and O pal, have higher expression in the 129WT strain at both 

time points compared with the C57WT. Both genes can cause retinal degeneration as a 

result of haploinsufficiency (Marchbank et al. 2002; Oda et al. 1997). Null mutations in 

R b l, which is up-regulated in the 129WT strain at the 10 day time point, cause 

retinoblastoma. Chm, Cngal and Rdh5 all have higher levels of expression in the 

129WT strain at four months, than in the C57WT. Since these genes have known 

functional roles in the eye as evidenced by their involvement in human disease it is 

possible that their differential expression in these strains of mouse might contribute to 

the phenotypic variation observed between C57W T and 129WT when also carrying the 

rhodopsin null mutation.

Genes encoding five of six structural proteins analysed were among those 

validated by RTPCR in the current comparative analysis. Two of these, Bfsp2 and 

EpsSll, were expressed more highly in C57W T retinas than in 129WT. Such 

differential expression might possibly account for the slower degeneration observed in
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C57W T retinas in the absence of functional rhodopsin, in comparison to retinas of 

129WT mice. Recent reports have indicated the presence of a deletion in the Bfsp2 

gene in a number of 129WT sub-strains, resulting in the generation of a truncated 

transcript (Sandilands et al. 2004). Sequence variation of this sort may explain the 

differences we have observed in the expression profile of this gene. Bfsp2 transcripts 

have been localised by in situ hybridization experiments on C57W T mouse retinas to 

the photoreceptors and to the outer plexiform layer. The expression of Bfsp2 in 

photoreceptors is a novel finding. Since EpsSLl is so highly down-regulated in 

129WT retinas, it might suggest that the 129WT substrain used for in these 

experiments is a functional knockout for this gene. Human orthologues of two of the 

other genes encoding structural proteins, transcripts from which are differentially 

expressed between the two strains, map to known loci for retinal degenerations. The 

gene encoding Optc which is up-regulated at 10 days in the 129WT, maps to a locus for 

macular dystrophy (AMD) and the human orthologue of Actr2, up-regulated at four 

months in the 129WT, maps to the RP28 locus (Friedman et al. 2002; Kumar et al. 

2004). The gene encoding the structural protein Col6a3 is down-regulated at four 

months of age in the 129WT strain. It has been hypothesised that structural proteins 

may play an important role in the retina of animal models of retinal degeneration, 

perhaps by maintaining the structural integrity of the retina. A microarray study 

comparing Rho'^' mice to wild type animals observed an up-regulation of genes 

encoding structural proteins (Kennan et al. 2002).

Up-regulation of pro-apoptotic genes in the 129WT retina might explain the 

faster rate of cone photoreceptor degeneration in the Rho'^' mouse on this genetic 

background and might conceivably account, perhaps in part, for the differences in 

phenotype observed in C57W T and 129WT mice carrying a targeted disruption of the 

p53 gene. Of the four genes confirmed by real time PCR in this category, two genes 

encoding anti-apoptotic proteins, Birc4 and Vegfa, are up-regulated in the 129WT 

strain, whereas two pro-apoptotic genes, P d c d ll and P ttg l, are down-regulated. Birc4 

is involved in ubiquitination, a process which targets proteins for proteolytic 

degradation, as well as being involved in apoptotic processes. P d c d ll (apoptosis-linked 

gene 4, Alg4), encodes a protein that may act either in a pro- or anti-apoptotic manner:
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a truncated transcript prevents cell death in T-lymphocytes, whereas over-expression of 

the full length transcript leads to apoptosis (Lacana 1999). Vegf (also known as Vegfa) 

functions as a potent angiogenic factor, and elevated levels contribute to 

neovascularisation in diabetic retinopathy and AMD (Caldwell et al. 2003).

The three genes involved in protein transport (Kpna3, Kpna4 and Sec61a2, all 

verified by real time PCR) analysed, all display up-regulation in the 129WT strain at 

four months, with two showing up-regulation at ten days (Kpna4 and Sec61a2) in the 

129WT strain in comparison to the C57WT.

O f the other genes whose expression has been verified as differentially 

expressed between the two strains, the gene encoding A nxal is hugely down-regulated 

in the 129WT strain at both time points, perhaps suggesting that the 129WT is actually 

a functional knockout for this gene. Mice that do not express this gene display a high 

sensitivity to stimuli that induce acute and chronic inflammation. Low expression of 

this gene in the 129WT retina may imply that the retinas of the 129WT show a less 

efficient response to inflammation (Roviezzo et al. 2002). G nbl and Prkw nkl are both 

up-regulated in 129WT strain at the 10 day time point and AnxaS, M pvl7  and Tank are 

all up-regulated at 4 months in the 129WT strain.

One of the disadvantages of microarray studies is their cost. As a result, 

replication was not performed at the microarray level for this study; however samples 

were pooled at each time point to account for variability between individual animals’ 

RNA levels. It has been reported that pooling is neither an advantage or a disadvantage 

and that replicate chips of the same RNA have limited value in reducing total 

variability (Han et al. 2004). In this study, the lack of replication at the microarray level 

has been more than sufficiently made up for by the amount of investigation that has 

gone into validation using real time PCR. Expression levels are only confirm ed as 

changed when they have been verified in triplicate in two separate pools or RNA. This 

conservative and stringent criterion for validating differential expression has meant that 

not all expression changes were able to be confirmed, particularly those genes whose 

transcripts showed low hybridization to the microarray chip.

As this study is a comparison between four arrays, with no replication, values 

from the microarray chip were not accepted as fact. The differential expression
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observed on the arrays was used to highhght genes and ESTs which were then 

investigated using RTPCR. Batch effects and minor processing differences can often 

produce variance in microarray studies. All four arrays in this study were processed in a 

single batch.

This is the first report of a global comparison of retinal transcriptional profiles 

between stains of wild type mice. An unexpectedly large degree o f variation in 

expression between these two common laboratory strains (C57W T and 129WT) has 

been demonstrated. While expression of many proteins at the level of translation or by 

post-translational modification would not be detectable using this approach, we have 

nevertheless identified a large number of potential modifiers of phenotype. These 

candidate modifiers might contribute to the differences observed in the retinas of Rho- 

/- mice or p53-deficient mice on different genetic backgrounds or to any other 

phenotypic differences between 129WT and C57W T mice. Candidate modifiers 

identified in this study might help in deciphering the biological pathways between the 

primary genetic defect and eventual cell death in retinal degenerations, thus explaining 

the differences observed in strain-specific phenotypes. Such modifiers could also 

provide potential therapeutic targets. This study also highlights the absolute need to use 

congenic strains of animal for all comparative transcriptional and phenotypic studies.
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2.5 CONCLUSION

In recent years, immense progress has been made into the functional genomics 

of the retina using techniques to globally analyse all expression changes. This method 

has been used very successfully to identify both retinal degeneration genes and those 

novel retinally expressed genes and to ascertain which pathways are alternatively 

regulated in animal models of disease and thus may be influencing disease progression.

We have taken the novel step of using microarray technology to assess normal 

variation between the retinas of two commonly used inbred mouse strains to see 

whether such variation could be used to explain the differences seen when these strains 

are used as background strains in animal models of retinal disease. 1899 genes were 

identified as differentially expressed and we have attempted, with varying degrees of 

success to validate a subset of those genes using real time quantitative PGR. Those 

genes shown to be differentially expressed genes between C57BL/6J01aHsd and 

129S2/SvHsd strains may in time be shown to modify phenotypic variation in both the 

normal and diseased mouse retina.
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F ig u re  2.1 The light-adapted electroretinogram  (ERG) as measured in C57 Rho-/- m ice and 129 Rho-/- 

mice at ( la )  40 days and ( lb )  80 days. Graph 2 shows the decline o f the cone ERG  b-wave o f the Rho-/- 

animals on different backgrounds recorded between 40 and 80 days o f age. (Adapted from  Humphries 

M M  et a l,2001)
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Figure 2.2 Graph depicting outer nuclear nuclei counts for C57BL/6J Rho-/- mice (blue) and 129 Rho-/- 
(red) mice. Photographs show (a) a C57Rho-/- retina at 3 months, showing 3-4 layers of ONL nuclei and 
(b) 129 Rho-/- retina at 3 months of age, showing only 1 remaining layer of ONL nuclei. (Adapted from 
Humphries MM et al, 2001)



T o ta l R N A

R « v * r M  
A A A A  T r tn a c f lp t lo n

A A A A

- AA A A

cONA

Q « n * C N p  N  \  \
E ic p re M to n  \

A r ra y y
H y b r id iz a t io n

X

B ic rtin  
c R N A

In Vitro 
1> a n « c r lp th ) ( i

- B

Frag mantat Ion

F ra g m e n te d .  /  
B to trn - la b e le d  

c R N A  " \

^  Waahaod ^
X .  .  S ta in  > N  -  ^

S c a n  a n d  
Q u a n i ita te

Figure 2.3 Diagram showing an overview of the methods used by Affymetrix to prepare cDNA, 

Hybridise to GeneChip®, scan and quantitate levels of RNA expression (taken from 

http://www.affymetrix.com).
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Figure 2.5 Gene Ontology Tree o f the Biological Process network showing all categories which are relatively over-expressed (in red) o f the 1899 genes 

differentially expressed (fold change o f > 2 increase or decrease) between C57BL/6J01aHsd and 129S2/SvHsd strains compared to all retinally 

expressed genes. Fold change is measured as the increase or decrease o f the 129S2/SvHsd strain relative to the C57BL76J01aHsd strain.
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Figure 2.6 (a, b) Expression levels in genes which had been flagged as ‘present’ in one strain and 

‘absent’ in the other by the Affymetrix Mas 5.0 software: graphs showing fold-change (increase or 

decrease) in expression levels at ten days (figure 2.6a) and at four months (figure 2.6b) on microarray 

chip and in original (ori) and new pools of RNA. Fold change is measured as the increase or decrease of 

the 129S2/SvHsd strain relative to the C57BL/6J01aHsd strain. ^ EpsSLl expression is greater than that 

depicted on the graph, see table 2.2 (a, b)



Figure 2.7a Photograph of PCR products on 2% agarose gel depicting on LHS the absence of Synuclein 

alpha (Snca) in C57BL/6J01aHsd tail DNA, in the middle the presence of Snca in 129S2/SvHsd DNA 

and on the left, a heterozygote.
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Figure 2.7b Graph showing melting curve analysis from RTFCR using Snca and Gapdh primers. The 

C57BL76J01aHsd cDNA is positive for Gapdh positive control, but negative for Snca, indicative of the 

deletion of a 365Kb locus on chromosome 6 containing the Snca gene. The 129S2/SvHsd and C57BL/6 

strains are both positive for Snca.
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Figure 2.8 (a, b) Expression levels of genes involved in retinopathies: graphs showing fold-change 

(increase or decrease) in expression levels at ten days (figure 2.8a) and at four months (figure 2.8b) on 

microarray chip and in original (ori) and new pools of RNA. Fold change is measured as the increase or 

decrease of the 129S2/SvHsd strain relative to the C57BL/6J01aHsd strain.

*Chm expression at ten days is greater than depicted, please see table 2.4 for more details.
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Figure 2.9b

Figure 2.9 (a, b) Expression levels of genes encoding structural proteins: graphs showing fold-change 

(increase or decrease) in expression levels at ten days (figure 2.9a) and at four months (figure 2.9b) on 

microarray chip and in original (ori) and new pools of RNA. Fold change is measured as the 

increase or decrease of the 129S2/SvHsd strain relative to the C57BL/6J01aHsd strain. * EpsSLl 

expression is greater than that depicted on the graph, see table 2.2 for details.



■  Chip-1 OD 

D RTPCR-Ori-IOD 

B RTPCR-New-IOD

-10
Birc4 P d c d ll Pttgl 

Gene Symbol

Vegfa

Figure 2.10a

§
o

O ) 10 
C Q-~  E -15 -  
S, OO ) o
= X.
•0 o c  £  ca -25 -

-35u.
Birc4 P d c d ll VegfaPttgl

■  Chip-4M

■  RTPCR-Ori-4M 

□  RTPCR-New-4M

Gene Symbol

Figure 2.10b

Figure 2.10 (a, b) Expression levels of genes encoding apoptosis-related proteins: graphs showing fold- 

change (increase or decrease) in expression levels at ten days (figure 2 .10a) and at four months (figure 

2.10b) on microarray chip and in original (ori) and new pools of RNA. Fold change is measured as the 

increase or decrease of the 129S2/SvHsd strain relative to the C57BL/6J01aHsd strain.
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Figure 2.11 (a, b) Expression levels o f genes encoding intracellular transport proteins: graphs showing 

fold-change (increase or decrease) in expression levels at ten days (figure 2 .11a) and at four months 

(figure 2.11b) on microarray chip and in original (ori) and new pools of RNA. Fold change is 

measured as the increase or decrease of the 129S2/SvHsd strain relative to the C57BL/6J01aHsd strain. 

*Kpna4 expression is greater than depicted on these graphs, see table 2.7 for more details.
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Figure 2.12 (a, b) Expression levels of genes encoding ion transport proteins: graphs showing fold- 

change (increase or decrease) in expression levels at ten days (figure 2.12a) and at four months (figure 

2.12b) on microarray chip and in original (ori) and new pools of RNA. Fold change is measured 

as the increase or decrease of the 129S2/SvHsd strain relative to the C57BL/6J01aHsd strain.
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Figure 2.13 (a, b) Expression levels of other differentially expressed genes: graphs showing fold-change 

(increase or decrease) in expression levels at ten days (figure 2.13a) and at four months (figure 2.13b) on 

microarray chip and in original (ori) and new pools of RNA. Fold change is measured as the 

increase or decrease of the 129S2/SvHsd strain relative to the C57BL/6J01aHsd strain.
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Figure 2.14 Melting curve analysis showing heterozygotes and/or strain-specific PCR products for 

B3Galt6 (C57WT and 129WT products are different sizes), Lsm4 (C57WT and 129WT products are 

both heterozygotes), Pafah2 (C57WT and 129WT products are different sizes and the 129WT is also a 

heterozygote) and Slc6al4 (129WT is a heterozygote). This means that quantitative analysis using the 

RTPCR technique is not possible as it intercalates non-specifically into double stranded DNA.
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Figure 2.15 In situ hybridisation on mouse retinal cryosections using anti-sense and sense DIG-labelled 
riboprobes for (a) P d cd ll, (b) Pttgl and (c) Bfsp2 are shown. A low level of P d cd ll expression is 
detected in the OS of the photoreceptors and in the INL. Very high levels of expression of Pttgl can be 
observed in all layers of the retina, with the exception o f the IPL, and with particularly strong expression 
in the photoreceptor OS, INL and GCL of the retina. A thin band of staining representing expression of 
Bfsp2 protein can be seen in the region of the photoreceptors, possibly localising to the region of the 
inner segments. (RPE) retinal pigment epithelium, (OS) outer segments, (ONL) outer nuclear layer, 
(OPL) outer plexiform layer, (INL) inner nuclear layer, (IPL) inner plexiform layer, (GCL) ganglion cell 
layer. 200X magnification



CHAPTER 3

A QUANTITATIVE TRAIT MAPPING STUDY TO 

INVESTIGATE VARIATION IN THE MOUSE CONE 

ELECTRORETINOGRAM



3.1 INTRODUCTION

We report here a quantitative trait mapping study designed to examine variation 

observed initially by Dr. Paul Kenna in the cone ERG between two different strains of 

inbred mouse; C57BL/6J01aHsd and 129S2/SvHsd. Specifically, this variation was a 

latency in the timing of the cone b-wave ERG in the 129S2/SvHsd strain. Since the 

cone b-wave is a result of retinal neurotransmission post the photoreceptor cells, 

identifying the source of this variation may indicate novel genes and pathways involved 

in the control of the visual signal at this level.

To date a large number of studies have focussed on determining the cellular 

components underlying the electrophysiology of the retina, using both pharmacological 

and transgenic approaches to determine the neural pathways causing the distinctive 

waveforms of the electroretinogram. These investigations have resulted in the 

identification of genes and pathways involved in both phototransduction and synaptic 

and neural transmission within the retina.

Upon further investigation it was discovered that strain-specific differences 

within the cone ERG was not limited to just one trait of the cone ERG. We have 

undertaken a reciprocal backcross breeding experiment, using the ERG to record a 

phenotype in each animal. Here we present the results of a quantitative trait mapping 

experiment for the eight cone traits measured in the ERG. We show evidence for a 

QTL of major affect on chromosome 19 which appears to control variation in the 129 

backcross in six of the eight traits and also shows weak association with a seventh trait 

(shows no association with the cone a-wave amplitude trait). This preliminary data has 

identified a strong and highly significant QTL on chromosome 19; however, since the 

data have been generated with a small sample size, these findings must be confirmed in 

a larger sample.

3.1.1 Quantitative genetics

Quantitative genetics is defined as the study of measurable (or quantitative) 

traits which do not clearly follow Mendelian inheritance patterns. Quantitative traits 

can be continuous (height, weight), discrete (number of offspring) or threshold (disease 

resistance, diabetes, heart disease). Quantitative traits may be polygenic, showing the
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influence o f  m ultiple genes contributing to the trait measured. Such traits can also be 

heavily influenced by environmental effects. Q uantitative traits m ay also be described  

as a m easure o f  variation in a phenotype. Phenotypic variation arises from the effects o f  

genetic variation and environm ental variation, written as the fo llow in g  equation:

\ ai [plieiioKpe] = \'ai[genetic] + \ ’ai[eii\Tiomiieiit]

Quantitative traits are measured in population sam ples. T hey are norm ally 

distributed and are measured by the sam ple parameters, mean and variance. For the 

fo llow in g  experim ents, trait values (ERG values) have been m easured in tw o different 

inbred m ouse sam ples and the parental anim als (h om ozygotes) com pared to their FI 

offspring (heterozygotes). In this w ay, a measure o f  the variation can be estim ated. 

Figure 3.1 show s three sim ulated populations: parental A i, with the genotype Ai Ai ,  

parental A 2 , with the genotype A 2A 2 and FI heterozygotes, with the genotypes A 1A 2 . 

Trait m easurem ents from all three sim ulated populations have been m ade and graphed. 

In order to estim ate the effect o f  an allele, it is important to m easure fi*,  w hich  is the 

difference betw een the tw o parental populations and com pare it to the average o f  the 

heterozygote population (written as fx*+d). In this w ay, an estim ate o f  the additive (a) 

and dominant (d) effects on the sam ple can be made. A measure o f  dom inance is made 

by calculating d/a. If d = 0, then there are no dominant effects, and the heterozygote is 

exactly  half w ay betw een the parental populations, if  d =  +a then the heterozygotes will  

resem ble the Ai parental (A | a llele is dom inant) and if  d =  -a, then the heterozygote  

will  resem ble the A 2 parental and A 2 a llele is com pletely  dominant. Graphing the 

results helps to determ ine whether the A] A 2 (heterozygote) population lies. If c loser to 

one o f  the parental sam ples, this suggests it contains genes from this parental strain 

which influence the net phenotype (Falconer and M ackay 1996; Hartl and Clark 1997; 

Hedrick 2005). It should be noted that this m ethod o f  graphing does not take into 

account the com ponent QTLs, for exam ple both strains could  have protective alleles 

which cancel the effect o f each other out as occurred in a study searching for QTLs 

controlling age-related retinal degeneration (D anciger et  al. 2003b). T his w ou ld  not be
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observable by graphing the raw phenotypic data. This phenomenon is also called locus- 

locus interactions.

3.1.2 Quantitative Trait Loci (QTLs): Mapping Methods

A quantitative trait locus (QTL) is a region of the genome containing a gene, or 

genes, controlling some amount of the genetic variation seen in a trait. Strains of 

inbred mice provide an excellent resource to search for QTLs, as traits can be mapped 

by genetic crosses. Essential to mapping these traits are (1) knowledge of the variation 

between the two given strains for the trait in question, and (2) the presence of sufficient 

polymorphic markers to facilitate mapping at the genetic level. Phenotypic variation 

between strains must be accurately measured; in these experiments the ERG was used. 

The polymorphic markers most commonly used in QTL experiments are simple 

sequence repeats known as microsatellite markers, where strain-specific variation can 

be measured using PCR amplification and subsequently analysing the PCR product by 

gel electrophoresis (Lander and Botstein 1989). There are many databases where the 

sequence of primers to amplify polymorphic repeats is available, including the Mouse 

Genome Informatics database (MGI) at The Jackson Laboratory

(http://www.informatics.iax.org/menus/strain menu.shtml) and the physical contig map 

at MIT (http://www.broad.mit.edu/cgi-bin/mouse/index). Recently, single nucleotide 

polymorphisms (SNPs) have been used as polymorphic markers in QTL studies. A 

panel of over 1600 strain-specific SNPs in 102 different inbred mouse strains has been 

published (Petkov et al. 2004a; Petkov et al. 2004b).

Classical QTL genetic mapping uses crosses referred to as intercrosses and 

backcrosses. Both methods start with crossing strain A with strain B to produce 

heterozygote animals (FI generation). When FI animals are bred to one another, this 

produces F2 animals, or an intercross. If FI animals are bred to either of the parental 

strains, A or B, then this produces N2 animals, or a backcross (Figure 3.2). An F2 

intercross is more useful for defining the overall picture of the quantitative trait, e.g. the 

numbers of QTLs, segregation, estimates of those QTLs and additive and dominance 

effects. In contrast a backcross is a better method for detecting major QTLs, as the 

required significance level is lower and the gene effect is higher, meaning a reduction
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in residual genetic variation (Darvasi 1998). In backcrosses, genetic variation caused 

by gene interactions may also be reduced making this design more powerful (Silver 

1995). The effectiveness of genetic mapping is reliant on the number of recombinations 

which occur (Naggert and Nishina 2002). There is an average of one recombination per 

chromosome per generation as illustrated in figure 3.2. F2 intercrossed mice undergo 

two recombinations, whereas backcrossed mice only undergo one recombination.

3.1.3 QTL mapping of genetic variation within the retina

There are relatively few examples of QTL studies in which analysis of traits 

associated with the murine retina have been undertaken. A summary o f these studies 

can be seen in table 3.1. In all of these studies, variations in phenotype between two 

strains of inbred mice were analysed. QTLs governing the effect were identified by 

performing either a backcross or an intercross and subsequently phenotyping and 

genotyping the offspring. The results of any associations are listed in the QTIVgene 

column of table 3.1. A particularly successful example of such a study involved an 

investigation of strain-specific differences caused by-light induced retinal degeneration 

(Danciger et al. 2000), where the gene causing the most variation has been confirmed 

as Rpe65, the protein product of which is a retinal isomerase (Moiseyev et al. 2005; Jin 

et al. 2005), with a single base pair difference at codon 450 of the gene being shown to 

control most of the resistance to light-induced apoptosis (Wenzel et al. 2001). A 

different, follow-up study investigating the loci controlling ganglion cell number and 

eye size using retinoic acid receptor knockout mice (Zhou et al. 2001) concluded that 

the retinoic acid receptor did not cause variation at a QTL on chromosome 11. None of 

the other studies listed in Table 3.1 have to date resulted in the isolation of the 

variation-causing gene or genes within the defined QTLs.
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T ra it Q T L /G ene S tra in s R eferences

Ganglion cell number Chr 11 at N ncl locus BXD X BXH 

(recom binant inbred)

(Strom and Williams 1998; 

Williams a/. 1998)

Eye size, lens, weight Chr 5 (E yel locus) 

Chr 17 (Eye2 locus)

C57BL/6J X DBA/2J 

(F2 intercross)

(Zhou and W illiams 

1999)

Resistance to light 

induced apoptosis

Chr 3 Rpe65 Leu450Met 

Chrs: 9, 12 & 14.

C57BL/6J-c(2J) x 

BALB/c (backcross)

(Danciger et al. 2000; 

W enzel et al. 2001)

ON L’ thickness 

(measure RD caused by 

tubby mutation)

Chr 11 (M otrl locus) 

Chrs: 2 & 8

C57B L/6J‘“'^‘“‘’x 

AKR/J-"'-^(F2 intercross)

(Ikeda et al. 2002)

ON L’ thickness 

(m easure ARD)

Chr 6, 10 & 16 BALB/cByJx 

C57BL/6J'^‘̂ ' F2 

intercross

(Danciger et al. 2003a)

Retinal rhodopsin 

levels (LI-RD)

Chrs 1&4 (significant) 

Chrs 6 &2 (suggestive)

BALB/cByJ x 

129Sl/SvIm J F2 

intercross

(Danciger et al. 2004)

O N L ' thickness 

(m easure LI-RD)

Chrs 1, 10, 13 ,14 & 16 NZW /LacJ X 

C57BL/6J'^^ 

(F2 intercross)

(Danciger et al. 2005)

T ab le  3.1 shows all quantitative trait loci (QTL) studies using inbred m ouse strains to search for genes 

controlling variation in retinal traits. * ONL = outer nuclear layer, RD = retinal degeneration, ARD = age 

related retinal degeneration, LI-RD = light induced retinal degeneration.

3.1.4 The electroretinogram

Electroretinography is a diagnostic tool used to measure visual function by 

quantifying the electrical impulses generated by the retina in response to a series of 

flashes o f light. Its output is a series o f distinctive waveforms (Heckenlively and Arden 

1991). The electroretinogram (ERG) records light-induced alterations in the trans- 

retinal movement o f ions, which is the transmission of the signal generated in the 

phototransduction cascade (Fishman 2001). The ERG is a standard clinical procedure 

used in humans to test for disorders o f the retina. Clinical electroretinography generally 

follow s the protocol developed by the International Society for Clinical 

Electrophysiology o f  Vision (ISCEV) which suggests recording 5 responses: (1) a 

response to a weak flash (rod response) in the dark adapted individual, (2) a response to 

a bright flash in the dark adapted individual, (3) oscillatory potentials, (4) a response to
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a bright flash (cone response) in the light adapted eye and (5) a response to a flickering 

bright stimulus in the light adapted state (Marmor et al. 2004). These recordings enable 

the analysis of rod-isolated and cone-isolated responses.

The ERG may be used to assess naturally occurring mouse models of retinal 

degeneration and also to test retinal phenotype in transgenic and knockout mouse 

models of retinal disease (Peachey and Ball 2003). As the ERG is a non-invasive 

technique, it can be repeated over time in an individual animal to follow the 

development of a retinal phenotype. The ERG is also a useful technique to determine 

the success of a therapy, particularly as one eye can be given a treatment and the other 

eye used as a control. An excellent example of this is that of the Briard dog, a naturally 

occurring animal model of Leber congenital amarousis (LCA) caused by a null- 

mutation in the RPE65 gene. This dog was treated in one eye with a recombinant 

adeno-associated virus (AAV) carrying wild-type RPE65 (AAV-RPE65), with the 

other eye serving as a control (Acland et al. 2001). Visual recovery was recorded using 

the ERG.

3.1.5 Known variation in the wild type murine ERG

A number of different strains of inbred wild type mice are commonly used in 

retinopathy research; however, not much work has been carried out into natural 

variation in the ERG between these strains. In a study looking at seven wild type strains 

(102, 129/SvJ, AKR, C57BL/6J, C57B176JIco, CBA/CaJ, and DBA/2NCrlBR) 

commonly used as controls in retinal research significant differences between the 

strains when looking at timing and amplitude of a- and b-wave o f ERGs were observed 

(Dalke et al. 2004), no significant differences were noted between C57BL/6J and 

129SvJ strains. ERG amplitudes recorded in wild type pigmented and albino mice have 

been shown to have significant differences (Gresh et al. 2003).

Some inbred mouse strains display naturally occurring retinal degenerations. 

The most common of these is caused by a recessive mutation arising from a retroviral 

insertion in the retinal rod cGMP phosphodiesterase, beta subunit (mutant allele is 

known as Pde6b'^‘*') (Bowes et al. 1993). This allele is present in C3H, FVB, SWR and 

at least seven other strains (Bowes et al. 1993) resulting in these strains never being
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used in retinal research. The Pde6b'^‘” phenotype may also be caused by a nonsense 

point mutation (Pittler and Baehr 1991). Most of these mouse strains have been re

classified as rd or retinal degeneration mice. Some substrains of mice carry genes for 

recessive retinal degenerations, with only a small percentage of the mice exhibiting the 

retinal degeneration, these include Black Swiss mice and 129SvJ substrain, where a 

small number of animals have been shown to carry the Pde6b'^‘*' (Clapcote et al. 2005; 

Dalke et al. 2004) and the C57BL710 substrain, where a small number of animals have 

a severe reduction of the b-wave, similar to the human retinal disease, incomplete 

congenital stationary night blindness (Ruether et al. 2000).

3.1.6 Retinal circuitry underlying the light-adapted/cone-mediated ERG

In order to study variation which gives rise to differences in the cone ERG, it is 

necessary to understand those factors which contribute to its waveform. The ERG 

response arising solely from cone photoreceptors is measured in the light-adapted 

retina. In mice, the light adaptation step normally involves leaving a mouse in rod- 

saturating light (30cd/ms) for 10 minutes, although the retina can also be briefly light 

adapted using a double flash. Light adaptation causes the rod photoreceptors to be in a 

bleached state and hence they do not elicit a response to flashes of light. The cone- 

mediated ERG is measured in response to a single flash (0.5Hz) and/or a flicker 

(10/sec: lOHz), presented against the rod suppressing background. The a- and b-waves 

may be analysed by looking at their timing and amplitude (Figure 3.3) (Nusinowitz et 

al. 2002)

As outlined in chapter 1, the retina is divisible into ten layers, the nuclear layers 

of which are the outer nuclear layer (ONL), containing photoreceptor cells, the inner 

nuclear layer (INL), containing second order neurons (bipolar, horizontal and amacrine 

cells) and the ganglion cell layer (GCL), containing ganglion and M uller cells. The 

synapses from each of these layers meet in the inner and outer plexiform layers, 

between the neuronal layers. Extensive research has helped to elucidate which parts of 

the retina are responsible for the a- and b-waves of the cone (also called photopic) 

ERG. The cone circuits in the retina use the following pathway which goes from cone 

photoreceptors cone ON-bipolar cells —» retinal ganglion cells —*■ optic nerve ^
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visual cortex. In actual fact this ‘simple’ pathway has a lot more complexity than this.

In recent years, huge advances have been made into unravelling the complexities of this 

and other neuronal pathways within the retina. This work has mainly been facilitated 

through the use of transgenic and knockout animal models and pharmacological testing 

of the visual system. As this chapter deals with variation in the cone-mediated ERG, it 

will be of value to consider those systems and pathways that such variation affects.

3.1.7 Cone bipolar cells

Cone photoreceptors synapse on more than one type of bipolar cell. The bipolar 

cells can be divided into 2 different types; depolarising ON- and hyperpolarising OFF- 

bipolars. The ON-bipolars express the metabotropic glutamate receptor mGluR6 (Vardi 

and M origiwa 1997) on the cell dendrites (Vardi et al. 2000) and activate the alpha 

subunit of the second messenger protein. Go (Dhingra et al. 2002; Dhingra et al. 2000; 

Vardi 1998). The OFF-bipolars have ionotropic AMPA and kainate receptors (DeVries 

2000). ON-bipolars synapse in sublamina b of the inner plexiform layer (IPL) or the 

‘ON-centre’, whereas OFF-bipolars synapse in sublamina a of the IPL or ‘OFF-centre’ 

(Euler et al. 1996). ON-bipolars respond to increases in light, whereas OFF-bipolars 

respond to decreases in light. ON-bipolar cells can also be subdivided into cells that 

show a transient response to light and those that show a sustained response to light 

(Awatramani and Slaughter 2000).

As with the rest of the central nervous system, there are negative feedback loops 

at every stage of transmission of the visual signal. Cells can also act laterally, in a 

process known as lateral inhibition. The major inhibitory cells of the retina are the 

amacrine cells and horizontal cells which release the inhibitory neurotransmitters 

gamma-aminobutyric acid (GABA) (Fahrenfort et al. 2005) and glycine (gly). The 

GABA neurotransmitter released binds to GAB Ac receptors at bipolar cell terminals 

(Lukasiewicz et al. 2004). An increase in intracellular GABA has been shown to 

decrease the b-wave of both rod and cone responses of the ERG (Hanitzsch et al.

2004). The function of feedback loops and lateral inhibition is to sharpen the visual 

image by adding lateral inhibition or antagonism to receptive fields of the neurons.
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Gap Junctions are junctions between the plasma membranes of animal cells that 

allow communication between the cytoplasm of adjacent cells. In the retina, gap 

junctions allow the photoreceptor-mediated visual signal to change pathways from the 

cone-mediated pathway to the rod mediated pathway and vice versa (Smith et al. 1986). 

Bipolar cell types with different functions use different gap junction proteins (Lin et al. 

2005).

Recent morphological studies, using fluorescent labelling and gene gun 

techniques have shown that there are nine cone bipolar cell types (and only one rod 

bipolar cell type), each with their own characteristic shape (figure 3.4). They have been 

classified based on their branch pattern and the stratification level of their axon 

terminals within the IPL (Ghosh et al. 2004; Pignatelli and Strettoi 2004). The exact 

functional role of each of these cone bipolar cell types is still unknown.

3.1.8 Pharmacological studies of the cone ERG

Pharmacological studies, in a variety of species, have been the cornerstone of 

research into the neural pathways which elicit the mammalian ERG. The early 1980s 

saw the discovery of a number of selective agents which could block specific pathways 

within the retina, so that the different components of these pathways could be 

determined. 2-amino-4-phosphonobutyrate acid (APB) selectively eliminates the 

response of ON-bipolar cells (Slaughter and Miller 1981) and cis 2,3-piperidine- 

dicarboxylic acid (PDA) selectively eliminates the response of the OFF-bipolar cells, as 

well as horizontal cells and third order neurons (Slaughter and M iller 1983). These 

pharmacological agents have enabled functional segregation of different classes of 

retinal neuron. In this manner, it has been shown that the rod and cone ERG b-wave is 

due to the activity of ON-bipolar cells, specifically, a light induced increase in the 

potassium ion flux in inner and outer retina (Stockton and Slaughter 1989). The cone- 

mediated a-wave has also been shown to possess a post-photoreceptoral component 

which is missing when OFF-bipolar cells, horizontal cells and third order neurons are 

blocked (Bush and Sieving 1994). The rest of the cone a-wave is due to cone 

photoreceptor activity (Friedburg et al. 2004). The postreceptoral ON- and OFF-bipolar 

cells also contribute significantly to the cone flicker ERG (Kondo and Sieving 2001).
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3.1.9 Mouse models used to investigate the light-adapted ERG

Many genetically manipulated mouse models have been made which lack 

functional proteins essential to the visual pathway. Several of these models contain 

mutations in genes of the cone pathway. Of particular interest were those animals with 

mutations in bipolar-expressed genes as they may help to explain the variation 

observed in the cone ERG between 129WT and C57W T mice.

There is only one available example of a naturally occurring mouse model with 

a retinal disorder solely affecting the cone pathway, that of the cone photoreceptor 

function loss 1 (cpfll)  mouse, which has a defect similar to the human retinal disease 

achromatopsia (OMIM #216900). Genetic analysis has shown that this is due to an 

autosomal recessive mutation that maps to mouse chromosome 19 (Chang et al. 2002).

Knockout mice with mutations in genes encoding cone photoreceptor 

components, show a selective lack of cone ERG, for example the mouse model lacking 

a functional cyclic nucleotide gated channel alpha 3 (C nga3 ‘̂ ), which displays 

abnormal cone outer segments, followed by degeneration (Biel et al. 1999). The 

disadvantage of these mouse models is that they have no detectable cone-mediated 

ERG, so are therefore of no use to investigations into variation in the cone ERG.

There are a number of mouse models with reductions in the cone ERG, for 

example, the comas mouse expresses the Mas-1 oncogene under control of the red- 

green opsin promoter which induces a selective degeneration of cone photoreceptors 

(Peachey and Ball 2003). A b-wave reduction generally indicates a defect in synaptic 

transmission between photoreceptor and bipolar cells; however this defect can occur at 

either the pre-synaptic terminals of the photoreceptors or post-synaptic terminals of the 

ON-bipolar cells.

There are very few mouse models with mutations in genes affecting cone 

bipolar cells. Generally mutations that affect the bipolar cells result in a defect in 

synaptic transmission from photoreceptor to ON-bipolar cells, which can occur in rod or 

cone photoreceptors. The human retinal disease incomplete congenital stationary night 

blindness (iCSNB or CSNB2: OMIM #300071) shows defects in the transmission of
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the signal between photoreceptors and ON-bipolar cells, so mouse models of this 

disorder would be useful for examining this level of synaptic transmission. A number 

of these models exist, including the naturally occurring nob mouse, which does not 

exhibit a b-wave in rod or cone-mediated ERG (Pardue et al. 1998) due to an 85bp 

deletion in the nyctalopin gene (Gregg et al. 2003). A substrain of C57BL/10 mice has 

a synaptic deficit resulting in no cone ERG (and a severe reduction in the rod b-wave) 

(Ruether et al. 2000). Transgenic models of photoreceptor to ON-bipolar transmission 

defects include the mdx*'''^ mouse model of Duchenne muscular dystrophy (DMD, 

OMIM #310200), which shows a markedly reduced b-wave, similar to that seen in 

patients with DMD (Green et al. 2004; Fillers et al. 1995). Another transgenic mouse 

model for CSNB2, which shows a retinal transmission defect, is the calcium channel 

subunit gene mouse mutant, Cacnalf^', where defects in a calcium channel, cause an 

ON-bipolar defect with no light-adapted ERG. These animals have a loss of 

photoreceptor synapses and abnormal dendritic sprouting of second order neurons 

(Mansergh et al. 2005). The V sxl '̂ ' mouse, a model of a homeobox gene, does not 

differentiate a mature cone bipolar cell phenotype and as a result its ERG has an 

attenuated b-wave response (Ohtoshi et al. 2004)

It has recently come to light that mice with active mutations in photoreceptors 

also show defects in the second order neurons, known as neuronal remodelling, such as 

sprouting, hypertrophy and atrophy of axonal endings and dendrites. Both the Crx'^' and 

rd/rd mouse have been reported to display remodelling of second order neurons in the 

absence of photoreceptors (Pignatelli et al. 2004; Strettoi and Pignatelli 2000; Strettoi 

et al. 2003; Strettoi et al. 2002). This may indicate a novel method by which 

photoreceptor cells can influence the viability of second order neurons, for example by 

use of a photoreceptor-derived signal for viability. A signal of this type, rod-derived 

cone viability factor (Rdcvf, also known as Txnl6), is expressed in rods and yet appears 

to be involved in cone homeostasis (Leveillard et al. 2004).

3.1.10 Future methods for examining pathways contributing to the cone ERG

Most of the current studies exploring the cone ERG have used either selective 

pharmacological agents to isolate specific retinal pathways or employed genetic
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modification techniques to create mice with null mutations of important retinal 

proteins. While these methods remain extremely valuable, a number of new methods 

have been developed which can be used to study the components of the murine ERG. 

N-ethyl-N-nitrosourea (ENU) is a potent mutagen which has been used to generate 

recessive mutations in mice which can then be phenotyped and mapped (Herron et al. 

2002). This method has been used to develop new models of retinal degeneration 

(Dalke et al. 2004) and has resulted in a mouse harbouring a novel mutation in the 

R slh  gene, causing retinoschisis (Jablonski et al. 2005). The gene-trapping method is 

also being used for the systematic generation of knockout mice (Skames et al. 2004) 

and was recently used to create Bardet biedl 4 (Bbs4) null mice, some of which develop 

a retinal degeneration (Kulaga et al. 2004). This is a gene targeting method which 

involves random integration of a promoterless reporter construct into genes expressed 

in ES cells. It is a much less labour intensive and more successful method than gene 

trapping by homologous recombination (Friedrich and Soriano 1991; Skames 2005).

Methods to knockdown gene expression could be applied to analyse any effects 

of reducing gene expression on the ERG. Ribozymes are naturally occurring RNA 

molecules which can cleave specific RNAs (Birikh et al. 1997; Grassi et al. 1997). 

Recently ribozyme technology has been used to knockdown the gamma subunit of the 

rod cGM P phosphodiesterase, resulting in an altered ERG with decreases in a- and b- 

wave amplitudes (Liu et al. 2005). RNA interference is another method for knockdown 

of gene expression which has been successfully employed in cell culture and retinal 

explants to knockdown rhodopsin (Kiang et al. 2005).

3.1.11 Study aim

The aim of this study was to locate one or more QTLs associated with the 

murine single flash cone ERG b-wave timing. The approach taken in this study 

involved the backcrossing of 129S2/SvHsd and C57BL/6J01aHsd inbred strains of 

mice, commonly used in retinal research. These strains were shown to exhibit variation 

in visual function, as measured by the ERG, specifically a slower cone ERG b-wave in 

the 129WT mouse strain. Initial analysis, comparing 129WT animals with FI animals 

showed that genetic differences account for over 55% of total variation in single flash
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cone b-wave timing. Selective genotyping was then performed on animals with the 

most extreme phenotypes (top and bottom 10%). QTL mapping was performed using 

M apM anager QTXb20 to detect and map QTLs associated with the cone b-wave 

timing. A QTL of major effect was identified on chromosome 19, which accounts for 

approximately 80% of the genetic variation in cone b-wave timing. This Q TL also 

seems to control variation in a number of the other cone ERG traits, including 

amplitude, which will also be outhne here.
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3.2 Materials and Methods

3.2.1 Animals

All procedures involving m ice were perform ed in accordance with the ARV O  

statem ent for the Use o f Anim als in O phthalm ic and V ision Research and were also 

passed by institutional ethics com m ittees and perform ed under licence. T hree different 

strains o f inbred m ice were used for these experim ents C 57B L/6J01aH sd (H arlan, UK) 

and 129S2SvH sd (Harlan, UK) and C57B L/6 (Bantin and K ingm an U niversal Ltd., 

Hull, UK). All the w ild type m ice used in this experim ent were m aintained in a 12hr 

light/ 12hr dark cycle. All breeding was done in a specific pathogen free anim al unit. 

A nim als w ere a m inim um  of 6 weeks o f age and 20g in w eight for ER G  phenotyping. 

For ease, during the results section C57BL76J01aHsd anim als will be referred  to as 

C 57W T and 129S2SvH sd as 129WT.

3.2.2 Breeding of Backcross Populations

C 57W T and 129W T m ice were intercrossed to form  an Fi generation o f mice, 

with each m ouse containing a single C 57W T chrom osom e and a single 129W T 

chrom osom e. F | m ice were backcrossed to the parental C 57W T and 129W T strains, to 

form  two N 2 generations (a C 57W T backcross and a 129W T backcross, referred to as 

C57N 2 and 129N2). The m ice were backcrossed in a specific m anner (Table 3.2), so 

that m itochondrial D N A (m aternally transm itted: m other ^  offspring) and Y 

chrom osom e (paternally transm itted: father m ale offspring) genotypes w ould be 

known and their potential influence on the electrophysiological traits o f the retina could 

be exam ined.

C 57W T backcross, n = 138, 129W T Backcross n= 107
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Group No. Father Mother mtDNA* Y-Chr (S)** N a

1 F I(129 father) C57 C57 129 44

2 F I(129 mother) C57 C57 C57 31

3 C57 F I(129 father) C57 C57 29

4 C57 F I(129 mother) 129 C57 34

5 F1(C57 father) 129 129 C57 33

6 F1(C57 mother) 129 129 129 28

7 129 F1(C57 father) 129 129 22

8 129 F1(C57 mother) C57 129 24

Table 3.2 Breeding programme for the backcross between C57WT and 129WT inbred strains *mtDNA: 

mitochondrial DNA genotype o f  offspring, ** Y-chr: Y-chromosome genotype o f  male o f fsp r in g ,N :  

number o f animals.

3.2.3 Phenotyping using electrophysiology to measure visual function.

The electroretinogram was the phenotypic measure used to record the retinal 

function of all experimental animals. Animals undergoing electroretinography were 

placed in the dark for at least 12 hours before the ERG took place, ensuring complete 

dark adaptation. All contact with animals prior to the start of the ERG took place using 

a dim red light, thus minimising the risk of rhodopsin bleaching. Animals were 

anaesthetised using a mixture of Ketamine (Vetalar, Pharmacia, Vechta, Germany;

111 ml/kg) and Xylazine (Rompun, Bayer Healthcare, Kiel, Germany; 11 ml/kg). 

Anaesthetic was administered by interperitoneal (IP) injection. Pupils were dilated 

using 1 drop each of 2.5% phenylephrine hydrochloride (Chauvin Pharmaceutical, UK) 

and 1% tropicamide (Chauvin Pharmaceutical, UK).

The core temperature of each mouse was measured digitally using a rectal 

temperature probe attached to a heating pad (TH-2kmr Therm istor Probe, Cell 

Microcontrols, Norfolk, VA, USA) so the temperature of the animal could be 

maintained at 37°C +/-0.5°C. To give stable recordings, Henkes contact lens electrodes, 

containing a silver wire (Medical Workshops, Groningen, Netherlands) were placed on 

each cornea using Visidic® gel (Dr Mann Pharma, Germany) as an ionic conducting 

agent between the cornea and contact lens. This also reduced the chances of lens
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opacification during the ERG. Platinum reference electrodes were placed 

subcutaneously in cheeks and a platinum ground electrode was placed through the skin 

of the lower trunk in order to subtract any non-comeal electrophysiological recordings. 

The RETIport ERG stimulating and recording equipment (Roland Consult, Wiesbaden 

Germany) used was ISCEV (International Society for Clinical Electrophysiology and 

Vision) compliant. The animal was placed on a platform at the side of a full-field 

Ganzfeld globe (Stimulator Q400, Roland Consult, Germany) which was used to reflect 

light and thus evenly illuminate the entire retina. The ERG was started 10 minutes after 

IP injection, to allow for full anaesthesia and to enable maximum pupil dilation.

The stimulus, an LED-flash, was used at a standard intensity o f 3.5cds/m 

(candela-seconds per square metre) for the OdB flash. The amplifier settings were as 

follows, voltage +/- ImV, Bandpass l-200Hz. No filters were used. Flashes were 

presented from -25dB to OdB in steps of 5dB (IdB  = 1/10 of a log unit, ie the -25dB 

flash is 2.5 log units less intense than the OdB flash, the maximal flash output). The 

stimulus frequency for averaging purposes was dependent on the flash intensity with 15 

seconds at -25dB, -20dB and -15dB, 30 seconds at -lOdB, 45 seconds at -5dB and 60 

seconds at OdB. These timings were chosen to minimise the chances of rod bleaching. 

The stimulus duration was 100ms and the stimulus frequency was 0.067Hz. Recordings 

were averaged over 4 flashes at each of the intensities. Oscillatory potentials were 

recorded at the maximum intensity flash, altering the bandpass filters tol00-200H z to 

isolate them.

Following light adaptation for 10 minutes at an intensity of 30cds/m2, cone 

mediated responses were recorded at 0.5Hz (single flash) and lOHz (flicker). These 

were averaged over 24 and 90 flashes respectively.

The a-wave is the first negative component after onset of stimulus and the b- 

wave is the maximum positive component after the a-wave. The a-wave amplitude was 

measured from the presentation of the flash at the baseline to the maximum part of the 

a-wave trough. The b-wave amplitude was measured from the trough of the a-wave to 

the first maximal b-wave response. Recordings from left and right eyes were averaged 

to give 1 recording per animal.
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3.2.4 DNA Extraction

Portions of tail and liver tissue were taken for DNA extraction from animals 

who had been euthanised by cervical dislocation while still under anaesthetic. Liver 

samples were split into two. Tissue was added to 400 |j,1 tail lysis buffer (Appendix A) 

and 15)4,1 proteinase K (20mg/ml) (Invitrogen) in a 1.5ml eppendorf and left overnight 

at 55°C to enable tissue lysis and DNA release. The sample was then added to 400|o.l of 

a 1:1 phenolxhloroform  (phenol: Invitrogen, chloroform: Scharlau) mixture, shaken 

vigorously and spun at 12K (13,200RPM) in an lEC micromax bench centrifuge for 8 

minutes. The upper phase was pipetted into 400^,1 of chloroform, vigorously shaken 

and spun at 12K in the lEC micromax bench centrifuge for 4 minutes. The upper phase 

was pipetted out and into an eppendorf containing 700^1 of ice-cold ethanol. The tube 

was inverted a number of times to precipitate DNA. DNA was removed using a sterile 

tip and left to dry before resuspending in 200|o.l of sterile water. DNA was left at room 

temperature overnight to go into solution and then frozen at -20°C.

3.2.5 DNA Quantification

l|j,l of stock DNA was added to 98|il sterile water and lp,l RNacit (Invitrogen), 

an RNase. This solution was incubated in a water bath at 37°C for 15 minutes. The 

concentration of DNA was calculated by measuring the optical density (OD) at an 

absorbance wavelength of 260nm using a spectrophotometer (Cecil CE 3021) which 

had been blanked using a control solution (99|il sterile water and l|xl RNAcit, 

incubated at 37°C for 15 minutes). The OD was then multiplied by 50 and by the 

dilution factor to give a concentration in ng/|j,l. DNA was diluted to a standard 

concentration of 200ng/|j,l for PCR, of which l|j,l was used for each PCR reaction.

3.2.6 RNA extraction

RNA was extracted from the retinas of C57BL76J01aHsd, C57BL/6 and 

129S2/SvHsd mice using the method described in section 2.3.2.
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3.2.7 Genotyping

Selective genotyping was performed on the animals from high and low 

phenotypic extremes, using the cone b-wave timing trait. This was done in order to 

reduce sample size, cost and time and to increase statistical power (Lander and Botstein 

1989). This equated to 28 animals from the C57N2 population and 20 animals from the 

129N2 populations. A genome scan was performed with markers spaced at 

approximately 20cM along each chromosome and at most 15cM from telomeres. 

Exceptions to this rule were the most distal markers on chromosome 1, chromosome 7, 

chromosome 14, chromosome 15 and chromosome X, the most proximal markers on 

chromosomes 2, 7, 9, 10 and 18. Gaps of an average of 27cM were also present on 

chromosomes 3, 4, 14, 15, 16 and 19; however no gap was greater than 30cM. Eighty 

six SNP markers were genotyped commercially using the Amplifluor SNP detection 

assays from a published panel of informative markers (Petkov et al. 2004a; Petkov et 

al. 2004b). The genotyping was carried out by Kbioscience (Herts, UK). An additional 

19 informative microsatellite PCR-based markers were genotyped by me (primer 

names and sequences are given in Appendix B.3). All markers used in the genome scan 

are tabulated in Appendix C.

3.2.8 PCR Amplification

PCR amplification was performed for the 19 informative markers genotyped in 

the laboratory. Each 25)0,1 PCR reaction contained 200ng genomic DNA, lOpMol 

forward and reverse primer, lOx PCR buffer (12.5mM MgCla), lOO^iM dATP, dTTP, 

dGTP and dCTP (Boehringer Mannheim), 0.1|il Taq polymerase (10U/|ol) and sterile 

water. The following thermocycling conditions were used: (1) initial denaturation for 4 

minutes at 95°C followed (2) 1 min at 94°C (3) 1 min at 55°C (4) 1 min at 72°C (5) 

repeat steps (2)-(4) 39 times (6) 72°C for 10 minutes (7) hold at 10°C.

3.2.9 Agarose gel electrophoresis

Agarose gel electrophoresis was used to visualise the genotypes of 

microsatellite markers analysed in the laboratory. Agarose gels were made by adding
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agarose powder (Gibco BRL) to IxTAE or IxTBE buffer (Appendix A), and heating in 

a microwave until completely dissolved. l|j.l of ethidium bromide was added per 30ml 

agarose solution and the gel was poured into a cast to set. The gel percentage depended 

on the size difference of the informative markers. For those informative markers greater 

than 12bp apart in size, 3% agarose gels in IxTAE were used. For informative markers 

with resolution less than this, 5% NuSieve 3:1 agarose gels in IxTBE were used. 

Loading dye (Appendix A) was added to 5|uil of PCR product and the gel run in buffer 

at 100 volts. Following this, gels were visualised and photographed under UV light.

3.2.10 Statistical Analysis

Statistical analysis was performed using DataDesk ® 6.0 for all tests(Velleman 

1995). In all cases independent 2-sample t-tests were performed to compare two 

samples to one another and determine whether there was a significant difference 

between the two samples. For all comparisons, the null and alternate hypotheses were 

defined as follows: Hq: |Xa - ^ b  = 0; Ha: M-a -M-b  7̂  0-

3.2.11 Quantitative Trait Mapping

The freely available quantitative trait mapping programme M apM anager 

QTXb20 (http://www.mapmanager.org) was used to detect and localise quantitative 

trait loci (QTLs) by comparing known phenotype (trait) and genotype data and asking 

if there was an association between the two (Manly et al. 2001; Manly and Olson 

1999). Each backcross was treated as a separate experiment. For every trait examined, 

the following tests were performed: marker regression, interval mapping, bootstrap 

testing, permutation testing and interaction testing. As the C57N2 and 129N2 

populations are backcrosses, only additive (not dominant) effects may be measured 

from 129WT alleles; however the effect of dominant C57W T alleles can also be 

measured in the 129N2.

3.2.11.1 Permutation testing

This method for establishing the genome-wide significance values (for a 

quantitative trait) uses an empirical based method which is specific to the trait data
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entered into the programme (Churchill and Doerge 1994). Following the ‘shuffling’ 

method put forward by Fisher in 1935, trait values are randomly permuted (shuffled) 

and a regression model fitted at multiple points across the genome for the permuted 

data. This is repeated hundreds of times and gives a distribution of statistical values 

expected if there were no QTL linked to marker loci. Using the guidelines put forward 

in Lander and Botstein (1989), critical values are assigned to establish significance; 

suggestive (37'*’ percentile), significant (95'*’ percentile) and highly significant (99.8'*’ 

percentile). As this method is empirical, and therefore based on experimental data, 

threshold values only apply to data from which they were first calculated. Critical 

values must be worked out again for a new trait. In this set of experiments, the 

permutation test data were shuffled 500 times.

3.2.11.2 Single marker regression

M arker regression tests for the association of a trait with a single marker, thus 

detecting a QTL. This method was developed to perform flanking marker analyses for 

detection of QTLs using the least squares method (Haley and Knott 1992; Martinez and 

Cumow 1992). It has similar power to the original QTL detection method in single 

marker analyses (Lander and Botstein 1989). Marker regression for M apM anager 

QTXb20 outputs a report containing the following information on all significant 

markers (a < 0.05 level); stat, the linkage regression statistic (LRS), a measure of the 

significance of a possible trait association at an individual locus (this can be converted 

to a traditional base-10 LOD score by dividing by 4.6); %, the total trait variance which 

would be explained by a QTL at this locus; P, probability of an association of this 

strength occurring by chance; Cl the estimate of the size (in cM) of a 95% confidence 

interval for a QTL of this strength using a standard method (Darvasi and Soller 1997); 

add, the additive coefficient of regression. If add is positive than the effect of the QTL 

is in the same direction as the parental strain to which the backcross was bred. This 

method only tests for a QTL at positions where marker loci exist. When several QTLs 

appear to contribute to a trait, the most significant trait can be mapped, placed in the 

background and marker regression or interval mapping repeated to map the second 

most significant QTL.
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3.2.11.3 Interval Mapping

The localisation of a QTL may be performed using simple interval mapping 

(IM). IM uses an estimate of the genetic map, based on the number of recombinations, 

to locate a QTL and estimate its effects. It is possible to travel through an interval 

(between markers) at IcM increments and fit a regression equation for a hypothetical 

QTL at the position of each marker and each IcM interval. IM produces a text report 

which gives a ‘stat’ value and an ‘add’ value, similar to those seen in marker 

regression. An interval map (see figure 3.9 for an example) may be generated for each 

chromosome summarising the data in the text report. In it the chromosome is shown as 

a straight black line, down the centre of the picture, to the right is a thicker black line, 

which is the LRS value and three thin green lines, which are the suggestive, significant 

and highly significant critical values (see section 3.2.9.1 Permutation testing). The 

additive coefficient is shown by a thick red line which goes either side of the 

‘chromosome’ depending on whether it is positive or negative. IM can be in the form of 

simple interval mapping, following the method described above, or composite interval 

mapping (CIM). CIM is a more complex extension of simple interval mapping, 

involving using selected markers to control the genetic variation of other (not the main) 

linked or unlinked QTLs (Zeng 1993, 1994). CIM improves precision and efficiency 

when mapping multiple QTLs, showing sharper peaks and emphasising local effects. 

Whenever interval mapping is performed while also having a marker ‘in the 

background’, what is actually being performed is composite interval mapping.

3.2.11.4 Bootstrap Testing

Interval mapping can estimate a confidence interval by bootstrap resampling 

(Visscher et al. 1996). This method creates multiple resampled (with replacement) 

pseudo-replicate datasets and re-performs IM for each new dataset. The maximum LRS 

position is recorded and plotted as a histogram (in yellow) on the picture of the interval 

map. Bootstrapping is a way of testing the reliability of the dataset. It allows 

assessment of whether the distribution of characters has been influenced by stochastic 

(random) effects. It is a statistical method for obtaining an estimate of error and is used 

to evaluate the reliability of a result occurring at a certain position.
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3.2.11.5 Interaction Testing

Interaction testing can be performed to test pairs of loci for synergistic effects, 

the interaction of two or more loci so that their combined effect is greater than the sum 

of their individual effects. This method can also highlight epistatic events, the 

interaction effect between two genes such that the effect is different than just addition 

of the two effects. In order to be significant the p-value must be <0.00001.

3.2.12 Testing of X-chromosome markers for QTLs.

Five markers were genotyped from the X chromosome. As X-chromosomes are 

hemizygous in males, a method was devised for testing them whereby parental 

genotypes were compared to non- parental genotypes. In females, non-parental 

genotypes were heterozygous.
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3.3 RESULTS

This aim of this study was to identify potential QTLs in a genome scan of 

backcrossed C57W T and 129WT mice. The trait being studied was strain-specific 

variation observed in the single flash (0.5Hz) cone b-wave ERG timing between 

C57BI76J01aHsd (C57WT) and wild typel29S2/SvHsd (129WT) mice (initial 

observation by Dr. Paul Kenna, figure 3.3). C57W T mice exhibit faster cone b-wave 

timing than 129WT, which show relatively slower cone b-wave timing. The aim of the 

current study was to identify regions of the genome which associated with the cone b- 

wave trait. Our hypothesis was that this region contains a gene or genes that accounts 

for all or nearly all of the strain-specific differences in each of the cone ERG traits. 

Two backcross studies were designed and animals selectively genotyped to investigate 

this quantitative trait. Although the 0.5Hz cone b-wave timing was the trait selectively 

genotyped, cone ERG traits are closely related to one another since they derive most of 

their ERG from the second order neuronal layer. Presented in this chapter are statistical 

data and QT mapping for all eight cone ERG traits, using the small selectively 

genotyped sample.

3.3.1 Statistical analysis and raw data: comparing the cone ERG of two strains 

of wild type mouse

Independent 2 sample t-tests were performed to compare the average of cone 

ERG traits from C57W T (n = 29) with those from 129WT mice (n = 34). The 

associated p-value gives a measure of probability. The lower the p-value, the more 

likely it is that the difference in ERG between the two strains is a genuine difference. 

The results of this statistical comparison can be seen in Table 3.3. Raw data were 

graphed in Figure 3.5. In these graphs, the 129WT is expressed as a percentage of the 

C57W T (C57WT is set to 100%) y-error bars show standard error. The 129WT shows 

slower cone timing in all traits and lower amplitude in 0.5Hz a-wave and lOHz a- and 

b-waves. The exception to this trend is 0.5Hz b-wave amplitude, where the 129WT 

shows higher amplitude than the C57WT. The raw data associated with the 0.5Hz cone 

ERG b-wave timing trait has also been graphed. Figure 3.6a shows the raw data from
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the C57WT, 129WT and FI populations, whereas figure 3.6b shows the raw data from 

the C57N2 and 129N2 populations.

Trait
C57WT 129WT

t-statistic p-value
Mean SD Mean SD

0.5Hz-a-Ms 20.1 1.4 22.0 4.1 2.51 0.0161

O.SHz-a-jiv 6.8 2.4 3.4 2.2 -5.897 <0.0001

0.5Hz-b-Ms 51.3 4.7 59.7 4.6 7.106 <0.0001

0.5Hz-b-fiv 62.4 23.0 69.6 10.3 1.548 0.1300

lOHz-a-Ms 21.3 1.7 25.0 4.4 4.596 <0.0001

lOHz-a-nv 6.9 2.3 5.1 3.9 -2.242 0.0291

lOHz-b-Ms 46.6 8.1 57.7 5.0 6.418 <0.0001

lOHz-b-nv 44.0 17.9 30.3 5.2 -3.982 0.0004

Table 3.3 shows the means and standard deviations of the C57WT and 129WT along with the results of 

a 2 sample t-test. Significant p-values are highlighted in yellow.

3.3.2 Estimate of genetic contribution to the cone ERG in C57WT and 129 WT 

mice using MapManagerQTXb20

Using the software programme MapManager QTXb20, cone ERG data from 

each parental strain (C57WT and 129WT) was compared to cone ERG data from their 

heterozygous offspring (FI) to give an estimate o f the genetic contribution to 

phenotypic variation. Equal numbers of parentals and F Is were used for this 

comparison. The results show that genetic component to the variation is explained in 

the 129WT -vs- FI comparison for six of the eight cone traits.

The two traits which do not show evidence of a genetic component are 0.5Hz a- 

wave timing and lOHz a-wave amplitude, however when the differences between wild 

types were examined in section 3.3.1, these traits both showed significant differences, 

therefore they are probably worth examining by quantitative trait mapping.

Raw phenotypic data for each cone ERG trait has been plotted for C57WT, 

129WT and FI animals using boxplots. In this graphical representation, the box itself 

contains the middle 50% of the data (or interquartile range), the upper edge indicating 

the 75'*’ percentile of the data and the lower edge the 25^’’ percentile. The black line in 

the middle indicates the median and if the line is not directly in the middle of the box.
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then the data are skewed. The grey area around the median signifies the 95% 

confidence interval of the median. The ends of the vertical lines indicate the minimum 

and maximum data values, unless there are outliers present which are plotted as 

indicated by stars (Velleman 1995). The boxplots are graphed in figures 3.7 (a-d, cone 

ERG b-wave) and 3.8 (a-d, cone ERG a-wave). Most of the traits show the C57W T 

(red) and the FI (white) boxplot as being the same, but with the 129WT (blue) boxplot 

being different. This shows that there is variation between the 129WT and FI animals, 

but not between C57W T and the F Is. It suggests that C57W T alleles are dominant and 

thus the FI cone ERG looks like that recorded from the C57WT. The exceptions to this 

are 0.5Hz a-wave timing and lOHz a-wave amplitude where C57W T, FI and 129WT 

look the same as one another and 0.5Hz b-wave amplitude where the C57W T and 

129WT boxplots look the same, but the FI looks slightly different, thus implying 

variation between the 2 wild type strains and the FI.

Traits
C57WT compared to FI* 129WT compared to FI**

C57 FI % p-val Add 129 FI % p-val Add

0.5Hz-a-Ms 20.1 20.7 - - - 22.0 20.7 - - -

0.5Hz-a-jiV 6.8 6.1 - - - 3.4 6.1 23 <0.00001 -2.5

0.5Hz-b-Ms 51.3 51.6 - - - 59.7 51.6 55 ^ .00001 8.0

0.5Hz-b-nV 62.4 79.3 16 0.0017 -16.3 69.6 79.3 11 0.0051 -8.4

lOHz-a-Ms 21.3 21.7 - - - 25.0 21.7 17 0.0003 3.1

lOHz-a-^V 6.9 6.2 - - - 5.1 6.2 - - -

lOHz-b-Ms 46.6 47.9 - - - 57.7 47.9 60 ^ .00001 9.6

lOHz-b-jiV 44.0 49.6 - - - 30.3 49.6 58 <0.00001 -18

Table 3.4 shows the average difference between wild types and FI animals and the amount they 

contribute to variation (%). *For the C57WT-F1 comparison, the data from 29 C57WT and 29 FI 

animals was compared. ** For the 129WT-F1 comparison, the data from 34 129WT and 34 F I animals 

was compared. Equal numbers of FI animals were required to prevent bias.

3.3.3 Quantitative trait mapping for cone b-wave traits

Of all the ERG traits recorded, one was chosen for selective genotyping, the 

0.5Hz cone b-wave, as it can be measured without bias (the amplitude is possibly better 

measured as an area, but this is not possible using current software). The 0.5Hz b-wave
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tinning had the most significant difference between C57W T and 129WT with a p-value 

<0.0001 (t-statistic = 7.106). Selective genotyping was performed in 28 animals from 

the C57W T backcross (C57N2) animals and 20 animals from the 129WT backcross 

(129N2), equating to the top and bottom 10% of cone b-wave timings recorded.

Empirical, genome-wide permutation tests (table 3.5) were carried out for each 

of the eight cone traits and which determined the critical linkage ratio statistic (LRS, 

divide by 4.61 to give LOD) for “suggestive” (37‘̂  percentile), “significant” (95'*’ 

percentile) and “highly significant” (99.8“’ percentile) as set out in Lander and Botstein, 

1989.

For each of the eight cone traits, quantitative trait analysis was performed as 

outlined in the materials and methods section 3.2.11. Briefly, the tests performed were 

(1) marker regression analysis, which detects single marker association with an 

individual trait (2) interval mapping, which locates marker association on a 

chromosome (3) interaction testing, which looks for synergistic interaction between 

pairs of loci. M arker regression analysis may also be performed while placing the most 

significant marker in the background to look for other marker associations with the trait 

in question. All 101 autosomal markers in these analyses are named by chromosome 

and then by centimorgan position, prefixed by the letter M.

Cone ERG Trait
Suggestive Significant Highly Significant

LRS LOD LRS LOD LRS LOD

0.5Hz-a-Ms 7.6 1.6 13.5 2.9 19.3 4.2

0.5Hz-a-fiV 6.2 1.3 11.1 2.4 14.9 3.2

0.5Hz-b-Ms 7.7 1.7 15.6 3.4 27.2 5.9

0.5Hz-b-^V (C57N2) 6.8 1.5 12.1 2.6 18.3 4.0

0.5Hz-b-fiV (129N2) 7.7 1.7 15.1 3.3 21.6 4.7

lOHz-a-Ms 7.8 1.7 16.2 3.5 32.6 7.1

lOHz-a-nV 7.8 1.7 15.0 3.3 22.6 4.9

lOHz-b-Ms 7.5 1.6 15.3 3.3 23.3 5.1

lOHz-b-nV 7.7 1.7 15.4 3.3 23.1 5.0

Table 3.5 Critical linkage ratio statistic (LRS) scores for each of the eight cone ERG traits, showing 

suggestive, significant and highly significant threshold values for QTL mapping with that trait. These 

values were generated by empirical permutation testing (section 3.2.11.1) using MapManager QTXb20.
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3.3.3.1 Marker regression analysis (autosomes)

As detailed in section 3.3.3 and section 3.2.11.2, marker regression analysis was 

performed for each trait. The results are presented in this section in the form of a 

marker regression report, which is the output used by MapManager. Each marker 

regression report contains the following information: Stat, which is the linkage 

regression statistic value and may be converted to a LOD score by dividing by 4.61; % 

which is the percentage effect (it should be noted that due to selective genotyping this 

value is tremendously inflated); p, which is the p-value. Cl, which is the 95% 

confidence interval, the region (in centimorgan) surrounding the marker in which there 

is a 95% chance of finding a gene of interest, generated by the method of Darvasi and 

Soller (1997) and Add which is the additive coefficient. If the additive co-efficient is 

positive, it shows the influence of parental (the strain to which the F I was backcrossed) 

alleles on the trait; whereas if negative, it shows the influence of non-parental alleles on 

the trait.

As the single flash cone b-wave timing was the selectively genotyped trait, its 

marker regression analysis is first. For the other seven traits, the sample should be 

considered a biased one, as although not selectively genotyped for these seven traits, 

the individuals used were selectively genotyped for a related trait. Analyses were 

performed on the backcrossed population which showed genetic variation (Table 3.4).

3.3.3.1.1 Single flash (0.5Hz) cone b-wave timing

Marker regression analysis for the 0.5Hz cone b-wave timing trait is shown in 

tables 3.6a (first analysis) and 3.6b (holding the most significant marker in the 

background). A significant marker association can be observed on chromosome 19 at 

M47 and a suggestive marker association in the adjacent marker M57, suggesting a 

QTL on distal chromosome 19 (Table 3.6a). A suggestive marker association is also in 

evidence on chromosome 9 at M55 in the second marker regression (table 3.6b).
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Marker Regression report for seft UntitledCI 29N2)
Using quantitative trait 129-0,5Hz-b-ms _ j  highlighted Locus to
Chi Square Stats, P -  0.05 background for Trait 129-0.5Hz-b-ms
Additive regression model 
lAflth no control for other QTLs.
17 to 20 informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl !■

Chr9 : : H55 6.9 29 0.00870 91 11.78
Chr 13 : : H68 5.3 23 0.02089 113 -8.49
Chrl4 :: H55.7 4.2 19 0.04110 141 7.95
Chrl7 :: MSS.7 6.6 28 Q .01043 95 -9.28
Chi:19 : : H47 18. 6 61 0.00002 44 13 . 60
Clirl9 : : M57 13.5 49 0-00023 54 12-31

Table 3.6a MapManager QTXb20 generated marker regression report for 0.5Hz b-wave timing trait. 

M47 on chromosome 19 shows a significant association with the trait.

Marker Regression report for set Untitled(129N2)
Using quantitative trait 129-0.5Hz-b-ms Add highlighted Locus to
Chi Square Stats, P = 0.05 background for Trait 129-0.5Hz-b-ms
Additive regression model Evaluating primary association only
Using M47 to control for other QTLs.
17 to 20 informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl Add

Chr9 :: H55 7.8 13 0.00528 209 8.03
Chrl2 :: H44.8 5.8 10 0.01634 2 69 5.54
Chrl3 :: H44 3.9 7 0.04866 381 -4.86
Chris :: H15.2 4.0 8 0.04656 358 4.83
Chrl7 : : H55.7 5.5 10 0.01871 279 -5. 68

Table 3.6b second MapManager QTXb20 generated marker regression report for 0.5Hz b-wave timing 

trait, M47 is being held in the background. M55 on chromosome 9 shows a suggestive association with 

the trait.

3.3.3.1.2 F licker (lOHz) cone b-wave timing

Marker regression analysis for the lOHz cone b-wave timing trait is shown in 

tables 3.7a (first analysis) and 3.7b (holding the most significant marker in the 

background). A suggestive marker association can be observed on chromosome 19 at 

M47 and at the adjacent marker M57, suggesting a QTL on distal chromosome 19 

(Table 3.7a). A suggestive marker association is also in evidence on chromosome 17 at 

M55.7 in the second marker regression (Table 3.7b).
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Marker Regression report for set Untitled(129N2)
Using quantitative trait 129-1 OHz-bl -ms J Add highliglited Locus to 
Chi Square Stats, P = 0.05 background for Trait 129-1 OHz-bl -ms
Additive regression model 
iM h no control for other QTLs.
17 to 20 informative progeny from Progeny Order Internal 
Chr Locus Stat % P Cl Add

Chr8 : : H38 4.1 18 0.04323 143 6.48
Chr9 : : MSS 3.9 18 0.04878 ISO 7.2S
Chrl3 : : H68 4.0 18 0.04S06 146 -S. 92
Chrl4 : : M48 4.1 19 0.0430S 143 6.06
Chrl4 :: MSS.7 6.2 26 0.01309 100 7. 45
Chris :: HIS.2 4.6 22 0.03119 129 6.28
Chrl7 :: M41.5 4.7 21 0.03040 127 -6. 62
Chrl? :: MSS.7 8.9 36 0.00282 74 -8.32
Chr 19 : : H47 14.0 50 0.00018 53 9.80
Chrig : : HS7 10.4 40 0.00128 6S 8.83

Table 3.7a MapManager QTXb20 generated marker regression report for lOHz b-wave timing. Markers 

on chromosomes 19 and 17 show significant association with the trait.

Marker Regression report for set Untitled(129N2)
Using quantitative trait 129-1 OHz-bl -ms J Add highlighted Locus to
Chi Square Stats, P = 0.05 background for Tratt 129-1 OHz-bl -ms
Additive regression model; Evaluating primary association only 
Using M47 to control for other QTLs.
17 to 20 informative progeny from Progeny Order Internal
Chr Locus Stal % P Cl Add

Chr 11 :: H48.S 4.4 10 0.03S96 270 -4.56
Chr 14 :: MSS.7 4.2 9 0.04003 281 4. 68
Chris :: HIS.2 S.2 13 0.02247 222 4.85
Chris : : H31. 2 6.4 IS 0.01134 186 5. 18
Chrl7 :: H55.7 8.0 16 0.00466 162 -5.89

Table 3.7b Second MapManager QTXb20 generated marker regression report for lOHz b-wave timing 

(controlling for variation at a chromosome 19 QTL). A single marker on chromosome 17 shows a 

suggestive association with the trait.

3.3.3.1.3 Flicker (lOHz) cone b-wave amplitude

Marker regression analysis for the lOHz cone b-wave amplitude trait is shown 

in tables 3.8a (first analysis) and 3.8b (holding the most significant marker in the 

background). A highly significant marker association can be observed on chromosome 

19 at M47 and a suggestive marker association at the adjacent marker M57, suggesting 

a QTL on distal chromosome 19 (Table 3.8a). Suggestive marker associations with 

markers on chromosome 6 are observed (M29 and M40.4) in the second marker 

regression (table 3.8b).
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Marker R egression  report for se t Untitled(129N2)
Using quantitative trait 129-1 OHz-bl -uV Add highlighted L ocus to
Chi Square  S ta ts , P = G.G5 background for Trait 129-1 OHz-bl -uV
Additive reg ress io n  model
With no control for o ther QTLs.
17 to 20 informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl Add

Chr3 : H59 4 . 5 2D □ . □ 3 3 3 2 1 3 1 - 1 6 . 5 5
Chr 8  : H22 . 5 4 . 6 22 □ . □ 3 1 6 0 1 2 9 - 1 7 . 5 3
Chr 8  : H3 3 4 . 6 21 □ . □ 3 1 5 ^ 1 2 8 - 1 8 . 1 3
C h r l 4  : H 5 5 . 7 5 . 1 22 □ . □ 2 4 6 0 1 1 9 - 1 8 . 1 1
C h r 19 : H47 2 6 . 2 73 0 . 0 0 0 0 0 36 - 3 1 . 2 5
C h r l 9  : H57 12 . 7 47 □ . □ 0 0 3 7 5 7 - 2 5 . 1 7

Table 3.8a MapManager QTXb20 generated marker regression report for lOHz b-wave amplitude 

Markers on chromosome 19 show highly significant and significant associations with the trait.

Marker R egression  report for se t Untitled(129N2)
Using quantitative traft 129-1 OHz-bl -uV _ J  highlighted Locus to
Chi Square  S ta ts , P -  0.05 baci<ground for Trait 129-10Hz-b1 -uV
Additive reg ress io n  model; Evaluating primary association  only 
Using M47 to  control for o ther QTLs.
17 to 20 informative progeny from Progeny Order Internal
Chr Locus Stat %  P Cl Add

C h r l : : H52 4 . 3 5 0 . 0 3 7 4 4 5 0 4 - 1 0 . 4 8
ChrS : : M78 4 . 5 6 0 . 0 3 3 0 1 463 9 . 2 3
Chr 6 : : H2 6 5 . 0 6 0 . 0 2 4 9 4 442 - 9 . 3 4
Chr 6 : : H29 1 0 . 4 11 0 . 0 0 1 2 9 2 4 3 - 1 3 . 3 4
Chr 6 : :  H 3 2 . 5 6 . 3 7 0 . 0 1 2 3 3 3 6 5 - 1 1 . 0 2
Chr 6 : :  H 4 0 . 4 8 . 4 9 0 . 0 0 3 7 2 2 8 6 - 1 1 . 7 4
C h r l 3 : : H44 4 . 0 5 □ . □ 4 6 0 3 5 4 4 8 . 5 1
Chr 16 : : H4 6 4 . 3 5 0 . 0 3 8 6 8 5 1 0 - 8 . 4 2
Chr 16 : :  H 6 2 . 2 5 . 8 7 □ . 0 1 5 9 3 3 8 9 - 9 .  64
C h r l 7 : : HIB 3 . 8 5 0 . 0 4 9 8 3 5 6 1 - 8 . 7 8

Table 3.8b Second MapManager QTXb20 generated marker regression report for iOHz b-wave 

amplitude (controlling for variation at a chromosome 19 QTL). A single marker on chromosome 6 shows 

a suggestive association with the trait.

3.3.3.1.4 Single flash (0.5Hz) cone b-wave amplitude

The single flash cone b-wave amplitude trait was the only cone trait which 

showed genetic variation in both the C57WT-F1 comparison and the 129WT-F1 

comparison, suggesting that alleles in both backcrosses were contributing to this trait. 

For this reason, both the C57W T backcross (C57N2) and 129WT backcross (129N2) 

were analysed using quantitative trait mapping. Results for this marker regression 

analysis in this trait in the C57N2 is shown in tables 3.9a (first analysis) and 3.9b
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(holding the most significant marker in the baclcground). A suggestive association with 

M66.8 on chromosome 2 is observed (table 3.9a). Suggestive associations with markers 

on chromosomes 2 (M50.3) and 7 (M26.4) are also observed (table 3.9b).

Marker regression analysis was also performed for this trait in the 129N2 with 

results shown in table 3.9c (first analysis) and table 3.9d (holding the most significant 

marker in the background). A highly significant association can be seen on 

chromosome 19 at M47 and a significant association at the adjacent marker, M57 (table 

3.9c). A suggestive association may also be observed at M29 on chromosome 6 (table 

3.9d).

Marker Regression report for set UntitledCC57N2)
Using quantitative trait C57N2-0.5Hz-buV Add highlighted Locus to
Chi Square Stats, P = 0.05 background for Trait C57N2-0.5Hz-buV
Additive regression model
\Mh no control for other QTLs.
26 to 28 Informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl Add

Chr2 H 6 6 .8 8 . 9 27 0 . 0 0 2 7 8 69 1 7 .9 7
Chr 4 M2 1 . 9 4 . 8 16 0 . 0 2 7 6 8 1 1 9  - 13 .8 4
Chr4 M3 8 5 . 6 18 0 . 0 1 7 8 8 1 0 4  - 1 4 .7 9
Chr4 H 4 9 . 6 4 . 9 16 0 . 0 2  639 1 1 7  - 1 4 .  13
Chr? M2 6.  4 5 . 6 18 0 . 0 1 8 2 0 1 0 5 1 4 . 7 5
ChrlO H20 4 . 5 15 0 . 0 3 4 8 8 1 2 9  - 13 .3 1

Table 3.9a Marker regression report for the cone ERG 0.5Hz b-wave amplitude trait in the C57 

backcross population, highlighting the most associated marker at 67cM on chromosome 2.

Marker Regression report for set Untitled(C57N2)
Using quantitative trait C57N2-0 .5Hz-buV Add highlighted Locus to
Chi Square Stats, P = 0.05 background for Trait C57N2-0.5Hz-buV
Additive regression model; Evaluating primary association only
Using M66.8 to control for other QTLs.
28 to 28 Informative progeny from Progeny Order internal
Chr Locus Stat % P Cl Add

C h r2 H 2 7 .5 4 . 9 11 0 .0 2 6 4 2 1 7 5  -- 1 1 .9 6
C h r2 H42 4 . 5 11 0 . 0 3 3 5 8 1 7 5  -- 1 4 .6 9
C h r2 M 50.3 8 . 4 19 0 . 0 0 3 7 7 1 0 1  -- 4 0 .9 2
C h r4 H 2 1 .9 4 . 4 11 0 . 0 3 4 9 5 1 7 7  -- 1 1 .4 6
C h r7 M2 6 .  4 8 . 0 18 0 . 0 0 4 6 7 105 1 4 . 7 5
C b r l 7 M 8.2 5 . 0 12 0 . 0 2 4 6 4 158 12 .0 2

Table 3.9b Marker regression report for the cone ERG 0.5Hz b-wave amplitude trait in the C57 

backcross population (controlling for variation in a QTL at 67cM on chromosome 2) highlighting the 

most associated marker at 67cM on chromosome 2.

99



Marker Regression report for set Untitled(129N2)
Using quantitative trait 129-0.5Hz-b-uV J Add liighllglTted Locus to
Chi Square Stats, P = 0.05 background for Trait 129-0.5Hz-b-uV
Additive regression model 
Ârtth no control for other QTLs.

17 to 20 informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl Add

C h r l 4  : :  H S 5 . 7  5 . 3  23 0 . 0 2 1 4 9  114  - 2 3 . 9 6
C h r l 9  : :  H47 2 5 . 9  73 0 . 0 0 0 0 0  3 6 - 4 0 . 4 2
Clnr l9  : :  M57 1 4 . 5  52 0 . 0 0 0 1 4  51  - 3 4 . 2 4

Table 3.9c Marker regression report for the cone ERG 0.5Hz b-wave amplitude trait in the 129 

backcross population highlighting the most associated marker at 47cM on chromosome 19.

Marker Regression report for set Untitled(129N2)
Using quantitative trait 1 29-0.5Hz-b-uV _ J  ^^d highlighted Locus to
Chi Square Stats, P = 0.05 background for Trait 129-0.5Hz-b-uV
Additive regression model; Evaluating primary association only 
Using M47 to control for other QTLs.
17 to 20 informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl !■

C h r l : : H52 5 . 3 6 0 . 0 2 1 2 8 4 1 6 - 1 4 . 9 6
Chr3 : :  H 3 9 . 7 4 . 5 6 0 . 0 3 3 5 2 4 7 9 - 1 1 . 3 8
Chr  6 : : H 7 .2 6 . 2 9 0 . 0 1 2 5 6 343 - 1 5 . 8 0
Chr  6 : : M2 6 6 . 9 8 0 . 0 0 8 7 5 333 - 1 3 . 9 4
Chr  6 : :  H29 1 0 . 4 11 0 . 0 0 1 2 9 2 4 0 - 1 7 . 4 1
Chr  6 : : H3 2 . 5 5 . 0 6 0 . 0 2 5 3 6 438 - 1 3 . 0 4
C hr 9 : : H21 4 . 5 6 0 . 0 3 4 0 4 482 - 1 1 . 6 0
Chr  12 : :  H 4 4 . 8 7 . 0 8 0 . 0 0 8 1 2 3 2 8 - 1 3 . 6 2
Chr  12 : : H51 4 . 8 6 0 . 0 2 7 9 2 4 4 5 - 1 3 . 1 8
C h r l 4 : :  H 5 5 . 7 4 . 1 5 0 . 0 4 2  67 522 - 1 1 . 8 0
C h r l 9 : : H15 5 . 9 7 0 . 0 1 5 0 2 3 7 9 13 .2 2

Table 3.9d Marker regression report for the cone ERG 0.5Hz b-wave amplitude trait in the 129 

backcross population, (controlling for variation in a QTL at 47cM on chromosome 19) highlighting the 

most associated marker at 29cM on chromosome 6.

3.3.3.1.5 Single flash cone (0.5Hz) a-wave amplitude

Marker regression analysis for tiie 0.5Hz cone a-wave amplitude trait is shown 

in tables 3.10a (first analysis) and 3.10b (holding the most significant marker in the 

background). Suggestive marker associations can be observed on chromosome 9 (M55 

and M43), chromosome 19 (M47), chromosome 12 (M44.8) and chromosome 13 

(M29) at M47 and a suggestive marker association at the adjacent marker M57, 

suggesting a QTL on distal chromosome 19 (Table 3.10a). Suggestive marker 

associations are observed with markers on chromosomes 19 (M15 and M 47) and 13 

(M68) in the second marker regression (table 3.10b).
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Marker Regression report for set Untitled(129N2)
Using quantftative trart 129-0 .5Hz-a-uV ___| ^dd highlighted Locus to
Chi Square Stats, P -  0.05 background for Trait 129-0.5Hz-a-uV
Additive regression model 
Mth no control for other QTLs.
17 to 20 informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl Add

Chr l : :  H7 1 . 5 4 . 2 19 0 . 0 4 1 0 7 141 - 4 .  14
Chi:2 ::  H2 7 . 5 5 . 1 26 0 . 0 2 4 2 0 121 - 4 . 9 8
Chr7 : : H37 4 . 7 21 0 . 0 2 9 5 4 12 6 - 4 . 3 9
Chr9 : : H43 6 . 2 27 0 . 0 1 2 6 2 99 - 5 . 3  6
Chr9 : : H55 8 . 0 33 0 . D 0 4 7 0 80 - 6 . 8 2
ChrlO ::  H6 3 . 4 5 . 1 22 0 . 0 2 4 2 5 118 4 . 5 2
Chrl 2 : :  M44. 8 7 . 3 31 0 . 0 0 6 9 6 87 - 5 . 2 8
Chr l 3 : : H40 5 . 0 22 0 . 0 2 4 9 5 119 4 . 7 0
Chrl 3 : : H52 4 . 7 21 0 . 0 2 9 6 9 12 6 4 . 3 8
Chr l 3 : : H68 6 . 8 29 0 . 0 0 9 3 1 92 5 .  12
C h r l 9 : : H47 7 . 7 32 0 . 0 0 5 3 7 82 - 5 . 3 9

Table 3.10a Marker regression report for the cone ERG 0.5Hz a-wave amplitude trait in the 129 

backcross population highlighting the most associated marker at 55 on chromosome 9.

Marker Regression report for set UntltledCI 29N2)
Using quantitative trait 129-0.5Hz-a-uV _ |  ^dd highlighted Locus to
Chi Square Stats, P -  0.05 background for Trait 129-0.5Hz-a-uV
Additive regression model; Evaluating primary association only 
Using M55 to control for other QTLs.
17 to 20 informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl Add

Chr2 : H27 5 4 . 1 15 0 . 0 4 3 8 4 2 10 - 3  . 9 0
Chr7 : H37 4 . 1 12 0 . 0 4 3 9 3 215 - 3  . 42
Chr8 : H2 2 5 4 . 3 14 0 . 0 3 8 1 9 203 - 3  . 74
C h r 13 : H40 5 . 9 17 0 . 0 1 5 2 4 155 4 .  14
C h r 13 : H52 4 . 0 12 0 . 0 4 4 1 8 216 3 . 42
C h r i s  : H68 6 . 4 18 0 . 0 1 1 3 1 144 4 . 18
C h r 19 : H15 1 1 . 0 28 0 . 0 0 0 9 0 93 - 5 . 3 4
C h r l 9  : M47 6 . 7 19 0 . 0 0 9 5 9 139 - 4 . 2 9

Table 3.10b Marker regression report for the cone ERG 0.5Hz a-wave amplitude trait in the 129 

backcross population (controlling for variation at a QTL on chromosome 9) highlighting the most 

associated marker at 47cM on chromosome 19.

3 .33.1 .6  Flicker (lOHz) cone a-wave timing

Marker regression analysis for the lOHz cone a-wave timing trait is shown in 

tables 3.11a (first analysis) and 3.11b (holding the most significant marker in the 

background). A significant marker association with chromosome 19 (M 47) is observed, 

and a suggestive marker association at the adjacent marker M 57, suggesting a QTL on
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distal chromosome 19 (Table 3.1 la). A suggestive marker association with a marker 

on chromosome 13 is also observed (table 3.1 lb)

Marker R egression  report for se t  Untitled(129N2)
Using quantrtative trait 129-1 OHz-al -ms _ J  highlighted L ocus to
Chi S quare  S t a t s ,P - 0 .0 5  background for T ralt 129-1 OHz-al -m s
Additive reg ress io n  model 
Atth no control for other QTLs.
17 to  20 informative progeny from Progeny Order Internal
Chr Locus Stat %  P Cl Add

C h r l : : H71 5 4 . 4 20 0 . 0 3 5 5 1 134 2 . 3 9
C h r l : : H96 3 . 9 18 0 . 0 4 9 4 1 151 2 . 2 5
ChrS : : H22 5 4 . 6 21 0 . 0 3 2 9 0 131 2 . 63
Chr8 : : H33 5 . 9 26 0 . 0 1 5 0 4 104 2 . 9 5
ChrS : : H38 5 . 4 24 0 . 0 2 0 4 2 112 2 .83
Chr l3 : : M44 5 . 5 24 0 . 0 1 8 5 8 110 - 2  . 7 6
Chr l3 : : H52 4 . 0 18 0 . 0 4 5 0 7 146 - 2  . 2 9
Chr l3 : : H68 5 . 8 25 0 . 0 1 6 0 4 105 - 2  . 7 0
Chr 19 : : H47 1 6 . 4 56 0 . 0 0 0 0 5 47 4 . 0 0
C h r l 9 : : H57 1 5 . 8 55 0 . 0 0 0 0 7 49 3 . 9 7

Table 3.11a Marker regression report for the cone ERG lOHz a-wave timing trait in the 129 backcross 

population highlighting the most associated marker at 47cM on chromosome 19.

Marker R egression  report for se t  Untitled(129N2)
Using quantitative trait 129-1 OHz-al -ms _ j  ^ ^ d  highlighted L ocus to
Chi S q uare  S ta ts , P = 0.05 background for Trait 129-1 OHz-al -ms
Additive reg re ss io n  model; Evaluating primary association  only 
Using M47 to control for other QTLs.
17 to 20 informative progeny from Progeny Order Internal
Chr Locus Stat %  P Cl Add

C h r l : : H96 6 . 3 12 0 . 0 1 1 9 3 222 1 . 8 7
ChrB : : M3 8 5 . 7 11 G . 0 1 7 1 0 243 1 . 9 7
C hr l3 : : M44 1 0 . 0 17 0 . 0 0 1 6 0 153 - 2 . 3 4
Chr l3 : : H52 6 . 7 12 0 . 0 D 9 9 0 212 - 1 . 9 1
Chr l3 : : H68 4 . 2 8 0 . 0 3 9 8 5 31 6 - 1 .  63
C h r l 9 : : H57 4 . 5 9 0 . 0 3 3 3 8 29 7 2 . 2 6

Table 3.11b Marker regression report for the cone ERG lOHz a-wave timing trait in the 129 backcross 

population (controlling for variation at a QTL on chromosome 19) highlighting the most associated 

marker at 47cM on chromosome 19.

3.3.3.1.7 Single flash cone (0.5Hz) a-wave timing 

Marker regression analysis for the 0.5Hz cone a-wave timing trait is shown in 

table 3.12. A suggestive marker association can be observed on chromosome 4 at 

M21.9 and at the adjacent marker, M8.8, suggesting a QTL on chromosome 4. When
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the most significant marker was placed in the baclcground no additional suggestive 

associations were observed.

Marker Regression report for set Untitleci(129N2)
Using quantitative trait 129-0.5Hz-ams ___j Add highliglited Locus to
Chi Square Stats, P = 0.05 bacl<ground for Trait 129-0.5Hz-atns
Additive regression model 
v f̂lth no control for other QTLs.
17 to 20 informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl Adc

Chr:2 H42 3 . 9 18 0 . Q 4 9 1 5 151 2 .9 2
C h r 4 H 8 . 8 7 . 9 34 0 . 0 0 4 9 9 82 4 . 0 7
Chi :4 H 2 1 . 9 9 . 4 38 0 . 0 0 2 1 2 70 4 . 7 0
C h r 8 H22 . 5 5 . 3 24 0 . 0 2 1 9 2 116 3 . 4 2
Ch rB M3 3 4 . 7 21 0 . 0 2 9 7 0 12 6 3 . 3 2
C h r 9 H21 4 . 0 18 0 . 0 4 4 4 7 145 2 . 9 0
C h r l 4 M15 4 . 1 19 0 . 0 4 2 7 9 143 - 3  . 3 0
C h r l 8 H50 8 . 2 33 0 . 0 0 4 3 0 79 - 4 . 4 3
C l i r l 9 H47 7 . 7 32 0 . 0 0 5 5 4 83 3 . 7 5

Table 3.12 Marker regression report for the cone ERG 0.5Hz a-wave tim ing trait in the 129 backcross 

population highlighting the most associated marker at 22cM on chromosome 4.

3.3.3.1.8 F licker (lOHz) a-wave amplitude

Marker regression analysis for the lOHz cone a-wave amplitude trait is shown 

in table 3.13. A suggestive marker association can be observed on chromosome 10 at 

M30. When this, the most significant marker, was placed in the background no 

additional suggestive associations with the trait were observed at any markers.

Marker Regression report for set Untitled(129N2)
Using quantitative trait 129-1 OHz-al -uV ___| highlighted Locus to
Chi Square Stats, P = 0.05 background for Trait 129-10Hz-a1 -uV
Additive regression model 
(Afth no control for other QTLs
17 to 20 informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl Add

C h r l H 1 0 6 . 3 4 . 2 19 0 . 0 4 1 0 0 141 3 . 5 8
C h r 3 H59 5 . 2 23 0 . 0 2 2 7 1 116 - 3  . 8 8
C h r 3 H82 . 5 5 . 1 23 0 . 0 2 3 3 6 117 - 3  . 8 7
C h rS H78 4 . 1 19 0 . 0 4 3 2 1 144 3 . 65
C h r  10 M3 0 8 .  1 33 0 . 0 0 4 4 4 80 - 5  . 09
C h r  15 H 1 5 . 2 4 .  1 19 0 . 0 4 3 7 4 145 3 . 68
C h r  16 M3 1 . 5 3 . 9 18 0 . 0 4 7 5 2 149 - 3 . 4 1
C h r  16 M4 6 4 . 3 20 0 . 0 3 7 1 6 13 6 - 3  . 5 9
C h r l 7 H23 . 5 6 . 1 26 0 . 0 1 3 5 1 101 - 4 . 5 2
C h r l 7 H 4 1 . 5 4 . 7 21 0 . 0 2 9 8 2 12 6 - 3  . 8 9

Table 3.13 Marker regression report for the cone ERG lOHz a-wave amplitude trait in the 129 backcross 

population highlighting the most associated marker at 30cM on chromosome 10.
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3.3.3.2 Marker regression analyses (X-chromosome)

Marker regression was performed to see whether any of the cone ERG traits 

associated with markers on the chromosome. As the X-chromosome is hemizygous in 

males, genotypes obtained were parental or non-parental, not heterozygous.

Only one of the cone ERG traits showed an association with any of the markers 

on the X-chromosome. The lOHz a-wave amplitude showed a suggestive LRS value of 

9.8, with a QTL at M3 contributing to 40% of the total variation (data not shown). The 

additive effect is negative (-6.45) and the 95% Cl is very large, highlighting the low 

sample size. A number of genes controlling X-linked congenital stationary night 

blindness are located in this region of the X-chromosome.

3.3.3.3 Interval Mapping

M arker regression is only used to detect the presence of associations, 

and thus QTLs. In order to locate a QTL on a chromosome, interval mapping (method 

3.2.11.3) must be performed. It is possible to travel through an interval (between 

markers) at IcM  increments and fit a regression equation for a hypothetical QTL at the 

position of each marker and each IcM  interval. Interval maps were generated and also 

bootstrapped, a method whereby the data are resampled many times with replacement 

and the highest LRS value plotted (see section 3.2.11.4).

Interval maps were generated for all significant and suggestive associations. All 

the interval maps generated for chromosome 19 looked very similar with respect to the 

LRS value; however, the amplitude and timing maps differed with respect to the 

additive coefficients. Two maps for chromosome 19 are shown to illustrate the positive 

additive coefficient, seen in timing traits (figure 3.9) and the negative additive 

coefficient, seen in amplitude traits (figure 3.10). The bootstrap resampling is 

represented by the yellow histogram. The interval mapping suggests a significant QTL 

on the distal part of chromosome 19.

Interval maps were also generated for some of the suggestive results on 

chromosome 9 (figure 3.11) and chromosome 17 (figure 3.12) as markers on these 

chromosomes appeared more than once during the analyses. Chromosome 17 interval 

map data shows a negative additive effect means that the effect of this QTL is coming
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from the presence of C57 effects in the 129 backcross; whereas the chromosome 9 

interval map shows a positive additive coefficient. An interval map was not generated 

for chromosome 6 as some additional genotyping analysis ruled this locus (M29) as not 

being associated with any of the cone ERG traits (section 3.3.6).

3.3.3.4 Interaction Testing

Interaction testing was performed to test for synergistic effects between pairs of 

markers, also known as locus-locus interactions. The results are shown in table 3.14.

An interaction (IX) score of greater than 20 is considered to be of interest.

Trait Chrl Locusl Chr2 Locus2 LRS IX M ainl Main2

0.5Hz-aMs 11 M48.5 16 M31.5 24.6 24.5 0.0 0.1

0.5Hz-ajiV 13 MIO 15 M9.9 22.6 20.8 1.3 0.0

0.5Hz-bnV 3 M82.5 10 M63.4 23.8 22.8 0.6 0.2

lOHz-bMs 1 M27 11 M19 23.5 21.3 0.9 0.5

lOHz-bMs 1 M32 11 M19 23.4 21.2 0.9 0.5

Table 3.14 Table showing the results of interaction testing to test for synergistic effects between pairs of 

loci for the eight traits o f the cone ERG.

3.3.4 Investigation of the Synuclein alpha locus for marker association

In section 2.3, as part of the microarray experiment, it was discovered that the 

C57WT mice, from Harlan, used as controls for our experiments do not contain the 

Synuclein alpha (Snca) locus. Since Snca is a putative negative regulator of dopamine 

transmission, it was hypothesised that this 365Kb deletion mutation could explain the 

difference in cone b-wave timing being investigated in the genome scan. In order to 

investigate this, 20 C57BL/6 animals, whose substrain contains the Snca locus, were 

sourced. Full-field Ganzfeld ERGs were recorded from these animals, using the 

standard ERG. Two-sample t-tests were performed on C57BL/6 animals age-matched 

to C57BL/6J01aHsd animals to see whether the presence or absence of the Snca locus 

could influence the cone ERG.

There was no significant difference between the C57BL6J01aHsd animals and 

C57BL/6 for any of the eight cone ERG traits, suggesting that neither Snca nor any of
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the other genes in the 365Kb deletion on chromosome 6 play a role in the cone b-wave 

(data not shown).

3.3.5 Investigation of other aspects of the C57N2 and 129N2 populations to analyse 

association with cone ERG phenotypic variation

Statistical analysis was performed on the two backcrossed populations to see 

whether cone ERG variation could be associated with other phenotypic factors such as 

coat colour, gender, mitochondrial DNA type and Y-chromosome type. Two known 

differences which occur between the C57WT mouse and the 129WT mouse, which 

influence certain features of the eye, were not investigated. The chromosomal locus for 

the Rpe65 polymorphism on chromosome 3 did not appear to be associated with any of 

the cone ERG traits, nor did the chromosomal locus for the Wallerian form of 

degeneration after nerve injury (chromosome 4).

3.3.5.1 Coat colour

The C57WT and 129WT mouse strains used in this study differ in 

pigmentation, seen in a difference in coat colour. The C57WT mouse is black, whereas 

the 129WT mouse is agouti. As agouti colour is dominant, all FI mice, as well as all 

129 backcrossed mice had an agouti-coloured coat. In the C57 backcross 50% of the 

animals had a black coat and 50% an agouti coat. The retinal pigment epithelium (RPE) 

contains a similar pigment to the coat. The ERG differs in non-pigmented (albino) mice 

when compared with pigmented mice, amplitudes in non-pigmented mice being much 

higher than their pigmented counterparts (Rohrer et al 2004).

To ensure that pigmentation did not affect the cone ERG phenotype, those mice 

in the C57 backcross which had a black coat were compared with those with an agouti 

coat. A 2-sample t-test was performed which showed that retinal pigmentation, as 

recorded by coat colour, has no influence on the most of the cone ERG, the exception 

being 0.5Hz a-wave timing, which manifested as a small difference in timing of 

0.69Ms (P = 0.0433). The MapManager estimate of genetic contribution, estimated that 

variation in the 0.5Hz a-wave timing was purely environmental, so this difference does 

not seem to influence any difference between the backcrossed populations.

106



3.3.S.2 Gender

Statistical analysis performed on the total C57N2 and 129N2 populations to see 

whether gender influenced the ERG showed that gender did indeed affect some of the 

cone ERG traits (Table 3.16a and Table 3.16b). The C57N2 showed slower 0.5Hz and 

lOHz a- and b-wave timing in females. The 129 backcross showed slower 0.5Hz b- 

wave timing females too. The differences between the males and females were 

significant, but not large.

To date, no ERG data has been shown to suggest gender differences, except in 

the ERG of menopausal women (Fishman 2001), compared to the ERG of men of the 

same age. This is believed to be due to changes in hormone levels. In studies looking at 

the ERG in two strains of monkey, a faster ERG was noted in both strains in the male. 

The changes noticed could be as a result of pleiotropy, the control by a single gene of 

several distinct and seemingly unrelated phenotypic effects, a mutation that has effects 

on several different characters.

Traits

(C57N2)

C57N2 ? C57N2 S DifTin

means
t-statistic p-value

Mean SD Mean SD

0.5Hz-a-ms 21.3 2.1 20.3 1.7 IMs 3.033 0.0030

0.5Hz-b-ms 52.4 4.1 49.9 3.2 2.5Ms -3.909 0.0002

lOHz-a-ms 22.2 2 21.2 1.2 IMs 3.377 0.0012

lOHz-b-ms 47.8 3.5 46 3.5 1.8Ms 2.891 0.0045

Table 3.15a Statistically significant differences between the C57WT backcrossed animals attributable to 

gender, as determined using the 2 sample t-test.

Traits
(129N2)

129N2 $ 129N2 S Diffin
means

t-statistic p-value
Mean SD Mean SD

0.5Hz-bMs 59.8 4.8 57.4 5.1 2.4Ms 2.409 0.0180
Table 3.15b Statistically significant differences between the 129WT backcrossed animals attributable to 

gender, as determined using the 2 sample t-test.

3.3.S.3 mtDNA genotype

The backcrossed mice in this experiment were bred into groups purposely so 

that mitochondrial DNA genotype would be known (table 3.2). Mitochondrial DNA
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(mtDNA) is transmitted from a mother to her offspring, both male and female. There is 

no male to offspring transmission. Mitochondrial genes have also been mapped in a 

number of human retinal disorders (see Appendix C, Retnet table).

For this statistical analysis, 129N2 animals with 129WT mtDNA are compared 

to those with C57WT mtDNA and vice versa. Two differences were observed. The 

0.5Hz a-wave amplitude in the 129N2 differed (p = 0.02), with animals containing the 

C57WT mtDNA having an amplitude of 4.85/iV and those with 129WT mtDNA of 

6.51/iV. The lOHz b-wave timing differed in the C57N2, depending on mtDNA 

genotype (p = 0.0307), C57 mtDNA animals having a faster timing of 46.5Ms 

compared to the 47.7Ms recorded in 129mtDNA animals. Neither of these differences 

explains the full extent of the genetic variation in either of these two traits, however, it 

appears that a gene or genes within the mitochondria contributes a small amount of the 

genetic variation.

3.3.S.4 Y-chromosome type in males

Statistical analysis of male mice in the C57N2 and 129N2 showed no 

significant differences between those animals with 129 Y-chromosome versus those 

with a C57 Y-chromosome, suggesting that no gene on the Y-chromosome contributes 

to the observed genetic variation in the cone ERG.

3.3.6 Comments on commercially genotyped markers: Harlan substrains differ 

from published mouse panel

A total of 112 SNP markers were commercially genotyped by Kbioscience 

(UK) using a new mouse panel of SNPs (Petkov et al 2004). Of these markers, 

problems arose with 18 markers not having the same genotype as that published for its 

strain. It should be noted that the mouse panel genotype reported in the Petkov paper 

(Petkov et al. 2004b) was from the C57BL/6J mouse strain from the Jackson 

Laboratory and four 129 substrains from the Jackson Laboratory, none of which were 

the exact substrain used in these experiments. There were three main issues (1) 

heterozygosity in one of the parentals, (2) both parentals had the same genotype (3) 

parentals had different genotypes but there were no heterozygotes at all. Table 3.17
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summarises the findings compared to the published sequence in Petkov et al. The 

proximal ends of chromsomes 7, 9, 10 and 14 all had at least one marker which was 

heterozygous for the 129S2/SvHsd substrain (chromosome 7: three markers, chr 9; 

three markers, chr 10: two markers, chr 14: two markers). No marker data was gathered 

for the proximal end of chromosome 2, however this region is known to be 

exceptionally conserved in most mouse strains (personal communication with Professor 

Michael Danciger, Loyola Marymount University, LA). It has been hypothesized that 

this region may be an ancient part of the mouse genome so very similar in all strains.

The occurrence of heterozygotes in supposedly homozygous inbred mice is a 

matter for concern. These inbred strains are developed and maintained by brother-sister 

mating. Ten generations of brother-sister mating is sufficient to make an inbred strain 

homozygous at 98% of loci (Silver 1995). Recently, it has been noted that substrains of 

the 129 mouse strain contain a reasonable amount of variation (Simpson et al. 1997), 

including some contaminated substrains, such as 129SvJ (Threadgill et al. 1997).

Efforts have been made to divide 129 substrains and rename them (Festing et al. 1999); 

however this may not have been particularly effective, given that so many 

heterozygotes were observed in this 129 substrain in this study. In total 11 of the 112 

commercially genotyped SNPs turned out to be heterozygotes, equating to 9.8% of 

those examined. In addition the C57BL/6J01aHsd strain also contained three 

heterozygote SNPs on chromosomes I, 2 and 18. Two SNPs were uninformative in this 

comparison (the same in both strains). Two markers did not contain any heterozygotes 

and were removed from the study over fears that they did not display proper Mendelian 

inheritance.

An additional problem occurred with the estimation of centimorgan positions 

for markers on chromosomes. Centimorgans are genetic map distances for 

chromosomes based on the frequency of observed recombination, IcM  = 1 %  

recombination and also taking into account recombination rates in adjacent regions. In 

recent years, with the sequencing of the mouse genome, attempts have been made to 

correlate exact base pair position along the chromosome with cM position. These 

attempts have not been particularly successful as the recombination frequencies vary 

depending on what part of the chromosome is being examined, in particular at



telomeric ends of the chromosome where recombination rates are higher. Estimates 

have been made to establish a rule of thumb; for example lcM = 1.95Mbp (Petkov et al. 

2004b) and IcM = 2Mbp (Darvasi 1998). The actuality is that the cM position cannot 

be related to bp position based on a formula. For this study, cM position of each SNP 

location was found using the mouse genome browser (UCSC). The exact base pair 

position of every marker along the chromosome is known (See Appendix D).

M arker

(Rs#)
Chr

129

Petkov

C57

Petkov

129

Harlan

C57

Harlan
Problem

3715199 1 A:A C:C A:C C:C 129WT heterozygous

3664528 1 T:T C:C T:T T:C C57WT heterozygous

3674936 2 C:C T:T C:C C:T C57WT heterozygous

3141019 3 G:G A:A G:G A;A No heterozygotes in N2s*

3720779 3 G:G T;T T:T T:T Not informative

3672073 6 T:T C;C T:T C:C No heterozygotes in N2s*

4226520 7 A:A G;G A:G G:G 129WT heterozygous

3662246 7 T:T C:C T:C C:C 129WT heterozygous

3023674 7 A:A G:G A:G G:G 129WT heterozygous

3722569 9 A:A C:C A:C C:C 129WT heterozygous

3683183 9 C:C G:G C:G G:G 129WT heterozygous

3682798 9 G:G C:C G:C C;C 129WT heterozygous

3701746 10 C:C G;G C:G G:G 129WT heterozygous

4137249 10 A:A C:C A:C C:C 129WT heterozygous

3682880 14 G:G A:A G:A A:A 129WT heterozygous

3719262 14 G:G A:A G:A A:A 129WT heterozygous

3707236 18 G:G A;A G:G G:A C57WT heterozygous

3724876 19 T:T G:G T:T T:T Not informative

Table 3.16 Discrepancies observed between published SNP data (Petkov et al. 2004b) compared with 

the SNP data gathered in the substrains of mouse used for these experiments (*N2s = backcrosses).
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3.4 DISCUSSION

The main objective of chapter 3 was to use a genome-wide scan to detect and 

locate putative QTLs appearing to control variation in the cone ERG a- and b-wave 

timing and amplitude traits using a selective genotyping approach. This study has 

identified what appears to be a significant (or highly significant) QTL that appears to 

have a strong effect on chromosome 19, surrounding a marker at 47cM. The % effects 

seen in the marker regression reports seem to suggest a QTL that could control up to 

60% of the variation seen. This QTL also appears to control variation in both cone a- 

and b-wave amplitude and timing between C57W T and 129WT strains, suggesting that 

there could be a pathway at work in the inner retina, controlling this system and which 

is alternatively expressed between the two strains.

A small number of samples were used for this experiment and those samples 

were selectively genotyped, making them skewed, thus tremendously inflating the % 

effect, so further study would be required before any conclusions could be drawn. 

Estimates using simulated data have suggested that observations made using selectively 

genotyped data may be as much as four times overestimated, compared to the normal 

population (Darvasi 1997). However, selective genotyping is still a useful method for 

detecting and locating QTLs, it must just be followed up by genotyping more samples 

for the QTLs of interest, to see if they the same observations still hold when the data is 

not skewed as occurred with the selective genotyping.

Along with showing faster timing in both a- and b-waves, the C57W T has a 

larger a-wave and smaller b-wave than the 129WT; this could perhaps suggest the 

influence of lateral inhibition or feedback loops acting in the retina of one strain, but 

not in the other strain. It could also suggest that the C57W T mouse has a mild form of 

incomplete congenital stationary night blindness (iCSNB), a disorder showing defects 

in transmission between the photoreceptors and the ON-bipolar cells, but whereas this 

might explain the lower b-wave amplitudes in the C57W T mouse, it would not explain 

the faster timing. The QTL on chromosome 19, if confirmed, could contain more than 

one gene pertaining to the cone ERG traits. It is of interest to note that all the timing 

traits have a positive additive co-efficient, whereas all the amplitude traits have a 

negative additive co-efficient. This means that the timing traits are being influenced by
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129WT alleles, whereas the amplitude traits are being influenced by C57W T alleles. 

This could mean that different alleles of the same gene are controlling the traits, and 

indeed animals with faster cone ERG timings, do indeed appear to have lower cone b- 

wave amplitude, or it could be that two or more genes are acting within the QTL to 

influence individually the cone ERG traits. Naturally all these speculations are 

premature given that the QTL needs to be confirmed in a larger sample size and a lot 

more work would need to be done to reduce the interval size surrounding the QTL to a 

reasonable one in which candidate gene searching could be performed effectively.

The variation in the cone ERG traits could be due to one of the strains having 

more of a certain cell type than the other strain. Photoreceptor cell counts have been 

done in these animals before and no significant differences observed between 1 and 4 

months of age (Humphries et al. 2001) (these are the same strains of mice as those used 

in this experiment, just the nomenclature has changed). This does not exclude the 

possibility that there could be a variation in numbers of a different type o f retinal 

neuron, such as a bipolar cell. Variation in retinal ganglion cell number has been 

reported to be controlled by a QTL on mouse chromosome 11 (W illiams et al. 1998; 

Zhou et al. 2001).

This is the first time that a QTL approach has been taken to identify genes 

involved in genetic variation as recorded using the ERG. Relatively few studies have 

reported variation in the wild type ERG (Dalke et al. 2004) and those studies that have 

reported variation, do not appear to have gone on to investigate it further. O ther studies 

looking at retinal neurotransmission to ascertain its components on the cellular and 

physiological level, have taken pharmacological and transgenic approaches. These 

studies take a systems-wide approach, generally knocking out entire pathways, for 

example the use of APB knocks out the entire ON-pathway in the retina, or knockout 

mice, which are nulls for an important protein within a pathway. The study reported 

here has taken a much more subtle approach, attempting to identify the genetic source 

controlling variation in wild type mice. We hope that analysing this variation will lead 

to the identification of a gene or genes involved in neurotransmission.
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There great potential that a gene or genes within the QTL identified on 

chromosome 19 may contribute to the retinal strain-specific phenotypic variations 

observed in, for example, the Rho’̂ ' mouse and the p53-deficient mouse.

In the 129WT backcross, suggestive loci on chromosomes 6, 9 and 17 were also 

observed in some of the analyses. The chromosome 6 marker M29, is actually the Snca 

marker, which under further examination, does not associate with any of the cone ERG 

traits (section 3.3.4). The observations on chromosome 9 and 17 are worth a more in- 

depth investigation as these regions could harbour genes which contribute to some of 

the cone ERG traits. The C57W T backcross does not appear to contribute much to the 

cone ERG traits. There is some evidence of a suggestive QTL on chromosome 2, 

controlling variation in the cone 0.5Hz b-wave amplitude; however, this is an 

incredibly small amount of variation compared to the chromosome 19 QTL.

Analysis of gender and mtDNA type has shown that these both can influence 

cone ERG traits. Male mice exhibit faster cone b-wave timing than female mice in both 

the C57 backcross and 129 backcross and mice with C57W T mtDNA type show faster 

timings also.

3.5 CONCLUSION

This study has taken a novel approach to determining genetic contributions to 

the cone ERG, attempting to map variation, instead of performing a transgenic or 

pharmacological study. We have presented a QTL mapping study in which we have 

investigated genetic variation between two strains of inbred mouse in the a- and b- 

wave timing and amplitude traits of the cone-mediated ERG. Preliminary results show 

the presence of a significant QTL on chromosome 19 (LOD = 5.8) of strong effect 

which controls nearly all of the observable variation in cone ERG traits in the 129 

backcross but as selective genotyping was used, this observation may be an over

estimation of the real effect. Suggestive marker associations were also observed on 

chromosomes 9 and 17. An investigation of the Snca locus showed that it does not 

influence phenotypic variation. There is a small amount of evidence showing that 

gender and mtDNA genotype also influence the cone ERG. Further investigations of 

the significant and suggestive loci are performed in chapter 4 using a larger sample.
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Figure 3.3 Graph of the single flash cone electroretinogram showing the differences in the ERG 

recorded in a C57BL/6J01aHsd (blue) wild type and 129S2/SvHsd (red) wild type. Below is the average 

data recorded from approximately 30 animals (from each strain). Note the variation in a- and b-wave 

timing and amplitude
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Figure 3.5 Graph showing the variation between the cone ERG o f C57WT (red, set to 100%) compared 

with that o f the 129WT mouse (blue, expressed as a % o f C57WT).
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Figure 3.6a Graph of the parental raw data associated with the single flash (0.5Hz) cone ERG b-wave 

(Ms) in C57WT, 129WT and FI mice. As the number of mice in each group is different, the proportion 

of the population at each time point has been graphed.
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Figure 3.6b Graph of the backcrossed raw data associated with the single flash (0.5Hz) cone ERG fa- 

wave (Ms) in C57N2 and 129N2 populations. As the number of mice in each group is different, the 

proportion of the population at each time point has been graphed.
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Figure 3.9 Simple interval map for chromosome 19 for the 0.5Hz b-wave timing trait (with 

bootstrapping). The thick black line is the linkage ratio statistic (LRS) value with the maximum value 

occurring at an LRS value o f 27.2 (LOD = 5.9), the thick red line is the additive coefficient, which, as it 

is negatives shows the influence o f non-parental alleles on this trait. The three green lines are the 

suggestive, significant and highly significant values as determined by a permutation test (Churchill and 

Doerge) in MapManager QTXb20. The yellow histogram is the bootstrap resampling and gives an 

estimate of the amount o f confidence in the LRS value
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Figure 3.10 Simple interval map for chromosome 19 for the lOHz b-wave amplitude trait (with 

bootstrapping). The thick black line is the linkage ratio statistic (LRS) value with the maximum value 

occurring at an LRS value o f 27.2 (LOD = 5.9), the thick red line is the additive coefficient, which, as it 

is negatives shows the influence o f non-parental alleles on this trait. The three green lines are the 

suggestive, significant and highly significant values as determined by a permutation test (Churchill and 

Doerge) in MapManager QTXb20. The yellow histogram is the bootstrap resampling and gives an 

estimate o f the amount o f confidence in the LRS value.
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Figure 3.11 Composite interval map for chromosome 9 for the selectively 
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CHAPTER 4

FURTHER INVESTIGATION INTO A QTL ON MOUSE 

CHROMOSOME 19 CONTROLLING VARIATION IN THE

CONE ERG



4.1 INTRODUCTION

The work in this chapter is a follow on from chapter 3, which described the 

identification of a QTL of major effect on chromosome 19, controlling variation in the 

cone ERG in a 129WT backcross experiment. Here that QTL is investigated in further 

detail in a population of 107 129WT backcrossed animals. The results presented here 

confirm that there is indeed a highly significant QTL of major effect on chromosome 19 

(cone b-wave timing, LOD = 12.8), which appears to control for nearly all the variation 

seen in cone a-wave timing traits and cone b-wave timing and amplitude traits. This QTL 

appears to show the influence of 129WT alleles, influencing the cone timing traits and 

C57W T alleles controlling the cone b-wave amplitude traits. 95% confidence intervals 

generated for these six cone-mediated ERG traits suggest that the gene or genes 

controlling the variation lies in thel2cM  interval surrounding the D19MitlO marker at 

47cM.

Having identified the chromosomal location of the QTL all genes mapping to the 

interval have been considered as potential candidates. Genes were prioritised as 

candidates based on the criteria that the protein product of the gene(s) causing the 

variation in the cone ERG is likely to modify retinal neurotransmission at the cone 

photoreceptor to bipolar cell synapse. Candidate gene identification performed here has 

highlighted a number of interesting candidates, including two genes already known to 

cause retinal degenerations, Rbp4 and Pax2, as well as a number of genes encoding 

axonal guidance proteins and a gene encoding a potassium ion channel. The retinal global 

gene expression analysis study performed in chapter 2 was reassessed to see whether any 

differentially expressed genes lay in the region of interest on chromosome 19. RTPCR 

validation confirmed the large differential expression of two of these genes, encoding 

apoptotic proteins, programmed cell death 11 (Pdcdl 1) and survival of motor neuron 

domain containing 1 (Sm ndcl).
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4.1.1 Limits of QTL studies

Inbred mouse strains provide a great resource for investigating variation in 

various complex genetic traits, providing a complementary analysis to transgenic 

approaches (Nguyen and Gerlai 2002). The study of inbred mouse strains has the 

potential to determine the roles of naturally occurring allelic variants between such 

strains. A large number of experimental methods are available to measure phenotypic 

output, including approaches involving behavioural tests, histological analysis and 

physiological tests. Strain-specific variation at the genetic level is necessary in order to 

genotype the animals. As previously discussed, traits can be measured in backcrossed or 

intercrossed populations and the DNA of each animal profiled to find regions of the 

genome which associate with the trait.

Although measuring phenotype and elucidating genotype can be labour intensive, 

if a trait has a strong enough genetic component and sufficient animals are genotyped, 

establishing the chromosomal location of a QTL is a very achievable task. More 

problematic is the subsequent identification of the gene(s) within the region of the QTL 

that are responsible for the modulation of the trait. A recent review of the subject 

estimated that in the last 15 years, since polymorphic genetic markers have become 

available, more than 2000 QTLs have been identified in rodents, but less than 1% of the 

variation-causing genes have been characterised (Flint et al. 2005). Finding the gene of 

interest in a QTL interval is dependent on the number of animals genotyped and the 

strength of the QTL (amount of genetic variation attributable to the QTL). QTLs of 

strong effect, which have been found in samples with large numbers of animals, are more 

likely to yield smaller intervals, thus reducing the number of candidate genes. Reducing 

the interval size of a QTL is dependent on a sufficient amount of recombination events 

occurring within that interval (Darvasi 1998). Table 4.1 (adapted from Flint et al. 2005) 

lists 16 QTLs where the gene has been cloned and the methods by which the genetic 

variation has been confirmed.
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G ene
sym bo l

G en e  n am e P h en o ty p e /fu n c tio n G en e  id e n tif ic a tio n  m eth o d

AIoxlS Arachidonate 12/15 lipoxygenase Abnormal bone mass 4 Expression differences, analysis o f knockout, pharmacological test

Rgs2 Regulator of G-protein signaling 2 Fear-related behaviour 5 Outbred mice, QTL-knockout intervention

C y p llb l Cytochrome P450, subfamily 1 IB Abnormal blood pressure 5 Congenics, sequence variants

Lipc Hepatic lipase Obesity 7 Multiple crosses, knockout interaction

C5 Complement component 5 Experimental allergic asthma 8 Expression differences, loss-of-function mutation

Ace2 Angiotensin-converting enzyme 2 Abnormal blood pressure 12 Knockout phenotype

Apoa2 Apolipoprotein A2 HDL cholesterol 23 Multiple-strain haplotypes, coding sequence variants

M pdz Multiple PDZ domain Pentobarbital withdrawal seizures 25 Genotype-dependent differences in coding sequence & expression

N on Neutrophil cytosolic factor Severe arthritis 25 Functional sequence change, pharmacological treatment

KcnjlO
Potassium inwardly-rectifying 

channel subfamily J, member 10
Susceptibility to seizure 25 Coding-sequence variants, multiple strain characteristics

P tp rj

(Sccl)

Protein tyrosine phosphatase 

receptor type, J polypeptide
Susceptibility to colon cancer 29

Recombinant haplotypes sequence differences , loss of 

heterozygosity in human cancer

T aslr3 Taste receptor, type 1 member 4 Saccharin response 30 Multiple strain haplotypes, coding sequence variants

Nppa Natriuretic peptide precursor A Cardiac hypertrophy 44 Promoter variants increase gene expression

Cd36 Fatty acid translocase Abnormal fatty acid metabolism 50
Expression differences, loss-of-function mutation, transgene 

complementation

Pla2g2a Phospholipase A2, group IIA Modifier of intestinal tumours 50 Frameshift loss of function and transgene complementation

Rpe65 Retinal pigment epithelium 65
Modifier of light induced retinal 

degeneration
50

Genotype-dependent differences in coding sequence, several 

genotype-phenotype correlations

M tap la Microtubule-associated protein la Modifier of hearing loss 57 Coding sequence variants, transgene complementation

Table 4.1 Table listing 16 cases where the gene underlying a QTL has been identified and confirmed and the methods by which the variation association was 

confirmed. * % = percentage genetic variation of the trait attributable to this gene.
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4.1.2 New methods to reduce the interval size of QTLs

Identification of the underlying gene(s) in a QTL requires a more accurate 

localisation than can be provided by a backcross or F2 intercross, of reasonable sample 

size. There are several new approaches to identify genetic variants, all of which are based 

on increasing the amount of recombination within an interval. The following methods 

have been developed to fine map intervals (to <l-5cM ): Yin and Yang mapping (Shifman 

and Darvasi 2005), recombinant inbred lines, advanced intercross lines (Darvasi and 

Soller 1995), chromosome substitution strains (Nadeau et al. 2000; Singer et al. 2004), 

mutagenesis (Nadeau and Frankel 2000), heterogeneous stocks of outbred mice where 

haplotype breakdown is present, (Talbot et al. 1999), selective phenotyping and interval 

specific congenic strains, (Darvasi 1997b) also called subcongenics (Fehr et al. 2002). 

Statistical methods to map QTLs from these different approaches have kept pace with 

these new methods, providing statistical and computational tools that have greater power 

for studying and locating multiple and interacting QTL (Doerge 2002).

4.L3 Methods to conllrni the presence of a variation-causing gene within a QTL

There is no single way to confirm the presence of a causative gene at a QTL and 

different research groups rely on different methods to prove that a gene causes variation 

in a trait. Table 4.1 gives an overview of QTLs where the variation-causing gene has been 

confirmed and the confirmation method used in each case, which include analysis of 

targeted knockout mice, gene expression analysis, sequencing of candidate genes and 

pharmacological analysis. Proving that a specific gene, within a specific QTL, explains 

the some of the phenotypic variation observed is one of the biggest challenges facing 

researchers in the field of quantitative genetics. There have been calls for the scientific 

community to develop a set of standards regarding this proof (Darvasi 2005; Glazier et al. 

2002) but to date no such standards have been developed.

Methods which will prove useful to determining the variation-causing gene within 

a QTL interval include the mouse knockout project which is an attempt to create a 

knockout mouse model of every gene in the mouse genome and place these models in the 

public domain (Austin et al. 2004). Another project underway is the Collaborative Cross 

which over the next 7-8 years will attempt to create 1000 identical recombinant inbred
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strains from eight progenitor strains. These animals will have an abundance of diversity 

and also retain segregating polymorphisms every 100-200bp, which will have been 

completely characterised at the genetic level (Complex Trait Consortium et al. 2004). 

These animals would be more useful for assessing the effect of various environmental 

factors as they may not necessarily show the same variation witnessed between inbred 

mouse strains. Nguyen and Gerlai (2002), looking to define molecular mechanisms for 

learning and memory, suggest a mouse “phenome” project characterising 

electrophysiological and behavioural traits of different inbred strains adding that 

numerous methods will probably have to be used in order to achieve this goal. The 

Jackson Laboratory has recently added a mouse phenome database to its Mouse Genome 

Informatics website http://www.informatics.iax.org/searches/allele form.shtml.

4.1.4 Other factors potentially influencing a QTL

There are other factors potentially underlying a QTL, for example a single QTL 

could turn out to contain more than one gene influencing the trait. Epistasis, the control of 

a phenotype by two or more interacting genes could be acting in this case. In the case of 

this occurring, interaction between QTLs is difficult to detect because experiments with 

large numbers are needed. Conversely, pleiotropy is the property of a gene whereby it 

affects two or more, seemingly unrelated, traits causing simultaneous variation in the 

characters it affects. These two or more traits may be seemingly unrelated (Falconer and 

Mackay 1996).

4.L5 Potential classes of genes underlying variation in the cone ERG

The cone-dominated ERG is almost entirely a result of bipolar cell activity within 

the retina (chapter 3.1). This chapter focuses on a major QTL on mouse chromosome 19 

which appears to control a large percentage of the genetic variation found in the cone 

ERG. A gene in which mutations might cause disruption to the photoreceptor-bipolar 

synapse would therefore make a good candidate for genes causing the variation in the 

cone ERG. The human retinal disorder incomplete X-linked congenital stationary night 

blindness (iCSNB or CSNB2; OMIM #300071) is an example of a disorder in which 

disruption in-between photoreceptor and bipolar cells has been described. A number of
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different animal models which mimic this disorder are available. A loss-of-function 

mutation in the Cavl.4 calcium channel subunit, within the second order neurons, means 

the mouse has an abnormal ERG, no post-receptoral b-wave or oscillatory potentials, 

consistent with a retinal neurotransmission defect (Mansergh et al. 2005). One of the 

mouse models of Duchenne M uscular Dystrophy (DMD, OMIM #310200), entitled 

mdx*'''^, with a mutation in the dystropin gene, has shown similar abnormalities in that it 

also has no post-receptoral b-wave (Fillers et al. 1995). Studies with the ON-bipolar 

inhibitor and glutamate analogue, APB (2-amino-4-phosphonobutyric acid), have shown 

the mdx‘“''̂  mouse to be extremely sensitive to APB. It is thought this might reflect 

alterations in the way this animal responds to glutamate, at either the pre-synaptic or post- 

synaptic level in the outer plexiform layer (Green et al. 2004).

The naturally occurring “no b-wave” (nob) mouse has no post-receptoral b-wave 

(Pardue et al. 1998) due to a mutation in the nyctalopin (Nyx) gene (Gregg et al. 2003) 

and is actually a model of complete stationary night blindness (CSN B l; OMIM 

#310500). Recent studies have predicted the murine Nyx protein to be a secreted 

glycoprotein of the extracellular small leucine-rich repeat (SLRP) proteoglycan family, 

attached to the cell wall via a transmembrane domain (O'Connor et al. 2005). Nyx gene 

expression is only seen in cells of the inner nuclear layer (Pesch et al. 2003).

In humans, individuals with mutations in the GRM6 gene encoding the 

metabotropic gluatamate receptor (mGluR6) of the ON-bipolar cells have been shown to 

have an abnormal ERG, comprising greatly reduced dark and light-adapted b-waves 

(Dryja et al. 2005). Similarly, transgenic mice with a disruption in the gene encoding 

mGluR6 do not display any b-waves due to the lack of synaptic transmission between 

photoreceptors and ON-bipolar cells (Masu et al. 1995).

Analysis of mice with mutations causing a lack of cone ERG b-wave give an idea 

as to the class of genes which may be causing the observed variation in the cone ERG 

between C57W T and 129WT mice. One would expect that the gene(s) responsible would 

be one which is involved in the bipolar cell pathways of the cone-mediated ERG. Genes 

involving ion channels (Cacnalf) or specific receptors (mGluR6) therefore make strong 

candidate genes. Realistically, polymorphisms in any gene which is involved in the 

photoreceptor pre-synaptic terminal or ON-bipolar post-synaptic terminal could explain
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variation between these two strains of mice. Also, genes involved in lateral inhibition and 

negative feedback could exhibit strain-specific polymorphisms and cause a variation in 

the cone ERG.

4.1.6 The aim of the study

In this chapter, a further investigation is made into the association of cone ERG 

traits with a QTL on chromosome 19. This work involved the genotyping of additional 

markers in the 129 backcross population in an attempt to decrease the interval 

surrounding the QTL at 47cM  which has since been decreased to between 8cM and 

12cM. Candidate genes have been identified by ascertaining all genes which map to this 

chromosomal region and which are known to be expressed in the retina. Particular 

attention has been paid to those genes whose function suggests a role in determining the 

variation observed between the C57W T and 129WT cone ERG.
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4.2 MATERIALS and METHODS

This investigation into a QTL of major effect on chromosome 19 required the 

genotyping of an additional 87 samples in the 129WT backcross for the three markers on 

chromosome 19 used in the genome scan and also for a number of other markers 

(Appendix B.4a).

Quantitative trait mapping was performed using M apM anager QTXb20 and using 

the same series of tests described in section 3.2.11. A number of additional tests were 

performed to examine in detail the locus on chromosome 19. Real time quantitative PCR 

was performed using the protocol described in section 2.2.3 with the primers listed in 

appendix B.4b.

4.2.1 Databases used for candidate gene searching

The 95% confidence intervals (as defined by Darvasi and Soller, 1997) 

surrounding the traits of interest were defined as the region in which to search for a 

candidate gene causing variation. The mouse genome browser

(httr>://genome.ucsc.edu/cgi-bin/hgGatewav?clade=vertebrate&org=Mouse) enabled the 

location of all genes within this interval. The retinal expression of genes within the 

interval was confirmed using the SymAtlas© (http://svmatlas.gnl.org/SvmAtlas/) from 

the Genomics Institute of the Novartis Research Foundation. The MGI database at the 

Jackson Laboratory (http://www.informatics.iax.org/) was used to check whether there 

were any known polymorphisms between C57 and 129 strains in this region of 

chromosome 19. This database was also used to check the transgenic catalogue and 

ascertain whether any of the genes had a targeted knockout mouse model. Using the 

mouse-human comparative map (Mouse Genome Sequencing Consortium 2002) regions 

of the human chromosome corresponding to mouse chromosome 19 were determined and 

searched for human retinal degeneration using RetNet, the retinal disease database 

(http://www.sph.uth.tmc.edu/Retnet/).
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4.3 RESULTS

In chapter 3, a QTL mapping study to examine differences between the cone ERG 

of C57BL/6J01aHsd (C57WT) and 129S2/SvHsd (129WT) mice highlighted a putative 

QTL of major affect surrounding a marker at 47cM on chromosome 19, visible in the 129 

backcross (129N2) only. As in this QTL study, selectively genotyping of the most 

extreme values (top and bottom 10% of the cone b-wave timing trait) in the population 

had been performed; the other 80% of the backcrossed animals were genotyped to see 

whether an association with a QTL on chromosome 19 would still be detected. M arker 

association values from selectively genotyped animals can be overestimated when 

smaller proportions of the population are selected (Darvasi 1997a). In addition, extra 

markers, surrounding the original observation of association at 47cM  (D19MitlO) were 

genotyped to see whether the interval associated with the trait could be shortened, in 

order to locate the variation causing gene or genes. The full panel of 129N2 animals 

totalled 107. Here we present results showing that the QTL has been confirmed as one of 

major effect, with a LOD score of 12.8 (single flash cone b-wave timing) and a 95% 

confidence interval of 12cM.

4.3.1 Some Problems with Marker Order

An additional six informative markers were chosen from MGI to genotype the 

region on chromosome 19 surrounding D19MitlO, the marker of interest at 47cM. One of 

these markers, D 19M itl3 was uninformative, so could not be used. The programme used 

for mapping QTLs, MapManager QTXb20, calculated marker distance based on 

recombination distances. When the distance between the markers was calculated using 

this method, the recombination distances of those markers proximal to D19M itlO were 

very different to those reported in the MGI database. Using a number of different 

databases (MGI at the Jackson Laboratory, MGB at http://genome.ucsc.edu. mouse 

physical contig map at MIT (http://www.broad.mit.edu/cgi-bin/mouse/index) and 

BLAST (http://www.ncbi.nlm.nih.gov/BLAST/). the genetic and physical map positions 

of the microsatellite markers were re-examined. The results (table 4.2) show that a 

number of the markers have different reported genetic map positions depending on which 

database and inbred strain is used. D19Mit88 is at a different map position depending on
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which database is used and in this study there were 14 recombinations between 

D19Mit88 and D19Mit63 (supposedly IcM away), which suggests that this marker is not 

at the correct genetic map position. As the exact genetic map position of D19Mit88 was 

unconfirmed, this marlcer was removed from the QTL mapping.

The genetic map distances around D19Mitl9 and D19Mitl 1 were still grossly 

overestimated. Looking at the raw data, there are only 3Mbp between D19M itl9 and 

D19Mitl 1 (MGB); however this has been estimated as being 15cM (MGI) or between 2.2 

and 14.3 cM (MIT) depending on strain. There were three double recombinants, where 

the markers either side have a different genotype, surrounding D19Mitl9. Double 

recombinants are very rare. In this dataset, based on marker number and sample size, one 

would expect one double recombinant. The presence of double recombinants can signify 

either genotyping errors (genotyping was checked and confirmed to be correct) or the fact 

that this marker is in the wrong position on the genetic map. None of the strains (Spretus, 

Ob and Cast) used to map the genetic map positions in the MIT database were used in 

this set of experiments and as genetic map positions can be strain-dependent, it would be 

interesting to speculate that they are indeed different in the C57WT and 129WT strains 

used in this set of experiments. D19Mitl9 was removed from the analysis due to the 

presence of double recombinants.

Markers which are too closely spaced do not add any resolution to a QTL. 

(Chmielewicz and Manly 2004; Darvasi et al. 1993). D19Mitl 1 and D19MitlO are 

estimated as being 6cM apart by the MGI and 4.7Mbp apart by the MGB database, 

however, MapManager QTXb20 estimates the distance between these two markers as 

only IcM, a distance which adds no additional informativeness to the analysis. For this 

reason, D19Mitl 1 has also been removed from the marker analysis. This does leave a gap 

estimated to be 23cM between D19Mit63 and D19MitlO on chromosome 19. A search 

was performed of the databases at the Jackson Laboratory, CIDR and Kbioscience, which 

revealed no informative markers or SNPs within this interval. The physical map position 

estimates the markers as being 11.2Mbp apart, which agrees with the cM position.

The MapManager QTXb20 estimate of recombination for the distances around 

D19Mitl and D19MitlO as well as the two SNP markers confirm those reported in MGI 

and those reported in the Ob x Cast intercross at MIT (figure 4.1). The problems with
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marker order in the central portion of chromosome 19 leads one to believe that there may 

be a problem with marker order in this region which needs to be thoroughly investigated.

Marker
MGB 

(bp position)

MGI

(cM)
MIT* (cM)

MapM'^

(cM)

BLAST 

(bp position)
D19MU63 35261230-35261379 24 24 or 38.5 (Spr) 13.7 35,202,620-35,417,689

D19MU88 36480941-36481088 34 24 14.4 36,376,275-36,570,235

D19MU19 38723965-38724102 26 26.2 4.8 38,849,490-39,050,877

D19M itll 41731267-41731413 41 28.4 or 40.5 (Spr) 1.0 41827442-41976054

D19MitlO 46497342-46497491 47 35 8.5 46,683,940-46,861,535

D19MU1 54268282-54268403 52 43.7 or 54.5 (Spr) - 54,407,584-54,572,211

Table 4.2 showing the estimated genetic and physical map positions of microsatellite markers on 

chromosome 19. * The data at MIT was gathered from ¥1 intercrosses of Ob x Cast mice or Spretus (Spr) 

MapManager QTXb20 estimates of distances between markers (that marker and next one)

4.3.2 Chromosome 19 marker regression analysis for cone ERG traits: 5 markers

The entire panel of mice backcrossed to the 129WT strain have been genotyped 

for eight markers across chromosome 19. Three of these markers were removed due to 

concerns over the genetic map position, highlighted by the presence of double 

recombinants. In the previous chapter, empirical genome-wide permutation tests were 

performed. This is not possible in this study as the markers analysed in this study are only 

on chromosome 19, not genome-wide. Given permutation testing cannot be used to 

determine statistical significance, prior-determined genome backcross values will be used 

instead (Lander and Kruglyak 1995), these are LOD scores, suggestive LOD = 1.9 (LRS 

= 8.74), significant LOD = 3.3 (LRS = 15.18), highly significant LOD >5.4 (LRS >24.8).

Marker regression was performed for all eight cone ERG traits, comprising a- and 

b-wave, timing and amplitudes, for single flash (0.5Hz) and flicker (lOHz), using five 

markers on chromosome 19. To recap, marker regression asks whether there is an 

association between genotype and phenotype at each individual marker. Results showed 

that only six of the eight cone traits associated with a QTL on chromosome 19. Neither of 

the a-wave amplitude traits showed association with any markers on chromosome 19.
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This confirms the results in chapter 3, which did not suggest that either of these traits 

were associated with a QTL on chromosome 19.

Marker regression for the six other traits showed the influence of a strong and 

highly significant albeit broad QTL on chromosome 19. For every marker regression, 

D19MitlO (M47) was shown to have the strongest association with the individual trait, 

(tables 4.3 -  4.8).

For a-wave timing, the 0.5Hz trait had a maximum LRS value of 31.4 (LOD =

6.8), contributing to 25% of the total variation; lOHz a-wave timing had a maximum LRS 

value of 68.6 (LOD = 14.9), contributing 48% of the total variation (tables 4.3 and 4.4). 

Both traits have a positive additive coefficient, which highlights the influence of 129WT 

alleles on this trait. Animals with a 129 parental genotype have a slower a-wave by 

+3.29Ms in the 0.5Hz timing and +4.18Ms in the lOHz timing. The 95% CIs for both 

traits are considerably smaller than the broad peak suggested by the LRS values; 0.5Hz 

Cl is 19cM at M47 and the lOHz Cl is only lOcM at M47. Studies simulating backcross 

experiments have shown that maximum refining of a confidence interval in a single 

generation backcross is approximately lOcM, a situation that is created here (Darvasi et 

al. 1993).

Marker regression for the cone b-wave timing trait showed a maximum LRS 

value of 59.1 (LOD = 12.8) in the 0.5Hz timing and 76.9 (LOD = 16.7) in the lOHz 

timing (tables 4.5 and 4.6), both at M47. A QTL in this region of chromosome 19 

contributes 42% to the 0.5Hz b-wave timing total variation and 47% to the lOHz b-wave 

timing total variation. This QTL explains nearly all of the genetic variation in the cone b- 

wave timing. As with the a-wave timing, both b-wave timing traits have positive additive 

coefficients, highlighting the influence of parental (in this case 129WT) alleles. Animals 

with 129WT alleles at the gene or gene(s) involved in this trait have slower cone b-wave 

timings of -i-6.74Ms in the 0.5Hz b-wave and -1-6.75 in the lOHz b-wave. The 95% CIs 

(Darvasi and Soller 1997) are much narrower than the broad peak suggested by the LRS 

values, 12cM for 0.5Hz b-wave timing and 1 IcM for lOHz b-wave timing.

Marker regression was performed for the cone b-wave amplitude (Tables 4.7 and

4.8). This showed maximum LRS values of 76.9 for 0.5Hz (LOD = 16.7) and 99.1 (LOD 

= 21.5) for lOHz b-wave amplitude. The variation explained by a QTL at this location on
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chromosome 19 is high, with a gene or genes causing 51% of total variation in the 0.5Hz 

and 61% of total variation in the lOHz b-wave amplitude. This QTL on chromosome 19 

seems to explain nearly 100% of the total genetic variation. Unlike the cone timing traits, 

the b-wave amplitude traits have a negative additive coefficient, which means that 

variation in this trait is due to the presence of C57W T alleles. Animals heterozygous for 

the gene(s) causing these traits have smaller cone b-wave amplitude of -31.4/iV in the 

0.5Hz b-wave amplitude and -24.12/iV in the lOHz b-wave amplitude. The 95% CIs are 

very narrow for this trait, lOcM in the 0.5Hz and 8cM in the lOHz b-wave amplitude.

Marker regression was redone for all six cone traits of interest, with M47 in the 

background. None of the markers showed a significant association; however the b-wave 

timing did show a less than suggestive association to M l5 (LOD < 1). The absence of 

any significant associations when M47 is placed in the background suggests the presence 

of a single QTL on chromosome 19; however this would need to be investigated further, 

by genotyping additional markers, before drawing any conclusions. These results point to 

one extremely strong and highly significant QTL on chromosome 19 which influences 6 

of traits of the cone ERG. The 95% Cl results suggest that the gene or genes causing the 

variation in these traits is in a narrow region surrounding the marker D19Mit 10 on 

chromosome 19.

Marker R eg ressio n  report for se t  129N2
Using quantitative trait 129N2-0.5Hz-aM s Add highlighted Locus to
Chi S q uare  S ta ts , P = 0.05 background for Trait 129N2-0.5Hz-aM s
Additive reg re ss io n  model
v'Vlth no control for other QTLs.
103 to  107 informative progeny from Progeny Order Internal
Chr Locus St at %  P Cl Add

C h r l 9  :: HIS 7 . 2 7 0 . 0 0 7 0 9 76 1 . 7 3
C h r l 9  :: M2 4 2 4 . 2 20  0 . 0 0 0 0 0 25 2 . 93
C h r l 9  :: H47 3 1 . 4 25 0 . 0 0 0 0 0 19 3 . 2 9
C h r l 9  :: H52 15 .  6 14 0 . 0 0 0 0 8 36 2 . 4 0
C h r l 9  :: H57 12 . 0 11 0 . 0 0 0 5 3 47 2 . 12

Table 4.3 Results of marker regression on chromosome 19 showing association with cone 0.5Hz a-wave 

timing. The maximum LRS value of 31.4 at D19MitlO (M47), equates to a LOD score of 6.8.
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Marker Regression report for set 129N2
Using quantitative trait 129N2-1 OHz-aMs J Add highlighted Locus to 
Chi Square Stats, P = 0.05 background for Trait 129N2-1 OHz-aMs
Additive regression model 
■A/tth no control for other QTLs.
102 to 106 informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl Add

Chrl9 : : H15 9.4 9 0.00216 59 1.83
Chrl9 : : M2 4 51.8 39 0.00000 13 3 .77
Chrig : : M 7 68. 6 48 0 . DOOnn 10 4. 18
Chrl9 : : M52 35.5 26 0.00000 18 3.23
Chrl9 : : H57 30.7 25 0.00000 20 3 .04

Table 4.4 Results of marker regression on chromosome 19 showing association with cone lOHz a-wave 

timing. The maximum LRS value of 68.6at D19MitlO (M47), equates to a LOD score of 14.9.

Marker Regression report for set 129N2

Add highlighted Locus toUsing quantitative trait 129N2-SFC-bms
Chi Square Stats, P = 0.05 background for Trait 129N2-SFC-bms
Additive regression model
^^h  no control for other QTLs.
103 to 107 Informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl Add

Chr19 :: M15 6.6 6 0.01016 83 2 . 64
Chrl9 :: H2 4 4 3 . 7  34 D.OGOOQ 15 5.99
Chris :: M47 59.1 42 0.00000 12 6.74
Chr19 :: H52 36.4 30 0.00000 16 5 .  68
Chr19 :: H57 32.6 26 0.00000 19 5.31

Table 4.5 Results of marker regression on chromosome 19 showing association with cone 0.5Hz b-wave 

timing. The maximum LRS value of 59.1 at D19MitlO (M47), equates to a LOD score of 12.8.

Marker Regression report for set 129N2
Using quantitative trait 129N2-1 OHz-bMs J Add highlighted Locus to 
Chi Square Stats, P = 0.05 background for Trait 129N2-1 OHz-bMs
Additive regression model 
M h  no control for other QTLs.
102 to 106 Informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl Add

Chrl9 : : H15 9.1 9 0.00256 61 2 .90
Chrl9 : : H2 4 50.8 38 0.00000 13 6.08
Chr 19 : : H47 66.8 47 0.00000 11 6.75
Chr 19 : : M52 43 .0 33 0.00000 15 5. 69
Chrl9 : : H57 32 . 1 26 0.00000 19 5.04

Table 4.6 Results of marker regression on chromosome 19 showing association with cone lOHz b-wave 

timing. The maximum LRS value of 66.8 at D19MitlO (M47), equates to a LOD score of 14.5.
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Marker Regression report for set 129N2
Using quantitative trait 129N2-0.5Hz-buV Add highlighted Locus to
Chi Square Stats, P = 0.05 background for Trait 129N2-0.5Hz-buV
Additive regression model
v^h no control for other QTLs.
103 to 107 Informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl Add

C h r l 9  : :  H IS 12 . 0 11 0 . 0 0 0 5 2 4 7 - 1 4 . 8 3
C h r l 9  : :  H24 6 6 . 3 4 6  0 . 0 0 0 0 0 11 - 2 9 . 8 0
C h t i g  : :  H47 7 6 . 9 5 1  O.GOOOO 10 - 3 1 . 4 0
C h r i s  : :  H52 4 4 . 7 3 4  0 . 0 0 0 0 0 15 - 2 5 . 6 2
C h r i g  : :  H57 3 1 . 4 2 5  0 . 0 0 0 0 0 19 - 2 2 . 1 0

Table 4.7 Results of marker regression on chromosome 19 showing association with cone 0.5Hz b-wave 

amplitude. The maximum LRS value of 76.9 at D19MitlO (M47), equates to a LOD score of 16.7.

Marker Regression report for set 129N2
Using quantitative trait 129N2-1 OHz-buV J Add liighlighted Locus to 
Chi Square Stats, P = 0.05 baclcground for Trait 129N2-1 OHz-buV
Additive regression model 
'̂Vith no control for other QTLs.

102 to 106 informative progeny from Progeny Order Internal
Chr Locus Stat % P Cl Add

C h r  19 : : H IS 1 8 . 1 16 0 . 0 0 0 0 2 32 - 1 2 . 7 2
C h r l 9 : : H2 4 8 4 . 0 SS 0 . 0 0 0 0 0 9 - 2 2 . 9 0
C h r  19 : : H47 9 9 .  1 61 0 . 0 0 0 0 0 6 - 2 4 . 1 2
C h r l 9 : : H52 52 . 7 39 0 . 0 0 0 0 0 13 - 1 9 . 3 6
C h r l 9 : : H57 3 8 . 8 31 0 . 0 0 0 0 0 16 - 1 7 . 1 3

Table 4.8 Results of marker regression on chromosome 19 showing association with cone lOHz b-wave 

amplitude. The maximum LRS value of 99.1 at D19MitlO (M47), equates to a LOD score of 21.5.

4.3.3 Chromosome 19 interval mapping analysis for cone ERG traits

While marker regression is an excellent method for detecting QTLs, interval 

mapping is necessary to find the location o f a QTL along a chromosome. MapManager 

QTXb20 makes an estimate o f centimorgan (cM ) distance using the genotyping data to 

calculate recombination fractions and map distances between adjacent loci. Interval 

mapping performs marker regression analysis at every IcM  within the interval in order to 

draw a map o f the chromosome.

Interval mapping was performed on chromosome 19 with bootstrap resampling to 

estimate confidence intervals (Visscher et al. 1996) for each o f the six cone ERG traits 

which showed association with a QTL at this location (figure 4.2- figure 4.7). The 

bootstrap is shown as a yellow histogram. On top o f each column o f the histogram is the
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number of times this cM position showed as the maximum LRS value when 

bootstrapped. Each of the six interval maps generated shows the same pattern of linkage 

ratio statistic and bootstrapping, with the highest bootstrap value either at 47cM or 46cM. 

The LRS values show as expected one broad and highly significant QTL surrounding 

47cM on chromosome 19 showing association with the cone ERG traits. The bootstrap 

results (Visscher et al. 1996) agree with the 95% Cl results (Darvasi and Soller 1997), 

emphasising a narrower QTL. The broad QTL could be due to other linked QTLs, ghost 

QTLs often appearing between two linked QTLs in interval mapping. Multiple QTLs on 

a single chromosome provide an additional level of complexity as it is difficult to 

separate out the effects of the individual QTLs. Currently there is no evidence to suggest 

multiple QTLs influencing the chromosome 19 QTL and the broad peak is most likely 

due to linkage.

4.3.4 Other marker associations

The QTL on chromosome 19 was not the only region of the genome to show 

association with the cone traits of the ERG. In chapter 3, marker regression analysis also 

showed some suggestive association with markers on chromosomes 9, 17, 6 and 13. The 

entire 107 animals in the 129 backcross were genotyped for markers on chromosomes 9 

(55cM), 17 (55cM) and 6 (29cM). Marker regression analysis showed no marker 

association with any of the cone ERG traits (data not shown).

4.3.5 Candidate gene searching on chromosome 19

For every QTL analysis, the ultimate endpoint is to find the gene or genes which 

contain a variation-controlling polymorphism. This is one of the most difficult steps of 

QTL analysis, and while many research groups have narrowed various QTLs to a 

genomic region, very few have made the final step in identifying the gene(s) which 

causes the variation. Fortunately, the QTL on chromosome 19 is extremely strong and 

highly significant, appearing to control between 25% and 100% (depending on trait) of 

genetc variation observable between 129WT and C57WT mice in the cone a- and b- 

waves of the ERG. The fact that a QTL on chromosome 19 controls so much of the 

variation should, in theory, make it easier to detect the gene(s) of interest.
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Candidate gene searching is a common method by which an interval of interest 

containing a QTL is examined for genes whose structure or function might explain 

genetic variation. Normally genes of interest are investigated for sequence changes which 

could explain a difference between, in this case, the two wild type strains. In this study, 

the removal of three markers of interest means that while we can speculate on candidate 

genes, it would be more worthwhile to reduce QTL interval sizes before starting to 

sequence candidate genes. Reducing interval size involves increasing the amount of 

recombination through continuing breeding programmes, finding closely spaced markers, 

genotyping them and also increasing the sample size. A study of the different methods 

available to increase recombination is presented in section 4.1.2.

A candidate gene search was performed in the region surrounding D19MitlO. The 

95% Cl for this region is estimated at 12, 10, 11 and 8cM in the marker regression for the 

four cone b-wave traits, which all have higher marker association values. The 95% CIs 

are broader for the a-wave; however this is probably due to the fact that less variation is 

visible between C57W T and 129WT in the cone a-wave. A 12cM region surrounding 

D19MitlO has been examined as this is the region suggested by the 95% CIs of the cone 

b-wave traits. In the interval maps, none of the bootstrapping results fall outside of 

D 19M itl (at 52cM), so the region from 41cM to 52cM, surrounding D19MitlO, was 

investigated for candidate genes. Figure 4.8, generated by MGB, shows all known and 

predicted genes within the 12cM interval surrounding D19MitlO.

A number of methods of candidate gene searching were used. First, the 

microarray study which was reported on in chapter 2 was searched for markers on 

chromosome 19 which showed differential gene expression between C57W T and 129WT 

animals. Independent validation of the strain-specific expression observed in these genes 

was performed using real time quantitative PCR (RTPCR) to see whether the expression 

differences were real. Second, the region of the human genome comparative to 

chromosome 19 (figure 4.10) was searched for genes which cause a retinal degeneration, 

using the RetNet database. The hypothesis here was that genes which cause a retinal 

degeneration may also contain non-pathogenic mutations which may still affect second 

order neurons. Third, a search was done of the candidate region on chromosome 19 for 

known differences between the C57 and 129 strains of mouse using the MGI database
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('http://www.inroiTnatics.iax.org/searches/polvmorphism form.shtml). Fourth, a search

was done of any mouse models of genes in the region of the QTLs to see whether they 

had an ocular phenotype. Fifth, a straightforward investigation of all the rest of the genes 

in the interval was undertaken to see if (a) they were retinally expressed, using the 

SymAtlas© and (b) could their function potentially cause a variation in the cone ERG. In 

the candidate gene search particular care was taken to find genes which were expressed at 

the synaptic intervals between cone photoreceptors and bipolars, especially receptors, ion 

channels and neurotransmitters.

4.3.5.1 Genes showing strain-specific differential expression on chromosonie 19

In chapter 2, a microarray experiment was conducted to compare the expression 

of genes and ESTs in the retinas of C57BL/6J01aHsd wild type and 129S2/SvHsd wild 

type mice at 10 days and 4 months. This experiment was done with the intention of 

looking for strain-specific differences in gene expression. The QTL mapping study, 

presented in chapters 3 and 4 compared strain-specific differences in phenotype and 

genotype which may potentially be caused by differences in gene expression. Sequence 

differences (polymorphisms) are quite often manifested as expression differences due to 

differential RNA stability. The data generated from the microarray hybridisation 

experiment in chapter 2 was re-analysed for differences in gene expression surrounding 

D19MitlO on chromosome 19. There was a strain-specific difference in the expression of 

eight genes in the 12cM region surrounding D19MitlO. These genes and the associated 

fold changes are summarised in table 4.9. Expression, measured as hybridisation to the 

Affymetrix genechip®, was performed in four samples 10 days and 4 months for both 

C57W T and 129WT retinal RNA (see Chapter 2 for additional information on this study).

One of these genes, Pdcdl 1 has already been investigated in chapter 2. 

4833438C02Rik was not investigated as the function is unknown. Scdl had extremely 

low expression on the chip, being flagged as absent by the affymetrix software on 3 of the 

4 chips, so was not investigated. Adra2a was flagged as marginally present in the 129WT 

samples, so was not investigated as we have found low hybridisation values difficult to 

independently replicate (Chapter 2). The expression levels of the four other genes in this 

interval, cyclin M l (Cnnm l), golgi-specific brefeldin A-resistance factor 1 (G bfl)
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survival motor neuron domain containing 1 (Smndcl) and soc-2 (suppressor of clear) 

homolog (C. elegans) (Shoc2), were investigated using RTPCR to see whether their 

expression differences could be validated.

The results of RTPCR compared to the results from the microarray experiment are 

shown in figure 4.9, graphed are comparisons between C57WT expression and 129WT 

expression at 10 days and 4 months with C57WT expression as the baseline. For P dcd ll, 

Smndcl and Shoc-2 expression changes are in the same direction for the microarray and 

RTPCR. For Cnnml, expression was only validated at 4 months and for G bfl, 

expression was not validated. P dcdll and Shoc-2 showed expression validation of similar 

magnitude to the microarray experiment. However, the expression levels of Smndcl are 

very different in magnitude. Nevertheless, this study provides three candidate genes 

whose expression is different between C57WT and 129WT animals; P d cd ll, Smndcl 

and Shoc-2. Pdcdl 1 expression was localised to the inner nuclear layer an in situ 

hybridisation experiment (results in section 2.3.3) which is the region of the retina 

containing the bipolar cells. Pdcdl 1 is an apoptotic gene (Lacana 1999), Smndcl is also 

an apoptotic gene (Gene ontology) and Shoc-2 encodes a leucine-rich repeat protein 

implicated in fibroblast growth factor receptor signaling in C. elegans (Selfors et al.

1998).

In addition, the only viable trisomy in mice is that of chromosome 19. As three 

copies of chromosome 19 are present in these mice, there may be over-expression of all 

genes on chromosome 19. Slow retinal development has been reported in this mouse, but 

no retinal abnormalities (Lorke 1994).
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Affy ID Gene Title Gene Symbol BP Location 
(MGB)

Fold change

4
months

10
days

138001_at cyclin M l Cnnml 42,985,617-
43,040,155 T3.36 il.0 8

94058_r_at stearoyl-Coenzyme A desaturase 
1 Scdl 43,938,861-

43,951,960 il .3 2 i2.60

107292_at golgi-specific brefeldin A- 
resistance factor 1 G bn 45,699,725-

45,833,852 i2.02 il5 .9

164347_i_at RIKEN cDNA 4833438C02 gene 4833438C02Rik 45,850,933-
45,851,159 T2.2 T2.55

D19MitlO D19MitlO D19MitlO 46,497,342-
46,497,491 - -

167856_s_at programmed ceil death protein 11 P dcd ll 46,642,066-
46,682,444 11.21 i8.82

99162_at survival motor neuron domain 
containing 1 Smndcl 52,947,147-

52,958,505 i2.91 i l . l 3

104216_at soc-2 (suppressor of clear) 
homolog (C. elegans) Shoc2 53,523,183-

53,611,742 tl .0 8 T4.03

102556_at adrenergic receptor, alpha 2a Adra2a 53,625,137-
53,626,489 jl .2 9 i2.25

Table 4.9 Genes from the chromosome 19 QTL interval region which are differentially expressed in the 

retinas of C57WT and 129WT strains at 10 days and 4 months and their location compared to D19MitlO.

4.3.S.2 Mouse versions of human retinal genes on chromosome 19

Human retinal disease genes make good candidates for this study as they are 

already known contribute to a retinal phenotype. Mouse chromosome 19 is made up of 

blocks from human chromosomes 9, 10 and 11, seen in figure 4.10. The human retinal 

degeneration database, RetNet, ('http://www.sph.uth.tmc.edu/Retnet/') was examined for 

genes causing human retinal degenerations on chromosomes 9, 10 and 11. The mouse 

version of each gene, where one existed, was investigated in MGB to see if it was located 

on mouse chromosome 19. Table 4.10 shows a list of all the genes on human 

chromosomes 9, 10 and 11 which have a mouse version on chromosome 19. No human 

retinal disease genes from chromosome 9 are located on mouse chromosome 19. Six 

retinal disease genes from human chromosomes 10 and 11 are located on mouse 

chromosome 19. Of these, four (all from human chromosome 11) lie in the proximal
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region o f m ouse chrom osom e 19 from  3cM  to 9cM  (R o m l, Vm d2, B b sl and Lrp5) and 

tw o lie w ithin lOcM of D19M itlO . Retinol binding protein 4 (Rbp4), a circulatory 

vitam in A transporter and paired hom eotic gene 2 (Pax2) are the only hum an retinal 

disease genes which lie w ithin the Q TL region. M ouse knockout m odels o f R bp4 and 

Pax2 (Krd) have been generated and are discussed in the m ouse m odel section 4.3.4.4. 

N o other hum an retinal disease genes m ap to m ouse chrom osom e 19.

Symbols
[OMIM]

Location Diseases [Proteins] Mouse Chr

Chromosome 10
RBP4
[180250]

10q23.33 recessive RPE degeneration; [protein; retinol-binding 
protein 4]

19 (38cM)

PAX2
[120330]

10q24.31 dominant renal-coloboma syndrome; [protein: paired 
homeotic gene 2 protein]

19 (43cM)

Chromosome 11
ROM l
[180721]

llq l2 .3 dominant RP; digenic RP with RDS; [protein: retinal outer 
segment membrane protein 1 ]

19 (8cM)

VMD2;
[153700]

llq l2 .3 dominant MD, Best type; dominant 
vitreoretinochoroidopathy; protein: bestrophin

19 (9cM)

BBSl
[209900]

l lq l3 recessive Bardet-Biedl syndrome; [protein: BBSl protein] 19 (3cM)

LRP5
[259770]

llq l3 .2 dominant familial exudative vitreoretinopathy; [protein: low 
density lipoprotein receptor-related protein 5]

19 (6cM)

Table 4.10 Human retinal disease genes whose murine homologue is located on mouse chromosome 19, 

those shaded in yellow are located in the region of interest on chromosome 19, surrounding D19MitlO.

4.3.S.3 Known strain-specific variations in genes on mouse chromosome 19

U sing the “strains and polym orphism s” database from  the M G I database at the 

Jackson Laboratory (http://w w w .inf0rm atics.iax.0rg/~). an investigation was carried out to 

find any known strain-specific polym orphism s in genes located on m ouse chrom osom e 

19. There are strain-specific polym orphism s (between 129 strains and C57 strains) in four 

genes on chrom osom e 19 and tw o of these genes fall in the interval o f interest; retinol 

binding protein 4 (Rbp4) and paired-like hom eodom ain transcription factor 3 (Pitx3) 

(table 4.11). Rbp4 and Pitx3 both have m ouse m odels associated with a retinal phenotype 

and are discussed in section 4.3.4.4.
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cM Gene

Symbol

Gene Name Difference Knockout- any eye defects

38 Rbp4 retinol binding protein 4, 

plasma

BamHI digest 100-fold decreased sensitivity to light at 4 

weeks, returns to normal if vitamin A in diet

46.5 Pitx3 paired-like homeodomain 

transcription factor 3

652bp deletion 

(aphakia)

exhibit eye defects related to impaired lens 

formation

Table 4.11 showing reported strain-specific polymorphisms between 129 and C57 strains on mouse 

chromosome 19, in the region surrounding D19MitlO (information from MGI database).

4.3.S.4 Mouse models of genes surrounding D19MitlO on chromosome 19 reporting 

a retinal phenotype

Using the MGI database, all genes in the 12cM interval surrounding D19MitlO 

were investigated to see whether a knockout model existed and if so, was there a reported 

retinal phenotype. Studying mouse transgenic or knockout models helps to formulate 

ideas about the functional role of a gene within a tissue of interest. O f particular interest 

to this study are mouse models which have had an ocular or retinal assessment 

performed, either by ERG or histology or an anatomical description. In total, 25 genes in 

this region of chromosome 19 have had targeted knockouts generated (Table 4.13). In 

addition, a transgene-induced deletion (Krd mouse) of the region proximal to D19MitlO 

exists.

The kidney and retinal defects (Krd) mouse shows developmental defects in 

kidney and retina (Keller el al. 1994). This mouse model has a transgene-induced 

deletion on chromosome 19 approximately 7cM in length which contains the Pax2 

(43cM) gene (Ji el al. 1999), known to be involved in dominant renal-coloboma 

syndrome, a syndrome with retinal abnormalities and vesicoureteral reflux (Sanyanusin et 

al. 1995a; Sanyanusin et al. 1995b). The ERG of the Krd"^ '̂ (Krd‘̂ ‘ is embryonic lethal) 

mouse shows no difference in a- or b-wave timing or response kinetics. It does show an 

attenuated b-wave amplitude consistent with cellular losses in all layers of the retina, but 

with inner layers more severely affected (Green el al. 1997). This is believed to be due to 

Pax2-specific misrouting of ganglion cells during embryonic development (Otteson et al.
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1998). This is unlike the cone phenotypes observed between C57W T and 129WT mice 

where there is a difference in cone a- and b-wave timings together with a slight 

attenuation of the b-wave in the C57W T animals. The fact that a deletion in this region of 

chromosome 19 does not affect the timing of the cone ERG suggests that the genes in this 

7cM deletion are not those which control variation in our traits.

Another mouse model which has been linked to chromosome 19 is the aphakia 

{ak) mouse. First observed in 1968, the aphakia mouse is characterised by a series of 

abnormalities in the mouse eye, mostly involving the lens but also including abnormal 

retinal morphology (Vamum and Stevens 1968). Aphakia occurs spontaneously in the 

129/Sv-SlJ mouse (Semina et al. 2000). Recently it has been shown that ak is caused by 

mutations in the paired-like homeodomain transcription factor 3 (Pitx3) gene (Grimm et 

al. 1998; Rieger et al. 2001) which maps to 46.5cM on mouse chromosome 19, close to 

D 19M itl0. A mouse knockout of Pitx3 has been shown to affect the development of 

dopaminergic neurons of the substantia nigra (Nunes et al. 2003), however this study did 

not look at the retina.

Retinol binding protein 4 (Rbp4) functions as the only specific transport protein 

for retinol (vitamin A) in the circulatory system, delivering vitamin A to tissues. This 

gene is known to have sequence differences between C57 and 129 strains (Chainani et al. 

1991). The 4 week old knockout mouse shows an abnormal ERG b-wave with a 100-fold 

decreased sensitivity to light. If the animal is fed a normal diet with sufficient vitamin A, 

then the ERG recovered by 6 months of age (Quadro et al. 1999). This is not associated 

with a structural or developmental abnormality and Rbp4 is only required for normal 

vision in young animals.

Two genes for Hermansky Pudlak disease (#203300), H psl and Hps6 lie in this 

region of chromosome 19. Hermansky Pudlak disease is characterized by pigmentation 

defects, apparent in the mouse models as reduced pigmentation, HpsT^' mice have pale 

ears and Hps6‘̂ ’ mice have ruby eyes. Pigmentation differences were examined in section 

3.3.5.1 by comparing ERGs from animals with different coat colours and no differences 

were noted.
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Gene

Symbol

Gene Name Mouse Model Identifier

P ik3apl phosphoinositide-3-kinase adaptor 

protein 1

KO; B cell maturation abnormalities NM_031376

Slitl slit homolog 1 KO: Axon guidance signaling defects NM _015748

F ra tl GSK-3 binding protein FRAT1 KO: Fertile and viable NM_008043

Frat2 frequently rearranged in advanced T- 

cell

KO: Fertile and viable NM_177603

H psl pale ear Model of Hermansky Pudlak disease reduced eye pigmentation NM _019424

Nkx2-3 NK2 transcription factor related locus 3 KO: postnatal lethality, abnormal development of small intestine and spleen NM_008699

C huk conserved helix-loop-helix ubiquitous 

kinase

KO dies neonatally, thick skin, no whiskers NM_007700

Pax2 paired box gene 2 KO: retinal defects in heterozygote NM_011037

Tlxl T-cell leukemia homeobox 1 abnormal intemeuron morphology, improper development o f D2/D4 intemeurons NM_021901

L bxl ladybird homeobox homolog 1 abnormal neurogenesis, dI3 neurons in the dorsal spinal cord, the alar plate, were not 

generated, although d ll and dI2 neurons were formed

NM_010691

Btrc beta-transducin repeat containing Tumourigenesis NM_009771

Poll polymerase (DNA directed) lambda KO, no expression in spleen B cells NM_020032

Fbxw4 F-box and WD-40 domain protein 4 KO, lack feet, only 1 digit, embryonic lethal NM _013907

Fgf8 fibroblast growth factor 8 KO cardiovascular defects, impaired limb, thymic, craniofacial development, prenatal 

or early postnatal lethality, abnormal brain morphology

NM_010205

Kcnip2 Kv channel-interacting protein 2 

isoform b

KO susceptible to induced cardia arrhythmias but is otherwise normal. NM_030716

Hps6 Hermansky-Pudlak syndrome 6 KO: eye pigmentation defect (pink) NM_ 176785
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L db l LIM domain binding 1 Anterior/posterior axis specification Mice homozygous for disruptions in this gene die 

at E9.5-E10

NM _010697

EIovl3 elongation of very long chain fatty 

acids

KO affects endocrine glands, metabolism and skin/nails NM_007703

Pitx3 paired-like homeodomain transcription 

factor 3

Lens malformations, aphakia NM_008852

Nfkb2 nuclear factor of kappa light 

polypeptide gene

KO: exhibit gastric hyperplasia, enlarged lymph nodes, enhanced cytokine production 

by activated T cells and early postnatal mortality

NM _019408

Ina intemexin neuronal intermediate 

filament

KO: healthy and viable no defects in the nervous system were detected. NM_146100

Neurl neuralized homolog KO: Taste and olfaction defects NM_021360

Insl insulin I KO increased pancreatic beta cell mass and a limited amount of hyperplasia. NM_008386

M xil Max interactor 1 isoform b KO: multisystem anomalies: progressive hyperplasia in spleen and prostate, 

degenerative changes in kidney, and increased sensitivity to carcinogens.

NM_001008

542

A dra2a adrenergic receptor, alpha 2a KO: abnormal blood pressure, increased heart rate, abnormal synaptic norepinephrine 

release

NM_0074I7

Table 4.13 Genes in the QTL (12cM interval) surrounding D19MitlO on chromosome 19 which have been ‘knocked out’ for gene function in a mouse model 

(source: MGI).
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4.3.5.S Investigation of gene function in the region containing D19MitlO on 

chromosome 19

One hundred and three (retinally expressed) candidate genes lie in the interval 

containing the QTL surrounding D19MitlO on chromosome 19 (appendix D, figure 4.8). 

There are too many genes here to accurately determine which gene or genes are 

contributing to variation in the cone ERG. We hypothesise that the candidate genes most 

likely to explain phenotypic differences are those expressed at the synaptic layer between 

photoreceptors and bipolar cells. Human disease and mouse models with defects in neural 

transmission have been shown to have mutations in an L-type calcium channel 

(Mansergh et al. 2005). The Kv channel-interacting protein 2 (Kcnip2) involved in 

potassium ion transport is present in the region of interest on chromosome 19; however a 

knockout mouse model of this gene is not reported to have a retinal phenotype.

Two genes encoding axon-guidance proteins are present in this interval, slit 

homolog 1 (S litl) and semaphorin 4g (Sema4g). Axon guidance is a critical process 

during central nervous system development, ensuring that axons are routed to the correct 

neuronal layers (Mumm et al. 2005). Differences in axon guidance genes between 

C57W T and 129WT mice could result in misrouting of bipolar axons in one of the 

strains. The Slitl'^' mouse does not have a retinal phenotype and there is no animal model 

for the Sema4g gene. However, mutations in another related member of the semphorin 

family, Sema4a has been reported to cause a human retinal degeneration (Abid et al. 

2005) and the Sema4a'^' mouse model has a severe retinal degeneration, evidenced by the 

fact that the ERG at three weeks of age elicits neither rod nor cone responses (Rice et al. 

2004). This implies that Sema4a is active in the outer retina, not inner retina which is 

where the variation-causing gene is predicted to be expressed.

Two genes expressed during the Wnt signaling pathway are present on this stretch 

of chromosome 19; secreted frizzled-related sequence protein 5 (Sfrp5) and wingless 

related MMTV integration site 8b (Wnt8b). The W nt signaling pathway is known to play 

a role in the developing retina and some of the genes within this pathway have been 

shown to be involved in retinal degenerations, where it is believed they may maintain 

cone photoreceptor homeostasis (Yu et al. 2004). Mutations in a member of the Wnt

140



pathway, membrane-type frizzled related protein (Mfrp), occur in a naturally occurring rd 

mouse model of Fundus albipunctatus (Hawes et al. 2000).

Two other genes in this region of chromosome which may be involved in 

variation in the cone ERG are elongation of very long chain fatty acids 3 (ElovB), as the 

related gene elongation of very long chain fatty acids 4 (Elvol4) has been shown to be 

involved in Stargardt’s disease, a macular degeneration (Zhang et al. 2001). The other 

gene which may be involved is the insulin gene. Patients with diabetic retinopathy show 

reductions in b-wave amplitude and delays in timings in the photopic ERG.
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4.4 DISCUSSION

The quantitative trait mapping data presented in this chapter provide 

overwhelming evidence for a QTL of major effect on chromosome 19, controlling the 

majority of the genetic variation in six traits of the cone ERG: cone a- and b-wave timing 

and cone b-wave amplitude. With LOD scores varying from 6.8 to 21.5, in the six traits, 

this QTL surrounds a marker at 47cM on chromosome 19, D19MitlO. 95% confidence 

intervals generated using the method of Darvasi and Soller estimated the gene or genes 

controlling the genetic variation of the six ERG traits to lie within a 12cM interval 

sunounding this marker.

Also of interest is the fact that the timing traits show the influence of a recessive 

129WT allele controlling variation, whereas the amplitude traits show the influence of a 

C57WT allele controlling variation. It could be that these are alleles from the same gene, 

or they could be alleles from different genes, whichever situation it might be, the interval 

mapping data points to a gene or genes very close to D19MitlO at 47cM.

A complication occurred with the presence of double recombinants in two 

markers, D19Mit88 and D 19M itl9. The databases which have published centimorgan 

positions for these markers do not necessarily agree with each other on marker location 

and the MIT physical contig database lists different cM positions depending on strain. 

There is the possibility that the C57W T and 129WT strains used for this study have 

different recombination distances.

One area of concern in this analysis is the estimate of % effect. In chapter 3 (table 

3.3) a comparison between parental and FI animals was performed in M apM anager 

QTXb20 and the amount of variation attributable to genetic variation was estimated. For 

a number of the cone traits, the amount of genetic variation controlled by the QTL on 

chromosome 19 exceeds the total genetic variation. The estimates of genetic variation 

were made using 29 animals each in the C57W T compared to FI analysis and 34 each for 

the 129WT compared to FI analysis. The 129 backcross population in chapter 4 contains 

only 107 animals, a low number. In some cases increasing the number of animals in the 

backcrossed population will make the significance increase and the % effect decrease 

(personal communication Prof. Michael Danciger, Loyola M arymount University and Dr. 

Gary Churchill, The Jackson Laboratory). In addition, the programmes calculating %
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effect do not appear to deal well with QTLs of strong effect. One example is that of the 

Rpe65 gene, a polymorphism in which has been shown to control some variation in light- 

induced retinal degeneration. The % effect for this is 37%, however the animals have 

been backcrossed for ten generations and tested and there does not appear to be any 

evidence of other QTLs, suggesting that the amount of variation controlled by the Rpe65 

SNP variant is much closer to 100% (personal communication with Professor Michael 

Danciger, Loyola M arymount University). In this respect, for this study, given that the 

LOD scores are all extremely high, ranging from 6.8 to 21.5 and in addition the % effects 

are high also, we suspect that the QTL on chromosome 19 accounts for most, if not all of 

the differences observed between the two strains in the cone ERG.

Candidate gene searching was performed in this region and the results show two 

genes known to be involved in a retinal phenotype; Rbp4 and Pax2. The Pax2 gene is 

deleted in the Krd mouse, which despite showing an abnormal ERG only has attenuated 

amplitudes, with timings appearing normal (Green et al. 1997). The Pax2 gene therefore 

makes a good candidate for variation in the b-wave amplitude traits, but not the timing 

traits. Pax2 is also located at 46.5cM, at the site of maximum LRS value in the 

bootstrapping. Rbp4, as described, is involved in the vitamin A cycle, with knockouts 

exhibiting a normal ERG after 6 months if fed sufficient vitamin A in their diet (Quadro 

et al. 1999). It is possible that differences in the Rbp4 gene could cause a variation in 

ERG phenotype, as the average age of animals phenotyped was 9-10 weeks.

Regarding the Pitx3 gene, neither myself nor Dr Paul Kenna (personal 

communication), both of whom routinely ERG wild type mice, have ever observed lens 

malformations in C57W T or 129WT mice, thus suggesting that the ak  mutations do not 

manifest themselves in the wild type strains used in our animal unit.

Approximately one quarter of the genes (25), in the interval of interest on 

chromosome 19, have been knocked out in animal models using gene targeting methods. 

The majority of these models have not been phenotyped for retinal function. The Fgf8'^' 

animal model exhibits brain abnormalities, so it is reasonable to speculate that such 

animals may also exhibit retinal abnormalities (Meyers et al. 1998).

Another potential way this gene (or genes) may mediate its influence on the cone 

ERG is via a secondary effect. The anaesthetics used in this study are Ketamine and
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Xylazine, which bind to specific receptors in the retina; Ketamine is a NMDA receptor 

antagonist and Xylazine an A2 agonist. It has been suggested that NMDA receptors are 

functional in the cone-driven pathway of the inner retina (Kalloniatis et al. 2004). Given 

that the murine ERG must be performed under anaesthetic, if the anaesthetics bind in a 

strain-specific manner to the receptors in the retina, it is plausible that this could cause a 

difference in ERG. Xylazine binds to and activates adrenergic receptors, an example of 

which is the adrenergic receptor, alpha 2a (Adra2a) (Peng et al. 1998). This gene 

appeared as differentially expressed on the microarray study but was not picked for 

validation due to its low level of hybridisation. The Adra2a‘̂ " gene has not been shown to 

have a retinal phenotype (table 4.13). Another gene in this interval is the insulin gene. 

Insl. The Ins 1-deficient animal model is one of insulin dependent diabetes, type II 

(Duvillie et al. 1997). As discussed in chapter 1, individuals with diabetes can exhibit 

diabetic retinopathy which involves retinal degeneration due to choroidal 

neovascularisation. It is possible the one of the two strains of mouse in this study has a 

mild form of diabetes, however one of the tell-tale signs of diabetic retinopathy is a 

reduction in the oscillatory potentials (Hancock and Kraft 2004) and that is not observed 

in the comparison between C57W T and 129WT.

4.5 CONCLUSION

This work has confirmed the presence of a highly significant QTL of major effect 

on chromosome 19, controlling variation in cone ERG a- and b-wave timing traits and in 

b-wave amplitudes. We have narrowed the interval of interest to 12cM surrounding the 

marker D 19M itl0  at 47cM. This interval may contain more than one gene controlling 

variation, but the absence of any marker association when D 19M itl0  is placed in the 

background and the dataset reanalysed, suggests this may not be the case. However, 

genes on the same chromosome form part of the same linkage group, so were more than 

one gene on chromosome 19 to influence genetic variation in this trait, removing the 

original marker of interest from the analysis would also mask the effect of a second 

linked gene. The population size o f this study needs to be increased and more markers 

genotyped in order to determine whether one or more genes on chromosome 19 are 

influencing genetic variation in the cone ERG traits. Candidate gene analysis showed that
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this interval contained none of the classes of genes, such as GABA or glutamate or 

kainate receptors, which we hypothesised, might control variation in the cone ERG 

phenotype. The gene involved is most likely a novel gene or one which has an as yet 

unknown function involved in retinal neurotransmission.

4.6 FUTURE WORK

Work is continuing on this project in an attempt to narrow down the interval on 

chromosome 19 containing a gene or genes controlling variation in the cone ERG traits. 

An additional sixty 129N2 animals have been bred. Once these are phenotyped, those 

animals with C57W T-like cone b-wave ERGs will be selectively backcrossed onto 

129WT animals to produce an N3 (third generation backcross). W e will continue this 

until the N5 generation to generate an interval specific congenic strain (Darvasi 1997b). 

This will be a 129WT mouse, with a small region of C57W T DNA on chromosome 19, 

corresponding to the region controlling the variation in the cone ERG b-wave. 

Recombination events in this interval will have made the interval a lot narrower than the 

103 genes detailed in this chapter. Once this interval has been narrowed, we plan to use 

an AAV-mediated knockdown technique, most likely AAV-RNAi, to systematically 

knockdown the expression of genes within this interval and see whether this produces a 

retinal phenotype, for example, by using this technique, is it possible to make the cone 

ERG of a C57W T mouse look like that of a 129WT mouse or vice versa.

In addition, new markers on chromosome 19 will be sourced to replace the ones 

which had to be removed. It will also be of interest to investigate the genes with known 

polymorphisms between C57W T and 129WT strains, to see whether phenotypic variation 

is due to these strain-specific variants.

We are also interested in ascertaining whether the differences we have observed 

in retinal neurotransmission are present within neurotransmission within the brain. We 

are planning to measure synaptic timing, using electrophysiology, in a number of 

different pathways in the brain to see whether this is the case.
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Figure 4.1 Centimorgan positions from databases on the left hand side (blue) and estimated centimorgan 

positions from MapManager QTXb20 on the right-hand side (green). Marker D19Mit63 was 

subsequently genotyped to replace D19Mit88.
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CHAPTER 5

A QUANTITATIVE TRAIT MAPPING STUDY TO 

INVESTIGATE AMPLITUDE VARIATION IN THE 

MOUSE DARK-ADAPTED ERG



5.1 INTRODUCTION

In chapter 3, an observation of variation in the cone-mediated ERG timing of 

two inbred strains of mouse, C57BL/6J01aHsd and 129S2/SvHsd, was investigated by 

backcrossing to the two parental strains and selectively genotyping the extremes of 

phenotype. For every animal in this study a rod-mediated ERG and oscillatory 

potentials were also recorded, as well as a cone-mediated ERG. Variation between the 

two strains was also found in the rod-mediated ERG and the (48) samples genotyped 

for cone ERG study were therefore used to investigate variation in the rod ERG and 

oscillatory potentials. Quantitative trait mapping was performed using these DNAs, 

which can be considered a biased sample of the backcrossed populations; since these 

were the animals selectively genotyped based on their cone ERG phenotype. As with 

the cone-mediated ERG, the rod-mediated ERG has been widely investigated in 

pharmacological studies and using genetically manipulated mice which are null for 

proteins expressed in the retina. This study analysed observed variation between the 

C57W T and 129WT in the dark adapted a- and b-wave amplitudes. The a-wave 

amplitude shows variation in the C57 backcross; whereas the b-wave amplitude shows 

variation in the 129 backcross. Results of QTL mapping in all six flash intensities, for 

which the a-wave amplitude was recorded, showed no consistent marker association 

with trait. QTL mapping in the six flash intensities for which the b-wave amplitude was 

recorded showed tentative association with suggestive QTLs on chromosomes 18, 15 

and X. Further investigation of the QTLs on chromosomes 18 and 15 in the b-wave 

amplitude trait was carried out, by genotyping an additional 87 DNA samples from the 

129 backcross, for which phenotype data was available. These results suggest that the 

QTLs identified on chromosomes 18 and 15 in the small sample size are not associated 

with dark-adapted b-wave traits of the ERG.

5.1.1 The rod visual system

The rod-mediated ERG (also known as dark-adapted or scotopic) is the 

waveform produced in response to a dim flash of light in the dark-adapted retina. Rod 

photoreceptors release glutamate continually in the dark and the binding of a photon of 

light causes a hyperpolarisation of these cells, a reduction in glutamate release and the
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passing of an electrical impulse through the retina. Rod photoreceptors differ from cone 

photoreceptors in that they only synapse with one type of bipolar cell, an ON-bipolar 

cell (Wassle and Boycott 1991). This rod ON-bipolar does not synapse directly with 

ganglion cells but with A ll amacrine cells. Current research has suggested two paths 

for the synaptic transmission of the rod signal through the neural retina to ganglion 

cells. The first pathway is as follows rod photoreceptor —> ON rod bipolar —+ amacrine 

A ll cells ^  ON and OFF cone bipolar cells ganglion cells (Blanks 1989; Bolz et al. 

1984; Pourcho and Owczarzak 1989). The second pathway is one which functions at 

higher light intensities via gap junctions between rod and cone photoreceptors (DeVries 

and Baylor 1995) which enables the rod-mediated signal to travel via the cone neural 

pathway (section 3.1). There are also many feedback mechanisms, exemplified by the 

ability of A ll cells to send feedback signals to the rod ON-bipolars (figure 5.1, (Sharpe 

and Stockman 1999)) (Wu et al. 2004).

5.1.2 Rod-mediated ERG

Pharmacological studies on the dark-adapted ERG have shown that the rod cell 

b-wave, like that of the light-adapted ERG, is a result of ON-bipolar activation within 

the inner retinal layer (Stockton and Slaughter 1989). The a-wave differs from that of 

the cone-mediated ERG in that it is almost entirely a result of rod photoreceptor 

hyperpolarisation (Jamison et al. 2001). Recent studies have shown that cone 

photoreceptor and post-receptoral components also contribute to the leading edge of the 

dark-adapted a-wave, at higher flash intensities (Robson et al. 2003). In the rat, at 

higher light intensities, cone-mediated pathways contribute to approximately 10% of 

the a-wave but 45% of the b-wave (Nixon et al. 2001). However, rod photoreceptor- 

mediated current is the only significant component of the dark-adapted a-wave.

5.1.3 Mouse models with dark-adapted ERG abnormalities

Most mouse models exhibiting retinal phenotypes harbour mutations in the 

photoreceptor layer of the retina. Naturally occurring retinal degeneration (rd) models 

have occurred in stocks of inbred mouse (Chang et al. 2002). The genes responsible for 

retinal degeneration in rd mice and transgenic mouse models affecting the retina have
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been summarised in chapter 1. Mice with retinal degenerations affecting the 

photoreceptors are not particularly useful for studying variation in other retinal layers, 

recorded using electrophysiology, as the degenerating retina disrupts the ERG. Retinal 

degenerations can cause the up- and down-regulation of many genes which are not 

normally activated in the wild-type retina (Kennan et al. 2002) and variation in the 

ERG of these animals may be a result of these rd-induced changes, such as second 

order remodelling, as opposed to naturally occurring variation in the mouse ERG. 

However, non-pathogenic polymorphisms in those photoreceptor genes might result in 

variation within the a-wave of the ERG.

Mouse models of disorders affecting the inner retina are much less common. A 

number of animal models show disturbance of the transmission of the visual signal 

through the neural retina. Mouse models of the human retinal disorder incomplete 

congenital stationary night blindness (iCSNB2 or CSNB2) show no transmission of the 

rod and cone photoreceptor-mediated visual signals post-receptorally, highlighting 

defects in either the photoreceptor or bipolar synapses and resulting in no b-wave. The 

connexion 36 (Cx36) knockout mouse has a decreased dark-adapted b-wave but normal 

cone ERG. Mutations in Cx36, a gap junction protein, cause distorted gap junctions in 

the rod pathway between A ll amacrines and cone bipolars (Guldenagel et al. 2001).

The trkB mouse model, harbouring a mutation in a neurotrophic tyrosine kinase gene, 

shows defects in the rod pathway associated with no dark-adapted b-wave (Rohrer et 

al. 1999). This mutation has been shown not to affect post-synaptic glutamate 

signalling, implying it is as a result of a pre-synaptic defect (Rohrer et al. 2004). The 

retinal dehydrogenase 5 mouse (Rdh5'^‘) an animal model for the human autosomal 

recessive disorder Fundus albipunctatus (Yamamoto et al. 1999), has been reported to 

have slightly reduced a- and b-wave amplitude responses under dark adapted conditions 

(Kim et al. 2005). M ost mouse models with defects in bipolar transmission show a 

defect in both rod and cone ERG (discussed in section 3.1.9).

5.1.4 Human retinal disorders affecting the rod ERG

Human retinal degenerations affecting rod photoreceptors and thus the rod- 

mediated ERG have been comprehensively examined in chapter 1. There are a few
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known retinal disorders which predominantly affect the ERG b-wave in the human, 

notably CSNBl and CSNB2. Patients with Oguchi disease (OMIM #258100) have a 

normal cone-mediated ERG, but show reductions in the amplitude of the rod-mediated 

b-wave, caused by mutations in the SAG gene encoding s-antigen arrestin (Fuchs et al. 

1995). Aland Island type disease, caused by mutations in the CACNAIF gene, 

encoding an L-type calcium channel component, is another example of CSNB2 (Strom 

etal. 1998).

5.1.4 Oscillatory potentials

Oscillatory potentials (OPs) are the ‘wavelets’ on the ascending arm of the ERG 

b-wave. The cellular origin of these wavelets has not been definitively determined, 

however, they are believed to arise from the inner retina, possibly amacrine cells, and 

are affected by retinal circulation (Fishman 2001; Wachtmeister 1998). Abnormalities 

of the OPs are of clinical value in characterising diabetic retinopathy and other retinal 

ischemias. With the increase in Type II diabetes in the western world (Gorus et al. 

2004), diabetic retinopathy is becoming a leading cause of blindness (Source NEI 

website). Rodent models of diabetes also show abnormalities in the ERG (Hancock and 

Kraft 2004). Retinal degenerations affecting the photoreceptors also affect the OPs due 

to a reduction in the visual signal.

5.1.5 Novel resource for studying the retinal bipolar contribution to the ERG

A new mouse model has become available for studying the contribution of the 

rod bipolar cell to the ERG with the development of a transgenic mouse which 

expresses Cre-recombinase in retinal rod bipolar cells for the generation of rod bipolar 

cell-specific knockout mutants (Zhang et al. 2005).
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5.2 Materials and Methods

The materials and methods used for this study were the same as the materials 

and methods used in section 3.2, with the exception that in chapter 5 quantitative trait 

mapping was performed for traits generated from the dark-adapted ERG and oscillatory 

potentials.

The only exception to this is in section 5.3.5 where associations with markers 

on chromosomes 18 and 15 were investigated by the genotyping of all associated 

markers in the entire 129 backcrossed population (n = 107).
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5.3 Results

The project and set of experiments designed to investigate strain-specific 

variation in the cone ERG in chapter 3 resulted in the ancillary experiment reported on 

here. Every ERG recorded followed ISCEV protocols, consisting of dark-adapted 

responses to a series of increasing light intensities (-25dB to OdB, in jum ps of 5dB) and 

a measurement of the oscillatory potentials as well as recording the cone-mediated 

ERG. For each of these flashes, a- and b-wave timings and amplitudes were recorded. 

Thirty five traits were recorded per ERG and only eight of these investigated in chapter 

3. Using the 20 animals selectively genotyped from the 129N2 population and 28 

animals selectively genotyped from the C57N2 population, was it possible to determine 

any QTLs associated with variation in the additional traits, bearing in mind the animals 

genotyped are a small but biased sample which were selectively genotyped for the cone 

ERG b-wave trait. QTL mapping showed a small amount of evidence for QTLs on 

chromosomes 1, 15, 18 and X. Further investigation, in a larger sample, of the QTLs on 

chromosomes 15 and 18 has shown them not to be associated with the dark-adapted b- 

wave amplitude. There is the potential that the QTLs on chromosomes 1 and X may 

still show marker association when genotyped in more individuals. However, given that 

there is only a small amount of evidence for these QTLs, we imagine no marker 

associations will be found.

5.3.1 Statistical analysis and raw data

As in chapter 3, C57W T and 129WT means and variances for each dark- 

adapted trait were compared using 2 sample t-tests for independent samples (n = 29 for 

C57W T and n=34 for 129WT). This was done to see whether there was any variation 

between the two strains, which could then be examined using QTL analysis to see if the 

variation was genetic. Results are shown for dark-adapted traits, including oscillatory 

potentials, recorded during the ERG. Significant traits are shaded in yellow. The 

associated p-value gives a measure of probability that a difference between groups 

during an experiment happened by chance. The lower the p-value, the more likely it is 

that the difference between groups is genuine.
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5.3.1.1 Dark Adapted traits

For the dark adapted series of ERGs, all a- and b-wave amplitudes show a 

significant difference between C57W T and 129WT (Table 5.1). Raw data was graphed 

to show differences between C57W T and 129WT. The average of the C57W T ERG 

recording was set to 100% so that all similar traits could be compared on the same 

graph at different light intensities. There is a trend whereby the C57W T a-wave is 

larger in amplitude than the 129WT a-wave at all flash intensities, but the C57W T b- 

wave is smaller than the 129WT b-wave amplitude at all flash intensities. The a-wave 

is a rough measurement of rod photoreceptor firing. One would therefore expect that 

where there are more photoreceptors firing, there would be a larger impulse through the 

retina resulting in more second order neurons, such as ON-bipolars being activated and 

thus larger b-waves, which is not the case.

For the dark adapted timing measurements, a-wave timing shows a difference 

between C57W T and 129WT at OdB, but no other flash intensities, whereas b-wave 

timing shows a significant difference between C57W T and 129WT at the medium light 

intensities of-15dB  and -lOdB, but not in dim or bright light.
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Trait
C57WT* 129WT**

t-statistic p-value SigniHcant?
Mean SD Mean SD

-25dB-a-Ms 27.9 1.7 27.9 2.2 0.1877 0.8518 No

-25dB-a-nV 18.2 5.8 14.5 6.6 2.421 0.0184 Yes

-25dB-b-Ms 77.8 5.4 79.4 5.6 1.028 0.3081 No

-25dB-b-nV 291.7 74.6 382.0 90.6 4.369 <0.0001 Yes

-20dB-a-Ms 26.6 4.9 26.0 1.7 0.8712 0.3895 No

-20dB-a-^V 43.0 12.3 35.2 10.0 2.773 0.0075 Yes

-20dB-b-Ms 69.7 5.1 72.2 5.2 1.821 0.0734 No

-20dB-b-^V 307.6 81.5 398.4 89.5 4.244 <0.0001 Yes

-15dB-a-Ms 24.0 1.6 23.9 1.7 0.6385 0.5256 No

-15dB-a-nV 101.8 23.2 82.9 16.5 3.717 0.0005 Yes

-15dB-b-Ms 68.1 4.3 71.2 5.5 2.346 0.0222 Yes

-15dB-b-nV 341.7 82.2 428.2 95.9 3.887 0.0002 Yes

-lOdB-a-Ms 23.1 1.5 23.0 1.7 0.4922 0.6243 No

-lOdB-a-nV 162.6 36.6 132.3 25.7 3.778 0.0004 Yes

-lOdB-b-Ms 70.4 4.7 74.5 7.1 2.623 0.0111 Yes

-lOdB-b-nV 398.4 95.2 491.5 108.9 3.651 0.0005 Yes

-5dB-a-Ms 19.4 1.1 19.0 2.1 1.625 0.1104 No

-5dB-a-nV 197.3 38.8 152.1 31.8 5.01 <0.0001 Yes

-5dB-b-Ms 71.9 6.1 73.7 8.5 0.8076 0.4225 No

-5dB-b-nV 428.9 95.8 511.0 114.2 3.106 0.0029 Yes

OdB-a-Ms 14.6 0.8 13.8 1.0 3.96 0.0002 Yes

OdB-a-nV 228.3 47.9 173.1 35.1 5.113 <0.0001 Yes

OdB-b-Ms 73.5 8.7 69.1 10.4 1.921 0.0595 No

OdB-b-fiV 449.7 95.5 512.7 111.9 2.391 0.020 Yes

Table 5.1 Means and standard deviations of the daric-adapted ERG in C57WT and 129WT as well as the 

results of a 2 sample t-test to compare the two strains. Results shaded in yellow show a significant 

difference between the two strains. *n = 29, **n = 34, results were considered significant at p<0.05
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5.3.1.2 Oscillatory Potential traits

A statistical comparison of oscillatory potential traits recorded by ERG in 

C57W T and 129WT animals showed that there was no significant difference between 

the two strains (table 5.2).

Trait
C57WT* 129WT**

t-statistic p-value Signlflcant?
Mean SD Mean SD

OP-M inl 11.38 0.49 10.75 1.74 1.903 0.0657 No

OP-Max2 32.43 2.21 32.55 2.52 -0.1931 0.8476 No

OP-OS2 154.23 37.59 145.28 34.33 0.9539 0.3442 No

Table 5.2 Means and standard deviations for oscillatory potential ERG traits in C57WT and 129WT as 

well as the results of a 2 sample t-test to compare the two strains. *n = 29, **n = 34, results were 

considered significant at p<0.05

5.3.2 Estimate of genetic contribution to trait

Genetic contribution to variation was estimated by comparison of wild type 

animals with heterozygotes, recalling that phenotypic variation is due to a combination 

of both genetic and environmental variation [varP = varG + varE],

This test, performed using M apManager QTXb20, also showed to which strain 

the variation was attributable.

5.3.2.1 Dark-adapted traits

The genetic contribution from each strain to total variation was estimated by 

MapManager QTXb20 for the dark adapted traits (table 5.3). The a-wave amplitude 

shows a genetic contribution solely attributable to variation in the C57W T comparison, 

with the exception of OdB, where variation is seen in both C57W T and 129WT strains. 

A positive additive effect suggests that variation in a-wave amplitude is as a result of a 

recessive gene (or genes) in the C57 background. Those backcrossed animals with a 

C57W T genotype have smaller a-wave amplitudes. As the a-wave amplitude is the 

measure of the a-wave at different light intensities, it would be tempting to speculate 

that all the flash intensities may have the same QTL when analysed.

The dark-adapted b-wave amplitude shows genetic contribution at all flash 

intensities, except OdB, attributable to variation in the 129WT comparison. A positive
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additive effect suggests that b-wave amplitudes are higher in animals with a 129WT 

genotype. The gene (or genes) causing this trait appears to be recessive and in the 

129WT background. Here, as above, it would be interesting to speculate that the same 

set of QTLs may be causing the increase in b-wave amplitude in animals exhibiting 

129WT genotypes. A number of other traits also show a genetic component to 

variation; the a-wave timing at -5dB and OdB, which only shows genetic variation in 

the C57 strain (of between 12 and 17%), the b-wave timings at -20dB, -lOdB and OdB, 

where the -20dB recording shows genetic variation only in the C57 strain, the -lOdB 

only in the 129 strain and the OdB recordings in both strains.
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Traits
C57WT compared to FI* 129WT compared to FI**

€57 FI % P-val Add 129 FI % P-val Add

-25dB-a-Ms 27.9 28.3 - - - 27.9 28.3 - - -

-25dB-a-nV 18.2 14.4 14 0.0022 5.6 14.5 14.4 - - -

-25dB-b-Ms 77.8 79.4 - - - 79.4 79.4 - - -

-25dB-b-nV 2917 318.9 - - - 382.0 318.9 19 0.0002 74.8

-20dB-a-Ms 26.6 28.8 - - - 26.0 28.8 - - -

-20dB-a-nV 43.0 34.5 9 0.0167 7.6 35.2 34.5 - - -

-20dB-b-Ms 69.7 72.1 8 0.0244 -3.0 72.2 72.1 - - -

-20dB-b-^V 307.6 352.3 - - - 398.4 352.3 16 0.0007 66.0

-15dB-a-Ms 24.0 24.4 - - - 23.9 24.4 - - -

-15dB-a-nV 101.8 88.5 10 0.0103 13.8 82.9 88.5 - - -

-15dB-b-Ms 68.1 69.0 - - - 71.2 69.0 - - -

-15dB-b-nV 341.7 390.8 - - - 428.2 390.8 11 0.0050 56.6

-lOdB-a-Ms 23.1 23.4 - - - 23.0 23.4 - - -

-lOdB-a-^V 162.6 143.1 9 0.0177 19.7 132.3 143.1 - - -

lOdB-b-Ms 70.4 70.6 - - - 74.5 70.6 6 0.0428 3.2

-lOdB-b-MV 398.4 448.9 - - - 491.5 448.9 11 0.0040 65.7

-5dB-a-Ms 19.4 18.6 17 0.0008 0.9 19.0 18.6 - - -

-5dB-a-nV 197.3 168.5 18 0.0007 30.9 152.1 168.5 - - -

-5dB-b-Ms 71.9 74.0 - - - 73.7 74.0 - - -

-5dB-b-^V 428.9 481.0 - - - 511.0 481.0 7 0.0316 50.8

OdB-a-Ms 14.6 14.1 12 0.0068 0.6 13.8 14.1 - - -

OdB-a-nV 228.3 197.7 14 0.0030 32.7 173.1 197.7 10 0.0089 -22.1

OdB-b-Ms 73.5 78.9 9 0.0181 -6.3 69.1 78.9 21 0.0001 -10.8

OdB-b-^V 449.7 501.4 - - - 512.7 501.4 - - -

Table 5.3 Comparison of parental strains and FIs to give an estimate of genetic contribution (%) to 

variation in dark-adapted traits of the ERG. P values (P-val) and additive (add) effects are given. *n = 29 

for both C57WT and F I, **n = 34 for both 129WT and F I, results were considered significant at p<0.05

S.3.2.2 Oscillatory potentials

An investigation into the variation in the oscillatory potential traits showed a 

small genetic contribution from the Min 1 timing (table 5.4) arising from variation in 

the 129W T strain. The p-value for this is 0.0475, which is on the threshold o f the
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significance level. As there was no significant differences between C57W T and 129WT 

and the genetic contribution is barely significant. This trait was not included in any 

further analyses.

Traits

C57WT compared to FI 129WT compared to FI

€57 FI % P-val Add 129 FI %
P-

val
Add

OP-M inl 11.3 11.4 6 0.0475 -0.75 10.8 11.4 - - -
OP-M axl 32.5 32.5 - - - 32.6 32.5 - - -
OP-OS2 154.2 145.3 - - - 145.3 145.3 - - -

Table 5.4 Comparison of parental strains and F Is to give an estimate of genetic contribution to the 

oscillatory potential traits o f the ERG. P values (P-val) and additive (add) effects are given. *n = 29 for 

both C57WT and P i, **n = 34 for both 129WT and F I, results were considered significant at p < 0.05

5.3.3 Quantitative Trait Mapping (autosomes)

As the a- and b-wave amplitudes of the dark-adapted ERG show significant 

differences between C57W T and 129WT at all flash intensities, it was decided to 

pursue QTL mapping of these traits. There is no such consistency observed for any of 

the timing traits, so they have not been included in any further analyses.

As sample sizes were small (20 animals were genotyped for the 129N2 and 28 

for the C57N2), there were sufficient data to determine only QTLs of strong effects 

(contribute a large amount towards the variation). The smallest sample size that may 

allow a QTL to be mapped is 20 samples for a backcross (Chmielewicz and Manly 

2004). QTL mapping was performed to search for markers which showed an 

association with the trait being mapped. This method associates genotype with 

phenotype thus allowing for regions of the genome, which may contain a gene or 

gene(s) controlling a particular trait, to be identified.

5.3.3.1 Dark-adapted a-wave amplitudes

The a-wave amplitude of the ERG correlates with the number of photoreceptors 

being activated by each flash. As flash intensity increases over the course of the dark- 

adapted ERG, so the a-wave grows in amplitude. At low flash intensities such as -25dB
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and -20dB, only rod photoreceptors are firing. At higher flash intensities such as -5dB 

and OdB, there is also a contribution from cone photoreceptors and cone OFF-bipolar 

cells. The C57N2 was used to map those quantitative traits pertaining to the dark- 

adapted a-wave amplitude. A permutation test was performed for each trait (table 5.5), 

to show the trait-specific, genome-wide, empirical, critical LRS values; suggestive, 

significant and highly significant.

M arker regression was performed for all 6 flash intensities using M apManager 

QTXb20. Any suggestive results are presented in table 5.6, or if a trait did not have a 

suggestive association then the highest marker association was shown. The results 

show that no one marker or chromosome has an association with a-wave amplitude at 

all light intensities. The most interesting results from this series of a-wave amplitude 

marker regression are at -lOdB and -5dB where chromosome 1 marker 96 is suggestive 

at both flash intensities (-lOdB: LRS = 8.0; LOD = 1.7, -5dB: LRS = 9.8; LOD = 2.1 

respectively). This might suggest that this marker is associated with higher flash 

intensities, perhaps showing an influence of cone photoreceptor firing. However this 

marker shows no association with the a-wave amplitude at OdB. The confidence 

intervals for M96 are very large, estimated at 76cM  for -lOdB and 64cM for -5dB. It 

would be very difficult to find a gene in such a large QTL. OdB a-wave amplitude 

marker regression shows only one suggestive LRS value on chromosome 16 at M3.4. 

With LRS = 9 (LOD = 1.95), this marker is also associated with the -15dB a-wave 

amplitude flash (but not even suggestively). At -20dB, marker regression shows two 

suggestive markers on chromosome 17, M41.5 (LRS = 7.5, LOD = 1.63) and 

chromosome 2, M50.3 (LRS = 7.4, LOD = 1.61). 95% CIs for these markers are large 

(81 and 82cM), which does not instil a lot of confidence in the marker association. At 

-25dB, and -15dB the a-wave amplitude is not even suggestively associated with any 

markers. No additional suggestive associations were identified.

As the a-wave is a measure of pure photoreceptor contribution, it was thought a 

QTL of major effect might cause the variation seen in the a-wave amplitude. We appear 

to be observing the effect of multiple genes controlling the a-wave amplitude. In 

addition, different genes appear to contribute to variation in a flash intensity dependent 

fashion.
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The conclusion from this marker regression is that many different genes control 

the a-wave amplitude at multiple QTLs, all of which have a small effect towards the 

final quantitative value of the trait. It should be noted that the sample used for this QTL 

mapping was only 28 animals, a very small sample size which would make it 

exceedingly difficult to find significant QTLs unless they were of major effect, or one 

of the dark adapted a-wave traits was selectively genotyped.

Trait Suggestive Significant Highly Significant

-25dB-a-nV 7.2 13.6 20.2

-20dB-a-MV 6.9 12.5 18.4

-15dB-a-MV 7.2 13.9 20.2

-lOdB-a-fiV 6.9 13.7 19.6

-5dB-a-nV 6.9 12.9 15.6

OdB-a-^V 7.2 13.7 21.2

Table 5.5 Critical LRS values generated using a permutation test (500 shuffles) for the a-wave amplitude 

traits of the dark-adapted ERG at different flash intensities.

Trait Chr M arker Stat ♦Sugg? % P Cl Add

-25dB-a-^V 1 M15 5.9 No 19 0.01555 101 -6.09

-20dB-a-jiV 17 M41.5 7.5 Yes 23 0.00623 81 12.67

-20dB-a-^V 2 M50.3 7.4 Yes 23 0.00668 82 12.32

-15dB-a-^V 16 M3.4 5.4 No 18 0.02022 108 16.91

-10dB-a-^V 1 M96 8.0 Yes 25 0.00461 76 35.41

-5dB-a-fiV 1 M96 9.8 Yes 30 0.0017 64 41.6

OdB-a-nV 16 M3.4 9.0 Yes 27 0.00276 69 50.10

Table 5.6 Shows suggestive (or most associated) marker associations for the dark-adapted a-wave 

amplitude trait measured at different light intensities. * = suggestive (3?“' percentile).
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5.3.3.2 Dark-adapted b-wave amplitudes

All the dark-adapted b-wave amplitudes show genetic variation in the 129WT, 

but not the C57WT, with the exception of the b-wave measured at OdB. This does not 

show a genetic component, but does show a significant difference between C57W T and 

129WT with a p-value of 0.02. A permutation test was performed for each trait to 

generate trait-specific critical LRS values (table 5.7).

M arker regression was performed on b-wave amplitudes for the six flash 

intensities of the dark-adapted ERG. Two potential QTLs were highlighted, the first on 

chromosome 18 (M31) and the second on chromosome 15 (proximal two markers)

(first marker regression: table 5.8 and second marker regression: table 5.9), although 

m arker associations were not suggestive. 95% CIs were large for the both QTLs, 

highlighting the small sample size and low LRS values. It should be noted that the 

chromosome 15 QTL was only evident at five o f the flash intensities when placing 

M31 from chromosome 18 in the background.

Interval maps were generated for all six flash intensities for chromosome 18 and 

chromosome 15 and as they all looked the same for each chromosome, a single 

representative interval map for each chromosome was generated (chromosome 18: 

figure 5.3 and chromosome 15: figure 5.4).

Trait Suggestive Significant Highly significant

-25dB-b-nV 7.3 14.4 20.8

-20dB-b-^V 7.4 14.3 18.8

-15dB-b-nV 7.5 13.9 21.0

-lOdB-b-fiV 7.5 13.8 21.5

-5dB-b-fiV 7.6 14.7 21.4

OdB-b-jiV 7.3 13.9 18.2

Table 5.7 Critical LRS values generated using a permutation test (500 shuffles) for the b-wave amplitude 

traits of the dark adapted ERG at different flash intensities.
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Trait Chr M arker Stat % P Cl Add

-25dB-b-nV 18 M31 7.0 30 0.00803 89 65.75

-20dB-b-^V 18 M31 7.1 30 0.00766 89 90.89

-15dB-b-^V 18 M31 4.1 18 0.04391 144 68.77

-10dB-b-^V 18 M31 4.4 20 0.0357 134 77.29

-5dB-b-^V 18 M31 5.1 23 0.02348 117 86.13

OdB-b-nV 15 M15.2 5.2 24 0.02224 116 82.24

Table 5.8 Summary of marker regression reports showing the marker most associated with the b-wave 

amplitude trait of the dark adapted ERG at different flash intensities.

Trait Chr M arker Stat % P Cl Add

-25dB-b-^V 15 M15.2 4.0 13 0.04624 216 41.51

-20dB-b-^V 15 M15.2 5.3 16 0.02085 169 64.41

-15dB-b-nV 15 M9.9 5.2 19 0.02224 148 71.44

-lOdB-b-nV 15 M9.9 5.9 21 0.01524 135 81.09

-5dB-b-^V 15 M15.2 6.7 22 0.00962 126 80.87

OdB-b-^V 18 M31 6.7 22 0.00984 124 85.06

Table 5. Summary of marker regression reports showing the marker second most associated with the b- 

wave amplitude trait of the dark adapted ERG at different flash intensities, when controlling for the 

variation caused by the most associated marker.

5.3.4 Further investigation of marker association on chromosomes 18 and 15

As seen in the previous section (5.3.3.2), some evidence exists to suggest that 

QTLs on chromosomes 18 and 15 may control some of the variation in the dark- 

adapted b-wave amplitude traits. As only 20 animals were genotyped, these 

associations are only tenuous but not completely unfounded if the QTL is of large 

effect. Therefore the full 129N2 population of 107 animals was genotyped, in order to 

verify the association of phenotype with genotype for markers on chromosomes 18 and 

15. On chromosome 18 M31 and M50 were genotyped and on chromosome 15, M9.9, 

M15.2 and M41 were genotyped (commercial genotyping by Kbioscience, information 

in Appendix B.3).
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As with chapter 4, it was not possible to generate genome wide significance 

levels when examining five markers, so the significance suggestions for backcross 

experiments by Lander and Krugylak (1995) were used here (suggestive LOD = 1.9, 

LRS = 8.74; significant LOD = 3.3 or LRS = 15.18; highly significant LOD = 5.4 or 

LRS = 24 .8 ). M arker regression was performed and there were no significant 

associations with a p-value < 0.05. Marker regression was repeated to include non

significant associations; to see if there was any evidence at all for a QTL on either 

chromosome 18 or 15 (table 5.10). As none of the marker association pass the 

suggestive criteria, it is unlikely that there are QTLs at these locations on chromosomes 

18 and 15.

Trait Chr Marker Stat Sugg? % P Cl Add

-25dB-b-nV 18 M50 1.6 No 1 0.209 339 17.38

-20dB-b-nV 18 M50 1.6 No 1 0.211 341 19.61

-15dB-b-nV 18 M50 1.1 No 1 0.287 470 17.00

-lOdB-b-nV 18 M50 1.3 No 1 0.247 397 20.31

-5dB-b-^V 15 M9.9 0.6 No 1 0.446 914 14.18

OdB-b-^V 15 M9.9 1.8 No 2 0.181 298 24.10

Table 5.10 Shows non-significant associations on chromosome 18 and 15 with the dark-adapted b-wave 

amplitude. The p-value is highlighted as it is > 0.05. None of the markers tested were significantly 

associated with any of these traits.

5.3.5 X-Chromosome Investigation

The X-chromosome has been separated out from the autosomal chromosomes 

as it is hemizygous in males (males have one X-chromosome, not a pair). In order to 

analyse the X-chromosome data, the individuals sampled were divided into parental 

and non-parental genotypes, as described in section 3.3.3.2.

5.3.5.1 Dark-adapted a-wave amplitude

For the C57N2, 28 samples and five markers across the X-chromosome were 

analysed to look for association of marker with a trait. M arker regression was 

performed and with the exception of -15dB, all a-wave amplitude traits, showed no
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association with any marlcer on the X chromosome. For -15dB a-wave amplitude, M63 

on the X-chromosome had a non-significant LRS of 3.9, p-value of 0.04695, Cl of 144 

and additive coefficient of 27.78. This marker association is not suggestive.

S.3.5.2 Dark-adapted b-wave amplitude

For the 129N2, 20 samples and five markers across the X-chromosome were 

analysed to look for the association of a marker with a trait. A permutation test was not 

generated for the X-chromosome markers. Instead the Lander and Kruglak (1995) 

standard guidelines were used. M arker regression analysis highlighted only one marker 

of interest in the b-wave amplitude at all light intensities; M3 on chromosome X (table 

5.11). M3 is suggestive at the -25dB flash intensity. The additive coefficient is 

negative, showing the influence of C57W T alleles in this 129N2. However, 95% CIs 

are still relatively large as a result of the small sample size. Interval maps were 

generated for chromosome X at all light intensities and as the same pattern showed in 

all of these maps, a representative map is shown in figure 5.5.

Unfortunately, analysis of chromosome X was done after the autosomes had 

been analysed and thus there was not enough time left to confirm the existence of this 

association in the entire 129N2. As seen in section 5.3.4, some associations do not hold 

when all the animals in the population are genotyped and it is difficult to base a story 

about a QTL on the genotyping of 20 individuals.

While it would be premature to perform a candidate gene search in this region 

of the mouse genome, it is worth noting that the Nyctalopin (Nyx) gene lies at 4.5cM 

on the X-chromosome, close to the region containing M3. Nyx is the gene responsible 

for human X-linked congenital stationary night blindness (C SN B l); an inherited retinal 

degeneration characterised by night blindness. Nyx appears to be involved in signal 

transmission between photoreceptors and retinal bipolar cells. The C acna lf gene is 

also located in this region of the mouse X-chromosome. M utations in this gene are 

responsible for the human retinal disorder X-linked incomplete congenital stationary 

night blindness (CSNB2) as mentioned in the introduction to this chapter. However, it 

must be noted that QTL results based on the genotyping of 20 individuals are not 

conclusive.
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Trait Chr Marker Stat % P Cl Add

-25dB-b-nV X M3 9.6 40 0.00195 70 -87.5

-20dB-b-^V X M3 8.4 36 0.00369 78 -114.13

-15dB-b-nV X M3 7.0 31 0.00799 90 -101.71

-lOdB-b-fiV X M3 6.9 31 0.00853 91 -109.69

-5dB-b-nV X M3 6.4 29 0.01133 97 -110.72

OdB-b-^V X M3 4.2 20 0.04 141 -90.18

Table 5.11 Results of marker regression with the dark-adapted ERG b-wave amplitude traits and X- 

chromosome markers.

5.3.6 Investigation of Snca

As mentioned in chapter 3, ERGs were recorded from a C57BL/6 substrain and 

compared to the C57WT substrain. The documented difference between these two 

substrains being the deletion of 365Kb of DNA on chromosome 6, containing the Snca 

and M rmnl genes, in C57WT mice (Specht and Schoepfer 2001; Specht and Schoepfer 

2004). The Snca locus is present in the 129WT mouse strain. Here, statistical analyses 

were performed to see whether there was a significant difference between the dark- 

adapted ERGs of the two substrains of C57 mice.

Presented in table 5.12 are the results of the 2-sample t-test for those dark 

adapted traits that differed between the two substrains. There is a difference in b-wave 

amplitude at -20dB, -lOdB, -5dB and OdB and in a-wave amplitude at -lOdB, -5dB and 

OdB. In all cases the C56BL/6 amplitude was greater than the C57BL/6J01aHsd 

amplitude by between 10 and 16%. There is also a difference in the a-wave timing at 

-25dB. This difference only barely reaches the significance level with a p-value of 

0.049. In addition, when comparing C57WT and C57BL/6 ERGs, the means of the a- 

wave timing trait at -25dB are quite close.

Given that variation in the dark-adapted ERG was observed between C57WT 

and C57BL/6, is the presence of the Snca gene responsible for the differences observed 

between C57WT and 129WT? The a-wave amplitudes for 129WT animals are 

consistently lower than those recorded for C57WT; however the C57WT a-wave
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amplitudes are always lower than those seen in C57BL/6. This suggests that the 

presence of Snca on the C57 background increases the a-wave amplitude. It is therefore 

highly unlikely that the presence or absence of the Snca gene influences the observed 

variation between the a-wave amplitudes of C57W T and 129WT mice. All the 

backcrossed animals were genotyped for the Snca locus and no a-wave amplitude 

differences were noted between animals with +/+, +/- and -/- (-1- = with Snca gene).

Dark-adapted b-wave amplitudes for 129WT are consistently higher than those 

recorded for C57WT. C57BL/6 dark-adapted b-wave amplitudes are also consistently 

higher than those recorded for C57W T ERGs. This suggests a potential role for Snca in 

mediating the dark-adapted ERG b-wave between 129WT and C57W T animals. Snca 

was genotyped through all backcrossed animals and no b-wave amplitude differences 

were noted between +!+, +!- and -/- (+ = with Snca gene).

Traits
C57BL/6JOIaHsd* C57BL/6 (B&K)*

t-stat* p-val % **
M ean SD M ean SD

-25dB-a-M s 27.8 1.89 29.16 2.07 2.028 0.049 1.05

-20dB-b-MV 321.8 76.08 362.82 48.72 2.03 0.049 1.13

-10dB-a-^V 165.8 34.63 188.05 19.05 2.508 0.016 1.13

-10dB-b-^V 416.9 86.08 457.89 56.79 3.462 0.0013 1.10

-5dB-a-fiV 202. 35.43 222.89 26.06 2.131 0.039 1.10

-5dB-bjiV 445.9 85.82 497.45 58.99 2.221 0.032 1.12

OdB-a-nV 233.9 43.03 260.50 28.93 2.3 0.027 1.11

OdB-b-nV 466.2 85.60 539.21 59.62 3.141 0.0032 1.16

Table 5.12 2 sample t-test com paring the dark-adapted ERG traits recorded in two substrains o f
C57BL/6 mice. Shown in this table are all the traits which show a significant difference between the two 
substrains, suggesting that the Snca locus is responsible. M eans and standard deviations (SD) are given.
* Num ber o f  individuals in C57BL/6J01aHsd was 23, ^  Number o f  individuals in C57BL/6 was 19,
# t-statistic; Degrees o f freedom were 40, ## % C57BL/6 expressed as a percentage o f C57B176J01aHsd

5.3.7 Investigation of other aspects of C57N2 and 129N2 populations

In chapter 3, other phenotypic aspects of the C57W T and 129WT mice were 

investigated to see whether they influenced the ERG phenotype. This was done using 2 

sample t-tests to compare means of animals with one phenotype to the means of 

animals with another phenotype. Here similar tests were performed on the dark-adapted
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ERG a- and b-wave amplitudes. Pigmentation, gender and age did not appear to 

influence tiiese dark-adapted traits.

5.3.7.1 mtDNA genotype

In the 129N2, mtDNA type influences the ERG of the dark-adapted a-wave 

amplitude at -25dB and -20dB. In both cases the amplitude is higher in the I29N2 

animals containing the I29W T mtDNA. It would be interesting to speculate that there 

could be small differences in the C57W T mtDNA compared with the 129WT mtDNA 

which make C57W T mitochondria function slightly less efficiently in a 129 backcross, 

a difference which is only noticeable at low flash intensities.

5.3.7.2 Y-chromosome type in male mice

The backcrossed mice in this set of experiments were specifically bred (see 

section 3.2) so that Y-chromosome type and its effects could be examined. In the 

C57N2 Y-chromosome type did not appear to affect any aspects of the ERG. In the 

129N2 generation, Y-chromosome type appears to affect a number of the dark-adapted 

amplitude traits. These results are summarised in table 5.13, all 2 sample t-tests were 

C57-Y-chromosome-vs-129-Y-chromosome. In all cases, the amplitude in the animal 

with the C57 Y-chromosome is higher. However, these results are not consistent across 

all the amplitudes, possibly due to low sample sizes.

Trait

129N2 

(Y = 129)*

129N2 

(Y = C57)** t-statistic P-value

Mean SD Mean SD

-25dB-b-^V 325.1 57.2 372.6 67.9 2.282 0.0326

-20dB-a-^V 32.0 10.1 43.4

0000 3.844 0.0006

-15dB-a-^V 84.1 16.9 101.6 15.9 3.361 0.0024

-15dB-b-fiV 415.8 73.6 467.5 75.1 2.154 0.0412

-lOdB-a-nV 138.3 23.3 163.9 23.9 3.346 0.0026

OdB-a-MV 195 27.2 221.1 36.4 2.404 0.0261

Table 5.13 Results of 2 sample t-tests comparing the dark-adapted ERG traits recorded in male mice 

with different Y-chromosome types in the 129 backcross. * n = 31, ** n = 14
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5.4 DISCUSSION

This chapter was designed to investigate rod-mediated variation in the mouse 

ERG as observed between C57WT and 129WT animals. In chapter 3, the single flash 

cone ERG b-wave timing trait was selectively genotyped, in 48 animals from C57N2 

and 129N2 populations. Since phenotype data were available for these animals for the 

rod-mediated ERG, a small QTL study was performed to ascertain whether it was 

possible to determine the genetic sources of variation in small samples of the 

backcrossed populations.

Analysis of the dark-adapted a-wave amplitude at all six flash intensities (*25dB 

-  OdB) in the C57N2 did not reveal any consistent region of the genome which might 

contain a QTL. The most likely region was M96 on chromosome 1; however this 

region was only suggestive, not significant.

Analysis of the dark-adapted b-wave amplitudes at six flash intensities in the 

129N2 highlighted two autosomal genomic regions which were associated with b-wave 

amplitudes. A marker in the centre of chromosome 18, M31, appeared to be weakly 

associated with the b-wave amplitude traits in marker regressions for all flash 

intensities. Three markers on the proximal part of chromosome 15 also showed weak 

association to the trait at all flash intensities. Marker regression analysis comparing 

rod-mediated ERG b-wave amplitudes with X-chromosome genotype showed a 

suggestive association with the most proximal marker at 3cM.

Further investigations of the putative QTLs on chromosomes 18 and 15, using 

all the animals in the 129 backcross (n = 107), did not yield any significant 

associations, suggesting that these QTLs do not exist and were only artefacts of the 

small population size.

Association of the putative proximal QTL on the X-chromosome with dark- 

adapted b-wave amplitudes has not yet been confirmed in the full 129N2 population. 

This region of the X-chromosome contains a number of genes associated with defects 

in the transmission of the photoreceptor signal to ON-bipolar cells, including the genes 

encoding Nyctalopin (Nyx) and an L-type calcium channel (Cacnalf). Mutations in 

both of these genes have been shown to cause a retinal disorder similar to congenital 

stationary night blindness in mice (Gregg et al. 2003; Mansergh et al. 2005).
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One of the most interesting findings from the study of the dark-adapted ERG 

has been the discovery that different substrains of the C57BL/6 strain show variation in 

the dark-adapted ERG. The C57BL/6J01aHsd mouse which harbours a 365Kb deletion 

on chromosome 6, containing both the Snca and Mrmnl genes, has been shown to have 

differences in dark adapted a- and b-wave amplitude when compared to the C57BL/6 

strain. This is the first reported case of any phenotypic differences being observed in 

the C57BL/6J01aHsd substrain when compared to other C57 substrains. There is a 

targeted knockout mouse model for Snca which is resistant to the neurotoxin, MPTP. 

However, no ERG phenotype has been reported for this either (Schluter et al. 2003).

The only other difference between C57WT and 129WT rod ERG traits observed 

in this study is a difference in the a-wave of male animals which is dependent on Y- 

chromosome genotype.

This is the first study to analyse variation as observed in the dark-adapted ERG 

amplitude traits, between two strains of inbred mouse and to attempt to quantify and 

qualify this variation. This study used a small random sample of animals which had 

been genotyped for a previous trait. Investigation of the rod a-wave amplitudes did not 

identify any QTLs consistently associated with the traits. Two putative QTLs on 

chromosomes 18 and 15 which were thought to associate with the rod b-wave 

amplitudes have been discounted. Further investigation of the X-chromosome is 

warranted in order to investigate the possible association of a proximal marker with the 

rod b-wave amplitude.

5.5 CONCLUSION

Small genotyped samples, such as the ones shown here, are only likely to 

identify QTLs of major effect. We show here a small amount of evidence for QTLs 

controlling dark-adapted ERG b-wave amplitude on chromosomes 1, 15, 18 and X. The 

QTLs on chromosomes 15 and 18 have been further investigated and shown not to 

contribute to these dark-adapted ERG traits. Variation in the dark-adapted ERG traits 

appears not to be sufficient to conclusively identify a QTL in such a small sample size.
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Figure 5.1 Dark adapted ERG waveforms in a wild type C57BL/6J01aHsd mouse. The coloured lines 

show how the timing and amplitude traits are recorded.
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Figure 5.3 Representative interval map generated for chromosome 18, showing weak evidence for a 

QTL at M31 associated with the dark-adapted ERG b-wave amplitude (shown is interval map for -20dB 

flash)
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Figure 5.4 Representative interval map generated for chromosome 15, showing weak evidence for a 

QTL in the proximal region associated with the dark-adapted ERG b-wave amplitude (shown is interval 

map for OdB flash).
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Figure 5.5 Representative interval map generated for chromosome X, showing significant evidence for a 

QTL in the proximal region at M3 associated with the dark-adapted ERG b-wave amplitude traits (shovm 

is the interval map for -25dB flash).



CHAPTER 6

EFFECT OF INCREASING CORE BODY TEMPERATURE 

ON ELECTRORETINOGRAM OF TWO STRAINS OF

INBRED MICE



6.1 INTRODUCTION

The electroretinogram (ERG) is a robust and highly reliable technique for the 

assessment o f retinal function both in humans and animal models o f retinal disorders. As 

with most techniques whose recording is made in living systems, the ERG must be 

carried out in a controlled environment. This is to ensure accuracy and repeatability of 

the results.

Environmental parameters such as anaesthetic type, amount o f pupil dilation, 

inadequate dark or light adaptation and a decrease in body temperature have all been 

observed to cause variation in the ERG waveform.

This study has quantified the variation in the ERG of two inbred strains 

(C57BL/6J01aHsd and 129S2/SvHsd) of mouse attributable to an increase in body 

temperature. We observed that a temperature increase o f as little as 1.5°C can have a 

significant effect on the dark-adapted b-wave amplitude, causing it to increase. In 

addition, it was noticed that the effect of an increase in body temperature is more severe 

on the 129S2/SvHsd strain. To date no strain-specific response to increases in body 

temperature have been reported. The effect of an increase in temperature was not 

permanent, with ERGs returning to normal when the temperature was decreased.

Since handling-induced stress can induce sustained increases o f up to 1.9°C in the 

body temperature of mice, and increases in body temperature are accountable for 

environmental variation in the ERG, care must be taken in ERG setup to ensure that mice 

are at 37°C prior to the start and for the duration of the ERG.
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6.1.1 Introduction

As discussed in detail in chapters 1 and 3, the ERG is a vital research tool used in 

both research and clinical ophthalmology. To recap, the ERG records visual function, as 

measured by the transmission of an electrical impulse across the retina in response to a 

flash o f light. As it is measured in a living animal, the ERG can be used to follow the 

progress o f retinal degenerations and to measure the effects of potential therapies and 

record their therapeutic effect in an individual animal (Dalke et al. 2004; Peachey and 

Ball 2003). Although an extremely useful way of measuring vision when recorded in a 

controlled environment, there are a great many factors affecting the ERG which can lead 

to variation in results. The ERG can be extremely accurate in diagnosing and predicting 

therapeutic outcome only when all parameters and variables are kept constant for every 

experiment.

6.1.2 Parameters affecting the ERG in the mouse

Many external variables can influence the ERG, such as anaesthetic used, 

insufficient dilation of the pupil, inadequate dark or light adaptation, the location of the 

electrode on the cornea and repeated flashing in the rod (dark adapted) series, hi order to 

filter out these variables, ERG recordings must be undertaken in a standard manner in 

every animal, in any given laboratory or series o f investigations. In many laboratories, 

clinical standards for murine ERGs follow those o f the human, using a similar protocol to 

that which is used for human analyses (ISCEV) (Brigell et al. 2003; Marmor et al. 2004). 

However, recording equipment, the anaesthetic used, pharmacological pupil dilation and 

analytical software vary in nearly all laboratories in which mouse ERGs are recorded. 

These are clearly important factors which should be taken into account when attempting 

to reproduce ERG experiments.

Three publications have appeared in which the effects of body temperature on the 

murine ERG have been studied. These papers deal with the effect o f a decrease in body 

temperature, which can easily happen over the course o f a 40-50 minute procedure such 

as an ERG analysis when the animal is anaesthetised and has no control over its body 

temperature. In the first study (Mizota and Adachi-Usami 2002), the ERGs of 3 week old 

BALB/c mice were studied with the effect o f decreasing body temperature on the ERG
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by lowering the core body temperature in five steps: 38°C, 33°C, 28°C, 23°C and 18°C 

being recorded. It was observed that amplitude decreased significantly and timings of the 

a- and b-waves were lengthened when body temperature was decreased. In a second 

study (Kong and Gouras 2003), the effect of decreasing body temperature on ERG from 

37°C to 30°C in a stepwise manner was investigated (age or mouse substrain are not 

reported). In the latter study it was noted that a decrease in body temperature 

corresponded with a decrease in ERG amplitudes. At 37°C the average maximal dark 

adapted b-wave was 1000|a.V, whereas at 30°C it was only 400)j.V. These authors 

estimated the decrease in a-wave at 50)xV/°C and the b-wave amplitude of approximately 

100|j,V/°C which equates to about a 10% reduction in b-wave per degree. The effect of 

body temperature on the murine ERG was also investigated in a third study (Nusinowitz 

et al. 2002). In this third study, the temperature loss in a mouse anaesthetised and kept at 

ambient room temperature (24°C) was shown to be about 5°C over a period of one hour 

resulting in a marked effect on the ERG, with a 10-15% decrease in amplitude for each 

1°C of body temperature lost, agreeing with the other studies. These results of this third 

study are summarised in figure 6.1. In this illustration the large graph shows a decrease 

and then an increase of body temperature versus ERG b-wave amplitude (also called p- 

to-p amplitude) while the small graph shows the effect on body temperature if the mouse 

is not heated to 37°C but instead left for an hour at 24°C. No comment was made on the 

effect of a decrease in body temperature on the timing of a- and b-waves either by Kong 

and Gouras or Nusinowitz et al, probably because that trait was not examined in either 

study.

Mice must be anaesthetised in order to carry out an ERG and anaesthetics affect 

the visual nervous system. ERGs recorded using different anaesthetics can show 

significant differences. Reports in the literature have noted that Nembutal, a barbiturate 

acting on GABAa receptors, resulted in larger, smoother ERG b-waves as the result of a 

selective depression of oscillatory potentials (Chaudhary et a l 2003). Pentothal results in 

smaller a- and b-waves and larger oscillatory potentials than Nembutal (Umino et al. 

2004). Avertin is similar to Pentothal and a combination of Ketamine and Xylazine 

shows smaller b-waves and higher amplitudes of the oscillatory potentials due to 

Ketamine NMD A antagonist action (Martin and Lodge 1985; Umino et al. 2004).
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Telazol, a dissociative anaesthetic, results in even larger b-waves than Nembutal in rats 

(Chaudhary et al. 2003). Anaesthetics are also known to have an immediate depressive 

effect on ERG amplitudes, if  the body is not given enough time to metabolise them 

(Nusinowitz et al. 2002) and anaesthesia can cause cataracts if  the cornea is not 

lubricated artificially (Ridder III et al. 2002). Ketamine and xylazine are the only 

anaesthetics that were used routinely in every experiment presented in this thesis; hence 

all ERGs are comparable to one other in this regard. A ten minute interval existed 

between the anaesthetic delivery and the starting of an ERG thus allowing the depressive 

effects o f the anaesthetic on the b-wave to pass. Visidic, a comeal lubricant was used to 

prevent cataract development. Anaesthetic may also affect the ERG in respect to the 

concentration o f anaesthetic used. Where ketamine and xylazine are used, concentrations 

o f these agents vary in different publications (Kong; 50mg/kg ketamine and lOmg/kg 

xylazine; Umino; 90mg/kg ketamine and 9 mg/kg xylazine; Mizota used urethane as well 

as ketamine and xylazine; Dalke; 137mg/kg ketamine and 6.6mg/kg xylazine and 

Peachey; 80mg/kg ketamine and 16mg/kg xylazine). The concentration o f anaesthetic 

used routinely for ERGs in our laboratory is 111 mg/kg ketamine and 11 mg/kg xylazine. 

While differences in the amount of anaesthetic used might provide a reason for inter-lab 

variability in the ERG, it should not cause intra-lab variability. ERG variation caused by 

different uses o f anaesthetic has also been observed in infant ERGs, which are recorded 

under anaesthetic (Heckenlively and Arden 1991).

The ERG being a measure of the response to a flash of light, the amount o f light 

entering the eye is directly related to the amplitude o f the ERG. Smaller pupil size means 

that less light enters the eye resulting in lower ERG amplitudes (Nusinowitz et al. 2002). 

Dilating drops such as atropine sulphate (1%), phenylepherine hydrochloride (2.5%), 

cyclopentolate hydrochloride (0.5%) or Minims tropicamide (1%) are commonly used to 

dilate pupils. Again, the choice o f dilating drops varies from lab to lab; hence ERG 

results may not be directly correlated in different lab situations.

In order to measure the scotopic, rod-mediated ERG, the retina must be fully 

dark-adapted. This is to ensure that all o f the rhodopsin is in an unbleached form at the 

start o f the dark series o f ERG. Animals with inadequate dark adaptation do not show a 

response to low flash intensities. In order to measure a photopic, cone-mediated ERG, all
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rod photoreceptors need to be in a bleached form, thus ensuring that only cone responses 

are recorded. Light adaptation for 10 minutes also enables cone photoreceptors to reach 

maximum output, with those ERGs recorded using inadequate light adaptation showing 

smaller amplitudes and delays in timing (Peachey et al. 1993). For the experiments 

reported in this thesis, animals were left in the dark for at least 16 hours prior to the start 

of ERG analysis and were light adapted for 10 minutes prior to recording the cone- 

mediated responses. Repeated flashing in the dark adapted ERG can mean that the eye 

becomes mildly light-adapted. This may be noticed when ERG amplitudes decrease 

instead of increasing at higher flash intensities. To overcome this potential problem, in 

the current series of analyses, a slower flash presentation rate was incorporated into the 

rod series of ERGs at higher flash intensities. It should also be noted in passing that 

circadian timing has been shown to have no effect on the murine ERG (Marcus et al. 

2004).

Many different types of recording equipment are available to monitor the ERG, 

including different recording and reference electrodes. In many cases, laboratory 

equipment may be home-made. Recording electrodes are sometimes simply a cotton wick 

or a gold loop or alternatively a contact lens electrode, all o f these touching the cornea. 

Different electrodes give different readings, contact lenses usually giving the highest 

amplitudes and most stable recordings. Reference electrodes may be placed on, or 

through the skin at different locations and may be made from different metals. These 

differences can effect the ERG (Marmor et al. 2004). In all o f the analyses reported in 

this thesis, comeal contact lens recording electrodes and platinum skin reference 

electrodes were used.

6.1.3 The aim of the study

The aim of this study was to record the effect, if any, o f an increase in body 

temperature on the murine ERG in C57BL/6J01aHsd (C57WT) and 129S2/SvHsd 

(129WT) wild type mice. The data obtained show that an increase in body temperature of 

as little as 1.5°C can have a severe impact on the amplitudes and timings o f the dark and 

light-adapted ERG. Another observation o f note was that the impact o f body temperature 

on the ERG appears to be strain-specific, with the 129WT mice showing a greater
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response to heat than the C57WT strain. These results highlight the immense importance 

o f maintaining a standard protocol while undertaking ERG recording in mice.
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6.2 MATERIALS AND METHODS

The protocol for electroretinographic analysis (ERG) has been described previously (see 

chapter 3). G if files o f the ERGs are on the supplementary CD.

6.2.1 Animals used in this analysis.

All animals used in these experiments complied with the ARVO statement for the 

Use o f Animals in Ophthalmic and Vision Research and were also passed by an 

institutional ethics committee and under licence (Dr. Paul Kerma). Five C57BL/6J01aHsd 

(Harlan Labs, UK) (C57WT) and five 12982/SvHsd (Harlan Labs, UK) (129WT) wild 

type mice aged 6 months were used. Animals were maintained in 12hr light/12hr dark 

cyclic conditions until 16 hours before the first ERG. From that time onwards they were 

kept in the dark. In any individual animal, at least 48 hours was left between each ERG to 

allow time for the mouse to recover fi-om the anaesthetic.

6.2.2 Evaluation of the effect of uncontrolled body temperature on the murine 

ERG

In order to determine whether animals maintained at an uncontrolled temperature 

had a significantly different ERG to those maintained at constant temperature.

Recordings were made in ten wild type animals using two methods to maintain body 

temperature (a) a controlled heating pad at 37°C +/- 0.5°C and (b) an uncontrolled 

heating pad. For method (a) the heating pad maintained the programmed constant core 

body temperature o f 37°C +/- 0.5°C throughout the experiment, with a rectal digital 

probe measuring body temperature and adjusting the heating pad accordingly. For 

method (b) the uncontrolled heating pad, each animal lay on a Nunclon'^'^ 25cm^ tissue 

culture flask full of hot tap water for the duration of the experiment. The digital readout 

for core temperature was checked every five minutes to confirm either that the 

temperature was 37°C +/- 0.5°C or to record the core body temperature (method b)
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6.2.3 Investigation of the effects of controlled increase in body temperature from 

37°C to 41.5°C on murine ERG

ERGs were recorded from each animal at 38.5°C +/- 0.5°C, 39.5°C +/- 0.5°C, 

40.5°C +/- 0.5°C and 41.5°C +/- 0.5°C in this order. This series comprised the range o f 

temperatures between a normal ERG at 37°C +/- 0.5°C and the over-heated ERG as 

recorded in 6.2.2. Body temperature was maintained using a heating pad set to the 

appropriate temperature and also by covering the animals with a few layers o f tissue 

paper for insulation where necessary. ERGs were recorded every 48 hours, to ensure the 

animal had recovered from the previous experiment and was sufficiently dark adapted.

6.2.4 Re-recording of the murine ERG at 37°C

Following the completion o f sections 6.2.2 and 6.2.3, ERGs were re-recorded 

from every animal at 37°C +/- 0.5°C and compared to the initial ERG at 37°C to ensure 

that normal retinal function had not been affected by the mild hyperthermia induced by 

heating the animals above normal body temperature.

6.2.5 Statistical Analysis

Data recorded from each ERG was averaged for each animal so that any 

individual eye effects were taken into account. Data were generated at a- and b-waves, 

measuring peak amplitudes and timings, for the six flash intensities in the dark adapted 

animal and the two flash types in the light adapted animal as well as for oscillatory 

potentials. In total, 35 data points per animal per temperature were recorded. Statistics 

were performed using Data Desk® 6.0 on the C57WT samples and 129WT samples 

(Altman 1991; Velleman 1995). Multiple paired 2 sample t-tests were performed on the 

data to compare the differences between sample means with the following statistical 

hypotheses: Hq: M-a  -  M.b  = 0; H a : |J.a  -  M.b  0, as each individual had undergone multiple 

testing. The strain results were analysed separately to establish whether there was a 

strain-specific response to an increase in temperature on the murine ERG. It should be 

noted that since relatively small sample numbers were used, these studies should be 

considered preliminary findings rather than a conclusive report.
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6.3 RESULTS

6.3.1 Investigation of some backcrossed mice from the QTL experiment to 

determine if a change in method of heating affects the cone ERG b-wave.

In chapter 3, a major QTL experiment was undertaken to determine the genetic 

basis o f strain-specific differences in cone ERG b-wave timing. During the course of this 

experiment, the heating pad, used to maintain the mice at a constant 37°C became 

inoperable. As previously outlined, a decrease in the body temperature o f mice is known 

to affect the ERG, decreasing the amplitude of the b-wave (figure 6.1). As mice lose body 

temperature while under anaesthetic, an alternative method to maintain body temperature 

was used; this method is described in section 6.2.2 and involves the use o f a bottle filled 

with hot water. While analysing results from the b-wave experiment, it was noticed that 

too many o f the animals with fast cone b-wave timing came from the group o f animals 

which had been kept warm using the water bottle. Two sample t-tests performed to 

compare cone b-wave timing from those animals which had been heated by the two 

different methods, showed a significant difference in the ERG which is dependant on the 

heating method used (table 6.1 and figure 6.2). Those ERGs measured using a water 

bottle to maintain body temperature, showed significantly faster cone b-wave timings 

than those ERGs measured using the standard equipment to maintain body temperature. 

The difference in ERG, caused by the difference in heating method, renders the 129WT 

cone b-wave similar to that o f the normal C57WT cone b-wave, meaning that the animals 

measured using the water bottle method could not be used in the quantitative trait 

experiment. Thus, 57 backcrossed animals, along with five FI animals whose ERGs were 

measured using the alternative method of body heat maintenance were removed fi"om the 

study and other animals bred to take their place.
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Group #
Average time cone b-wave (ms)

t statistic P-value
Method 1* SD* Method 2 * SD**

2 50.3 (30) 3.56 45.7(5) 2.12 2.267 <0.033

4 50 0(10) 2.99 41.5 (14) 2.13 10.212 <0.0001

5 59.7 (9) 5.52 47.4 (26) 6.72 6.410 <0.0001

6 57.8(14) 5.49 51.5 (10) 9.36 1.97 <0.0411

7 59.1 (17) 5.33 46.5 (2) 3.54 3.573 <0.0027

Table 6.1 Results o f  2-sample unpaired t-test comparing ERG single flash cone b-wave timing trait in 

backcrossed mice using two separate heating methods, significant results (p-value < 0.05) are highlighted 

in yellow. *Method 1 = Heating method o f  heating pad (number o f  individuals) **Method 2 = Heating 

method o f  water bottle (number o f  individuals)

6.3.2 Investigation of the ERGs of five C57WT and five 129WT animals using 

different methods of maintaining body temperature.

C57WT and 129WT ERGs measured using the water bottle and normal methods 

o f maintaining body temperature were compared to gauge the difference in ERGs. Body 

temperature was recorded every five minutes and these results are graphed in figure 6.3, 

showing that those animals whose ERG was measured using a water bottle to maintain 

body temperature have greatly increased body temperatures. Core body temperature 

using the water bottle is between 2.5°C and 5.5°C higher on average than the normal 

(37°C) core body temperature and rises and then falls over the course o f the time it takes 

to perform an ERG. With respect to the ERG, in both C57WT and 129WT animals a 

general trend appears; amplitude is increased with the increase in temperature and the 

timing latency is decreased. Both C57WT and 129WT animals were tested and it appears 

that the ERG has a strain-specific response to a rise in temperature. Tables 6.2a, 6.2b and 

6.2c, show the difference in means and the statistical results for dark adapted ERG (DA), 

light adapted ERG (LA) and oscillatory potentials (OP), respectively, in C57WT and 

129WT mice where ERGs were measured using the two alternative methods o f heating. 

As the ERGs were measured in the same animals, paired 2-sample t-tests were used for 

these comparisons. Significant p-values are highlighted in pink (C57WT) and blue
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(129WT). Due to the large amounts of data represented in these tables, no representations 

o f the raw data have been made.

In the dark-adapted ERG (table 6.2a), the C57WT shows significant differences in 

response to a rise in temperature at all flash intensities in both a- and b-wave timings but 

no difference in amplitudes. The 129WT ERG also shows significant differences, with a 

decrease in latency o f a- and b-wave timings at higher temperatures, but also significant 

increases in amplitudes at the higher flash intensities when recorded at higher 

temperatures. The results from those ERGs measured on the water bottle are very 

variable as different temperatures were recorded for each ERG (figure 6.3) which could 

explain the lack o f a difference in b-wave amplitudes at higher flash intensities in 

C57WT mice.

In the light-adapted and oscillatory potential traits o f the ERG (tables 6.2b and 

6.2c), significant differences exist between the means of the ERG traits measured using 

the different methods o f maintaining body temperature. Here again timings become faster 

and amplitudes increase with an increase in temperature. To study this trend in more 

depth, ERGs were performed at different temperatures in the interval between the normal 

ERG and the ERG as measured using the water bottle method o f maintaining 

temperature.
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Trait
C57WT

P-val
129WT

P-val
37°C WB* 37°C WB*

-25dB-a-Ms 30.9 25.1 0.0054 31.2 25.7 0.0046

-25dB-a-nV 11.3 12.8 0.7622 11.8 12.7 0.7464

-25dB-b-Ms 84.9 75.9 0.0202 93.4 79 0.0021

-25dB-b-^iV 211.5 258 0.1059 287 402.8 0.0749

-20dB-a-Ms 28.2 22.6 0.0017 29.5 23.7 <0.0001

-20dB-a-fiV 41.3 35.9 0.3979 35.9 24.9 0.2998

-20dB-b-Ms 79 63.9 0.0114 84.7 67 0.0029

-20dB-b-fiV 253.6 293.5 0.1865 332.3 440 0.0714

-15dB-a-Ms 26 21 0.0009 27.3 21.2 <0.0001

-15dB-a-nV 94.3 86.9 0.5805 71.8 77.5 0.4204

-15dB-b-Ms 75.5 59.1 0.0155 82.4 65.6 0.0019

-15dB-b-jiV 285.5 317 0.2859 381.1 467.5 0.1406

-lOdB-a-Ms 24.6 20.3 0.0080 26 21 0.0003

-lOdB-a-fiV 145.8 159.4 0.5223 114.4 147.3 0.0729

-lOdB-b-Ms 72.9 59 0.0984 88.3 70.4 0.0003

-lOdB-b-^V 338.8 390.3 0.1796 426.2 556.6 0.0505

-5dB-a-Ms 19.8 17.8 0.0217 19.5 16.9 0.0029

-SdB-a-jiV 167.3 27.12 0.1240 128.7 187.3 0.0052

-5dB-b-Ms 76.6 61.5 0.0198 91.3 72.1 0.0018

-SdB-b-jiV 352.1 447.5 0.0527 436.2 652.3 0.0085

OdB-a-Ms 15.1 12.5 0.0014 15.3 12.7 0.0009

OdB-a-fiV 201 252.6 0.1194 151.7 233.7 0.0020

OdB-b-Ms 82.9 65.1 0.0033 95.6 71.4 0.0025

OdB-b-jiV 385.7 496 0.0810 450.1 701.4 0.0038

Table 6.2a Comparison o f  the means o f  the dark-adapted ERG in C57WT (n = 5) and 129WT mice (n = 5), 

recorded using different heating methods, significant results (p-value < 0.05; 2 sample t-test) are 

highlighted in yellow *WB = water bottle method o f  maintaining body temperature
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Trait
C57WT

P-val
129WT

P-val
37°C WB* 37°C WB*

0.5Hz-a-Ms 21.0 16.8 0.0002 23.4 16.9 0.0070

0.5Hz-a-nV 8.8 8.1 0.6636 5.9 5.3 0.7054

0.5Hz-b-Ms 53.1 41.0 0.0003 53.8 51.8 0.0002

0.5Hz-b-fiV 61.6 61.6 0.9974 76.5 101.0 0.0230

lOHz-a-Ms 20.6 18.4 0.0295 26.0 21.7 0.0895

lOHz-a-fiV 10.8 8.4 0.2325 8.4 6.0 0.1313

lOHz-b-Ms 45.2 39.1 0.0668 58.4 47.7 0.0020

lOHz-b-jiV 45.9 50.6 0.0315 29.4 48.8 0.0162

Table 6.2b Comparison o f  the means o f the Hght-adapted ERG in C57WT (n = 5) and 129WT mice (n =5), 

recorded using different heating methods, significant results (p-value < 0.05; 2 sample t-test) are 

highlighted in yellow *WB = water bottle method o f maintaining body temperature

Trait
C57WT

P-val
129WT

P-val
37°C WB* 37°C WB*

Mini (Ms) 11.2 9.9 0.0029 12 10 < 0.0001

Max2 (Ms) 34.9 25.3 <0.0001 39.2 26.8 < 0.0001

OS2 137 195 0.0580 106 200 0.0010

Table 6.2c Comparison o f the means of the oscillatory potentials in C57WT (n = 5) and 129WT mice (n = 

5), recorded using different heating methods, significant results (p-value < 0.05; 2 sample t-test) are 

highlighted in yellow *WB = water bottle method of maintaining body temperature
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6.3.3 Investigation into the effect of an increase in core body temperature on the 

ERGs of 2 strains of inbred mouse

ERGs were recorded at four different body temperatures (38.5°C, 39.5°C, 40.5°C 

and 41.5°C) in five C57WT and five 129WT animals to see the exact effect o f a subtle 

increase in temperature on the murine ERG. Figures 6.4(a, b), 6.5(a, b), 6.6(a, b) and 

6.7(a, b) show means for raw data graphed for a-wave timing (figs 6.4 a, b), a-wave 

amplitude (figs 6.5a, b), b-wave timing (figs 6.6 a, b) and b-wave amplitude (figs 6.7 a, 

b) for dark and light adapted traits, respectively, so that the effect o f an increase in 

temperature on the ERG can be estimated. The effect o f an increase in temperature on the 

oscillatory potentials is seen in figure 6.8(a, b). The suffixed ‘a’ for the figures show 

C57WT results and ‘b ’ 129WT results.

In these figures, the general trend seen in section 6.3.2 is observed, with timings 

becoming faster as temperature increases and amplitudes becoming higher. It is also 

possible to compare C57WT and 129WT mice by looking at the graphs. Here it becomes 

evident that an increase in temperature has a more severe effect on the 129WT strain 

compared with the C57WT strain. This might suggest that the C57WT strain is resistant 

to an increase in temperature. For the dark adapted a-wave, there is a decrease in timing 

latency as the temperature increases; with this decrease appearing more severe in the 

129WT. C57WT a-wave timings at 41.5°C are approximately 85% o f those measured at 

37°C, while 129WT a-wave timings at 41.5°C are approximately 80% o f those measured 

at 37°C. For the 129WT, dark-adapted a-wave amplitude shows a general increase of 

approximately 170%. This is very different to the C57WT a-wave amplitude which at - 

25dB, -20dB, -15dB and -lOdB shows a local maximum at 38.5°C, with the amplitude 

decreasing after that as the temperature increases, a situation also observed in the cone a- 

wave amplitudes. For -5dB and OdB, the a-wave amplitude is increased at 41.5°C 

compared to 37°C.

For the dark adapted b-wave, the 129WT shows a very changed ERG with 

timings at 41.5°C 80% o f those at 37°C and amplitudes at 4I.5°C approximately 170% of 

those measured at 37°C. In comparison, the C57WT shows a less severe effect due to the 

increase in temperature; timings at 41.5°C are approximately 87% of those measured at 

37°C, whereas amplitudes are approximately 130% of those recorded in at 37°C, with
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many of the amphtudes shghtly higher at the 40.5°C measurement. For the hght adapted 

cone b-wave, similar trends are seen.

Both C57WT and 129WT animals show a decrease o f -0.5Ms/°C in the 

measurement o f a-wave timing at the maximal flash intensity, OdB. For 129WT animals, 

the a-wave amplitude at OdB increases an average of 35|aV/°C over 37°C, with a smooth 

increase over temperature. For the C57WT animal, the OdB a-wave amplitude shows a 

jump between 37°C and 38.5°C of 65|iV which is then followed by a slow increase of 

about 5^V/°C above this temperature. For b-wave timing at OdB, the 129WT shows a 

decrease of-4.6Ms/°C whereas the C57WT animal shows a decrease of-2M s/°C. For the 

OdB b-wave amplitude, both C57WT and 129WT show a very large increase between 

37°C and 38.5°C of 124^V (C57WT) and 190^iV (129WT) above this, the C57WT b- 

wave amplitude increases by 20^V/°C, but actually decreases at the highest temperature. 

In contrast, the 129WT shows an increase in b-wave amplitude o f 77|aV/°C above 

38.5°C.

The oscillatory potentials follow the same trend as seen before, with timing 

getting faster and amplitude increasing in response to an increase in temperature. In 

addition, the amplitude appears to be much more strongly affected by the increase in 

temperature. The C57WT mini timing shortens by -0.1Ms/°C and the max 2 timing by - 

1.6Ms/°C, this is in contrast to the 129WT where mini timing shortens by -0.4Ms/°C and 

max 2 timing by -2.4Ms/°C. The 0S2 amplitude in C57WT increases by 14nV/°C and in 

129WT by 33|^V/°C, showing that the increase in temperature has a much more potent 

effect on the ERG of the 129WT mouse strain.

Paired 2-sample t-tests were performed for all ERG traits, comparing the means at 

all the temperatures and to gain a more accurate estimate o f whether there was a 

significant difference. Tables 6.3a (dark-adapted), 6.3b (light-adapted) and 6.3c 

(oscillatory potentials) show the results for paired 2 sample t-tests for the difference 

between ERGs recorded at 37°C and 38.5°C. This illustrates the fact that there are many 

significant (measured as p-value < 0.05) differences in the ERG where there is only a 

small increase in temperature and that the differences are strain specific. (Due to the large 

amount of data collected, tables were not drawn for the differences at all temperatures, 

although this information is available on request).
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Trait
C57WT

P-val
129WT

P-val
37°C 38.5°C 37°C 38.5°C

-25dB-a-Ms 30.9 31 0.9113 31.2 32 0.3985

-25dB-a-fiV 11.3 16 0.3731 11.8 24 0.6581

-25dB-b-Ms 84.9 89 0.2294 93.4 89 0.0822

-25dB-b-nV 211.5 266 0.0158 287 346 0.1887

-20dB-a-Ms 28.2 27 0.1509 29.5 28 0.2618

-20dB-a-nV 41.3 44 0.6016 35.9 40 0.6766

-20dB-b-Ms 79 75 0.1899 84.7 80 0.2094

-20dB-b-nV 253.6 329 0.0061 332.3 417 0.0488

-15dB-a-Ms 26 25 0.1194 27.3 26 0.1281

-15dB-a-fiV 94.3 106 0.2497 71.8 74 0.0214

-15dB-b-Ms 75.5 72 0.3331 82.4 77 0.0634

-15dB-b-^V 285.5 352 0.0459 381.1 445 0.1431

-lOdB-a-Ms 24.6 24 0.2441 26 25 0.2943

-lOdB-a-^V 145.8 179 0.0818 114.4 159 0.0162

-lOdB-b-Ms 72.9 71 0.7883 88.3 83 0.0514

-lOdB-b-fiV 338.8 416 0.0117 426.2 531 0.0685

-5dB-a-Ms 19.8 20 0.4676 19.5 20 0.1778

-SdB-a-jiV 167.3 222 0.0046 128.7 190 0.0027

-5dB-b-Ms 76.6 73 0.4033 91.3 89 0.5776

-5dB-b-^iV 352.1 460 0.0058 436.2 592 0.0220

OdB-a-Ms 15.1 15 0.3046 15.3 15 0.7780

OdB-a-jiV 201 264 0.0029 151.7 217 0.0045

OdB-b-Ms 82.9 82 0.6377 95.6 88 0.0113

OdB-b-nV 385.7 509 0.0031 450.1 641 0.0013

Table 6.3a Comparison o f  the means o f  the dark-adapted ERG traits in C57WT (n = 5) and 129WT (n = 5) 

mice at 37°C and 38.5°C, significant results (p-value < 0.05; paired 2-sample t-test) are highlighted in 

yellow
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Trait
C57WT

P-val
129WT

P-val
37°C 38.5°C 37°C WB

0.5Hz-a-Ms 21.0 19.0 0.0019 23.4 22.2 0.4653

0.5Hz-a-fiV 8.8 7.8 0.8332 5.9 5.8 0.9549

0.5Hz-b-Ms 53.1 50.1 0.0493 53.8 60.5 0.0244

0.5Hz-b-fiV 61.6 65.7 0.5251 76.5 87.1 0.1188

lOHz-a-Ms 20.6 20.8 0.4766 26.0 21.7 0.0008

1 OHz-a-^V 10.8 7.0 0.2033 8.4 8.8 0.8050

lOHz-b-Ms 45.2 45.2 1.000 58.4 58.2 0.7780

lOHz-b-nV 45.9 48.5 0.5291 29.4 40.0 0.0311

Table 6.3b Comparison o f the means of the hght-adapted ERG traits in C57WT (n = 5) and 129WT (n = 5) 

mice at 37°C and 38.5°C, significant results (p-value < 0.05; paired 2-sample t-test) are highlighted in 

yellow

Trait
C57WT

P-val
129WT

P-val
37°C 38.5°C 37°C 38.5°C

M ini (Ms) 11.2 11.2 1.0000 12 11.2 0.0028

Max2 (Ms) 34.9 32.3 0.0255 39.2 34.5 0.0033

OS2 137 176.1 0.0079 106 158.6 0.0062

Table 6.3c Comparison of the means o f the oscillatory potential traits in C57WT (n = 5) and 129WT (n = 

5) mice at 37°C and 38.5°C, significant results (p-value < 0.05; paired 2-sample t-test) are highlighted in 

yellow
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6.3.4 Investigation of any retinal damage due to the increase of body temperature 

in mice, as measured by the ERG

As the mice in these studies had undergone six ERGs, five o f which were at an 

increased core body temperature, there was a small amount o f concern that irreversible 

damage had been done to the retina and this might explain some o f the results. ERGs 

were repeated again at 37°C and there were no significant differences between this ERG 

and the ERG measured at the start o f the set o f experiments, also at 37°C, suggesting that 

there was no irreversible damage done to the retina. Figure 6.9 (dark-adapted ERG) and 

6.10 (light-adapted ERG) show examples o f the first ERG recorded at 37°C and the last 

ERG recorded at 37°C in a 129WT mouse. A small amount o f variation can be seen, but 

overall the ERGs are the same.
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6.4 DISCUSSION

The electroretinogram is an extremely important and frequently used diagnostic 

test in the area o f both clinical and research ophthalmology. As with most biological 

tests, an effort needs to be made to minimise biological variation in the ERG. Many 

factors can influence the ERG and cause variation, such as the anaesthetic used, 

insufficient dilation o f the pupil, inadequate dark and light adaptation, location of the 

electrode on the eye and repeated flashing in the rod (dark adapted) series (Nusinowitz et 

al. 2002; Peachey and Ball 2003). In order to filter out these factors, every mouse tested 

was treated exactly the same for every experiment to create uniformity (see section 6.2 

Materials and Methods). A drop in body temperature is also known to affect the murine 

ERG and three studies to date have reported this (Kong and Gouras 2003; Mizota and 

Adachi-Usami 2002; Nusinowitz et a l  2002). The study presented here expands on the 

scope of these previous experiments, measuring the ERG at temperatures o f 37°C to 

41.5°C.

These results show that an increase in core body temperature has a very profound 

effect on the murine ERG. Especially worrying is the fact that for many traits, the largest 

single difference in ERG is between 37°C and 38.5°C, as core body temperature can 

creep up if an animal is stressed. A known mouse behavioural model is that o f stress- 

induced hyperthermia, an anticipatory anxiety model, whereby group-housed mice are 

removed one by one from their cage and the last mouse removed always has a higher 

body temperature than the first mouse removed (Borsini et al. 1989; Rodgers et al. 1994). 

Stress-induced hyperthermia reaches temperatures of 1.2 -1.9°C higher than normal body 

temperature and can last for an hour (Zethof et al. 1994). The anticipation o f removal for 

ERG testing no-doubt induces the stress-induced hyperthermia response in mice and as 

this study as shown, small increases in body temperature have a significant effect on the 

ERG. It is therefore o f utmost importance to carefully check the body temperature and if 

necessary give the mouse time to cool down to 37°C before the start o f the ERG.

Another interesting finding in this study, is that the effect o f an increase o f core 

body temperature on the murine ERG differs depending on which strain o f mouse is used; 

with C57WT mice appearing to be less susceptible to increases in body temperature. 

Unfortunately it is not possible to compare our observations on strain with other papers as

189



the strain used in the Mizota paper was the albino BALB/c strain, and the strain used in 

the Kong paper was not specified. The Kong paper noted that the change in b-wave 

amplitude was 100|aV/°C, whereas this study observed a big jump between 37°C and 

38.5°C and then an increase in amplitude of 77[4.V/°C in 129WT but only o f about 

20|iV/°C in C57WT. This suggests that the Kong study used a different strain o f mouse.

In the concluding part o f this experiment a test was undertaken to determine 

whether minor hyperthermic exposures (39-42°C) might damage the mouse retina 

irreversibly. The second ERG recording at 37°C, recorded after the series o f increased 

temperature ERGs, was indistinguishable from the first, signifying that the exposure to 

temperatures o f up to 42°C over the 45 minute course of the ERG does not damage the 

retina. There is some evidence in the literature that exposing the rabbit retina to 

temperatures over 43°C can damage it causing a ‘gross appearance’ for a short period of 

time (Dewhirst et al. 2003). However, the mice tested in these experiments were not 

subjected to temperatures that high. One o f the reasons the mice were not tested over 

42°C is that this is the temperature at which many proteins denature and as the animals 

were undergoing repeated testing, it was thought that temperatures this high could 

damage the retina.

Based on these findings and those o f other groups, it is vital to control the core 

body temperature o f an animal whose ERG is being recorded. This is exceptionally 

important, given that one of the largest differences in the recordings was the difference 

between the ERG at 37°C and 38.5°C. It is remarkably easy for an animal’s body 

temperature to rise slowly, without the investigator being aware. Also apparent from this 

study is the need to test all pieces o f equipment, even temporary ones, and prior to using 

them in routine experiments.
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6.5 CONCLUSION

An increase in core body temperature has a significant effect on the murine ERG, 

causing timing to become faster and ampUtudes to increase. This effect also appears to be 

mouse strain-specific, with an increase in temperature causing much greater changes in 

the 129S2/SvHsd mouse compared with the C57BL/6J01aHsd mouse. A naturally 

occurring increase in body temperature occurs where mice show a stress-induced 

hyperthermia response caused by anticipatory fear of an aversive event, such as being 

removed from a cage. As this event happens at the start o f the ERG, it is important to 

ensure that the body temperature returns to normal prior to the start o f the ERG 

recording. Technically, performing an ERG under increased temperature means that the 

animal is being subjected to mild hyperthermia; however this was shown to have no long 

term effects on the retina.
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Figure 6.1 Graph depicting the relationship between ERG amplitudes and body temperature. This graph 

shows the measurement o f ERG b-wave (p-to-p) amplitude in a mouse whose temperature was controlled 

(filled circles) versus those recordings in mice whose body temperature was not controlled (unfilled 

symbols). The smaller graph shows the loss in body temperature in an anaesthetised mouse left at ambient 

room temperature o f 24°C (unfilled symbols) versus a mouse whose body temperature was maintained at 

37°C. In both graphs, a decrease in body temperature results in a decrease in ERG b-wave amplitude (taken 

from Systematic Evaluation o f the Mouse Eye: Anatomy, Pathology and Biomethods pp 328 (Smith et al. 

2002)).
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can be seen in table 6.3.1.
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Figure 6.9 Graph o f dark adapted ERG waveform for a 129WT animal recorded at 37°C prior to 

‘increase in temperature’ experiments (A, B and C) and after the ‘increase in temperature’ experiments 

(D, E and F). Three flash intensities are shown: -25dB (A, D), -20dB (B, E) and -15dB (C, F). This 

shows no significant difference in the dark adapted ERG, suggesting that an increase in temperature does 

not damage retinal function.



Figure 6.10 Graph of single flash cone-mediated ERG (0.5Hz) waveform for a 129WT animal recorded 
at 37°C prior to ‘increase in temperature’ experiments (A) and after the ‘increase in temperature’ 
experiments (B). This shows no significant difference in the cone ERG, suggesting that an increase in 
temperature does not damage retinal function.
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APPENDIX A: STOCK SOLUTIONS

A .l PCR solutions

lOx PGR reaction buffer 

lOOmM Tris HCl pH9.0 

500mM KCL 

10-25niM MgClj 

0.1% gelatine 

1 % triton

A.2 Electrophoresis solutions

50x TAE buffer

242g 

57g 

0.37g

108g

55g

40ml

13g 

13g 

15ml

Make up toSOml with ddHjO

A.3 DNA extraction solutions

Tail Ivsis buffer 

50mM Tris pH 8.0 

lOOinM EDTA pH 8.0 

lOOmM NaCl 

1% SDS

Tris base 

Acetic acid 

EDTA

Make up to 1L with ddH20

lOx TBE buffer 

Trizma base 

Boric acid

0.5M EDTA, pH 8.0

Agarose gel loading dve 

Bromophenol blue 

Xylene cyanol 

Glycerol
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A.4 In  situ hybridisation solutions

(all glassware was baked at 160°C overnight before use and all solutions were treated with 0.1% DEPC 

(left to shake over night and then autoclaved) to remove RNase with the exception o f those containing 

Tris which were made with DEPC-H2O)

RNase free H20/Depc-H20 

Diethyl pyrocarbonate (DEPC) 0.1 ml

ddH2 0  100ml

Shake overnight at 37°C 

Autoclave to inactivate DEPC

lOx PBS

NaCl

KCl

Na2HP0 4 .2H20

KH2PO4

80g

2g

14g

2.4g

Adjusted to pH 7.2 and make up to IL with ddH20

20x SSC 

NaCl

N a3C5Hs0 7 .2H20

Make up to 500ml with ddH20

88.2g

175.3g

lOx DIGl buffer

Tris 121g

87.7gNaCl

Adjusted to pH 7.6 and make up to IL with DEPC-ddH20

Ix DIG2 buffer 

IM Tris pH 9.5 

IM  NaCl

50ml

50ml

0.5M MgC12 50ml

Make up to 500ml with DEPC-ddH20 (make on day o f experiment)
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Prehvbridisation buffer

20x SSC 5ml

20mg/ml salmon sperm DNA (Sigma) 40nl

Deionized formamide (Kodak) 10ml

DEPC-H2O 5ml

Store at 4°C

Hybridisation buffer

1.5ml Tris pH 7.5 133^1

lOOx Denhardt’s solution (Sigma) 2.5ml

20x SSC 2ml

10% (w /v)SD S 1ml

Deionized formamide (Kodak) 10ml

50% (w/v) Dextran sulphate (Sigma) 4ml

lOmg/ml salmon sperm DNA 0.5ml

Store at -20°C

Antibody blocking solution 

Pig serum (Sigma) 200^1

Sheep serum (Sigma) 20^1

BSA (Sigma) 0.06g

IxDIGl buffer I780jil

Store at -20°C in aliquots o f 1 ml. Do not freeze-thaw.

Detection solution

lxD IG 2 buffer 1ml

NBT/BCIP (Boerhinger/Mannheim) 20^1



APPENDIX B: PRIMER SEQUENCES

For all primer sequences Forward means 5’ to 3’ and reverse means 3’ to 5’ sequence direction.

B.l Real time Quantitative PCR primers for microarray project validation in chapter 2

Gene

Symbol
Forward Primer Reverse Primer

RefSeq

Unigene

Actr2 CGCAGTCCTAGCAGACATCA CACCAAGTTTCTCCAGCACA NM_146243

Anxal TCTCTCTTTGCCAAGCCATC TCTCCTCAGAACCTTGCAGAA NM_013469

AnxaS CTCTCTATACTCGGCCATCCA CATTGGGAGCCATCTTCTTC NM_013470

Atp5j2 GGACACCAGGACTTCAAGATG AAATCCCGCATCATTATCCA NM_020582

B3Galt6 TGGTGTAAGGCTACCCAAGG TGTGTGCATGTGTGTGTGTG NM_080445

Bfsp2 CAGGCTGAGACGGAATCTTT CAGGTTCTGCAGTTCCATGT
NM_001002

896

Birc4 GAGAAGCTTTCCAAAATCTGTA TTTGTCAACTGCTTCTGCAC NM_009688

Ccl27 CTCCCGCTGTTACTGTTGCT GCTTGGGAGTGGCTGTCTAT NM_006664

Chm AGCTGCATGTTCAAGGAGTG CCTGAAAAGCTGAAACTGGC NM_018818

Cngal TGGTGGAGTTGGTGTTGAAA AGCAAGTTTGCCTTCCTTGA NM_007723

Col6a3 GCAAACCCTGTGCCTAGAAC CTCCATCTAAGCCGTGCAAC Mm.7562

Diml GCATGAAGATGGACGAGGTT TGTTGAAGTCAGGCACTTCTG NM_025299

Drbpl GAACCCCTGTGGACAGTTGA GTCAGCGATCCCAGATAAGC NM_ 178090

EpsSLl GAATGGGGAAAGGGACAGAG AGGCTGTTTATAGCGCATCAC NM_026146

Cabral GAATCCAGTGTGGGGGAAAC TCTGTGTTAGGCTGGCTGAT NM_010250

Gabra2 AGTGTTCCCAGTTCTGTTTGGT AGTTTCATGGACTGACCCCTAA NM_008066

Gabrg2 GAATTTCAGCGTGCACTGTC TCATTGCTGTTGCTCAAAGG NM_008073

Gapdh CCATGGAGAAGGCTGGGG CAAAGTTGTCATGGATGACC Mm.362470

Glbl AGCTGGGACTCCTGGTGAT TCAGAAGACCGGAGAACGAT NM_009752

Gnbl GTGTGGAAAGCACTGAGACG GCACACGCTTTACGAGCAT NM_008142

Hspb3 ATATCGCGGAGTTTCACCAG TTCCACCACCAAGATTCCAT NM_019960

Jagl CAGTGCCTCTGTGAGACCAA CTACATGTTCCCCGGTTGAG NM_013822

Kcnab3 ATGCAGACTCCTGCCTCCT TCAACATTTGTCTTCCCCAAC NM_010599

Kpna3 GTCCCACTTCCCAAACCTCT TTGAACTTGCTGCTGATTGC NM_008466

Kpna4 CAAGGTGGAACATTTGGTTTC TCGGTGCTGCATTGTACCTA NM_008467

Lsm4 AGACCTACAACGGGCATCTG GGCATCCTCCAGAACTTGTC NM_015816

Mpvl7 CATGCTATGGGGTTGCTGAT GCTAAGGGCCAGAGTGACAG NM_008622

Myo7a AAGTCAGGCCAGGAGTTCGA GTGGCATTCTGAGGGGATA NM_008663

Opal ACTGGGATCTGCTGTTGGAG AAAGTCAGGCACAATCCACTT NM_133752
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Optc CATCATCTCCACCAGAAGCTC GTAGGAGTGGGAATGGCTGA NM_054076

Pafah2 CCACACACATGCTTTCTAATCG TACAGTGAGTGGGCCAACAA NM_133880

Pdcdll CAACATGGCAAACCTGGAG TGTCTTGTTCAACCACCTGCT NM_011053

Prkwnkl GCATGCTTGAGATGGCTACA CAAAACTGGCTGGCTTCACT NM_ 198703

Pttgl GGCATCTAAGGATGGGTTGA TGGAGCATTGAACACTTTGC NM_013917

Rbl TGCATCTTTATCGCAGCAGT CCTTGGTACTGGTATCGATTTCTT NM_009029

RdhS GTCTGGAGAGCACCCTGAAG TGGGTCACAGATCAGGTTCA NM_ 134006

Rp2h ATAGCAAGAGCCTGCCTCAA GGAAAGGAGGACAAAGACTGG NM_133669

Rslh AGAGCAGTATGTGGGCTGGT CACTGGCTGCTGTCCTGATA NM_011302

Sec61a2
GTTTAGAGAGAAGGTACTATGGAC

TGC
ATCTGCAGAGTCCGATGACA NM_021305

Slc6al4 CATGAAACCCGATGTCCTCT TGGGTATGGGTGTTTTCTGC NM_020049

Snca GGCTTATGAAATGCCTTCAG CACTTGTACGCCATGGAAAGA NM_009221

SrdSal TGATCCACTACGTGCAAAGG CAGAACAGGAAGGCCAAGAC NM_175283

Sdc4 ACTGGTTTGCGCTGTTGAAG GGGTCGATGACCTCTGTCTC NM_011521

Tank GGGGAGACTTAAATCACGTTTG CATTTGGCTCACGAGAAAGC NM_011529

Vegfa CCCTCTTAAATCGTGCCAAC TTCGTCTGCTGATTTCCACA NM_009505

B.2 Primers for In Situ Hybridization Probes in chapter 2 

(T7 and T3 tails are in bold)

Gene Name Forward Primer Reverse Primer

Bfsp2 (probe 1) GCTGTAATACGACTCACTATTAGGG

ACAGGCTGAGACGGAATCTTT

GGACATTAACCCTCACTAAAGGGATCTG

TAGCTGGCTCTTGCAC

Bfsp2 (probe 2) GCTGTAATACGACTCACTATTAGGG

AAGCTGGAGCAAGCAGATGTC

GGACATTAACCCTCACTAAAGGGACCC

GTAAAGATTCCGTCTCA

Pdcdll(probe 1) GCTGTAATACGACTCACTATTAGGG

ACGGCGCTGGAGGACTAGGAG

GGACATTAACCCTCACTAAAGGGAAGC

AGGTGGTTGAACAAGACA

Pdcdll(probe 2) GCTGTAATACGACTCACTATTAGGG

ACCAAGGAACATGTGGATGTG

GGACATTAACCCTCACTAAAGGGACCA

GGTAGCGCTTGAAAAAG

Pttgl (probe 1) GCTGTAATACGACTCACTATTAGGG

AGGCATCTAAGGATGGGTTGA

GGACATTAACCCTCACTAAAGGGATGG

AGCATTGAACACTTTGC

Pttgl (probe 2) GCTGTAATACGACTCACTATTAGGG

AATGAGCACTCCAGGTTCCAC

GGACATTAACCCTCACTAAAGGGAGGC

ATCAGTGTGGGTAGTCA
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B.3 Prim ers for QTL study (microsatellites)... in chapter 3 

(SNP information available at http://wwvv.kbiosciciice.co.uk)

M arker Chr Forward Sequence Reverse Sequence

D lM itl59 1 TCTGGGGCCACTATGAGATC
TCACAATCAGAAAATATTATGAGACT

C

DlMit362 1 TGTGTGACTGCTTGGAAGATG CTGAGTCCCTAAAGTTGTCCTTG

D4Mit256 4 CTGGAGAGTTAGAATGGGGTACC CAACAGAGGCGCTTCCTAAC

D5Mit277 5 GTGTGTTTGTGCATGGGTATG ACCATCGGGAAAAAATGTAGC

D5Mit98 5 TCCTTCATTTTATCTTCTGCCC TGAATTCACTCTCGCACCTG

Sncal 6 TTGATAGTTCCACTGTTCTGGC GTAACAATACAGCAAGAGATAC

Snca2 6 AAGACTATGAGCCTGAAGCCTAAG AGTGTGAAGCCACAACAATATCC

D6Mitl05 6 CTGTCTCCACTACTTCTATTCCTGG
CAAAAGCCTTATATATTACACCT

CACC

D7Mitl45 7 CAGGTGACCTTGGTCATGG AGAGCCCAGGGGTTTTAAGA

D8Mit56 8 ACACTCAGAGACCATGAGTACACC GAGTTCACTACCCACAAGTCTCC

D9Mit269 9 TTTTTGGACTAATAGTCAACTGTGTAA AGGAAGACTGAAAACTTGTGGG

D9Mit350 9 GATCAGAGGTGCACGTTGTG CTCCTGGTCCTTGTTTGTTTG

D10Mit233 10 GTGCTTTATATTGGAGATCATCACA GTCCCGAATTTCACATACATAGC

D12Mit7 12 CCGGGGATCTAAAACTACAT TCTAATCTCAGCCCAATGGT

D13Mit262 13 CTGCGGCTGTAGGTTAAGTATG AGGCTGCTGCTAACAGATGG

D14Mit60 14 AGGCTGCCCATAAAAGGG GTTTGTGCTAATGTTCTCATCTGG

D14Mit228 14 TTGTTAATTGCTGTTACCATACACA
ACGTACTCAGTGGATTGTAAATG

TG

D18Mitl77 18 CTGTAGTTTATCAGTTCACCCTGTG
TGTGCTGTTAAACAAATATCTCT

GG

D19MitlO 19 GCCTTTAAGCCAGTCAAGACA CCAGTCTGGACTTGTGAATGA

B.4a Primers used to map the interval on chromosome 19 in chapter 4

M arker Forward Sequence Reverse Sequence

D19Mit63 CGCTTTCTTTGACTGGAATG GTCCTTTCACTTTCCACATGTG
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D19Mit88 AACAGTGCAACTTTGGAGGC TCATTGGAACTGTCTTAACAGTGC

D19Mitl9 CCTGTGTCCATACAGGCTCA ACCATATCAGGAAGCACCATG

D19M itll TCAAAGTCAAGGTGGGCAG ACTTTCCAGATGTTGGGCAC

D19Mitl AATCCTTGTTCACTCTATCAAGGC CATGAAGAGTCCAGTAGAAACCTC

B.4b Real time Quantitative PCR primers for expression validation on chromosome 19 in chapter 4

Gene Symbol Forward Primer Reverse Prim er RefSeq

Cnnm l AGAGAGGAAGCCCTGAGTCC CTCTGTGTCCCCTGAACCTC NM_031396
D19ertd737e AGCCAAAAAGGAGGCTGAA TGCTTTTGGTTTCCCATCTC NM_029648
Gbn ACAGGTGTGGCCTTAGATGC AGTCACCAGCTTCCTCCAGA NM_178930

Pi4k2a TTGCCTTGAATGTGGACTTG TCCTAGACACAGGGGACAGG NM_145501
S h o d TGAAACAGCTGGCAAACAGA GCCCCAAAGAT CACTTCAG NM_019658
Smndcl TGTCCAGACAAGCCCAAGTA GTGAGTCAATAGGCCCAGGA NM_ 172429

B.5 Primers used to sequence the Human LAMC3 gene (NM 011836) in chapter 7

Primer
Exon

#
Forward Reverse

Lc3Prom la Prom GTGCAATGGCATGATCACAG CGAGGGAGAGAAGTCATTCG

Lc3Prom2a Prom TGCTAGGATTACAGGCGTGA CCTGGACAGGGTTGTGAGAT

Lc3Prom3a Prom ATCTCTTTGCTGTGGGGACA AGCCTCAGTTTCCTCGTCTG

Lc3Prom4a Prom CTAGGAGGAGATGCGCAAAC GCCCCACCCCACTAAAAATA

Lc3ExlA 1 GCGGTCCCTGGTATTTTTAG CACGTGGGGACAAGTC

Lc3ExlBa 1 GCGGTCCCTGGTATTTTTAG CCCTCCATCCAACACCATA

Lc3ExlSa 1 GCGGTCCCTGGTATTTTTAG GTGAGGTAGGAGGCGTTGTG

Lc3ExlEa 1 GCCTCCTACCTCACCGACTT GCTGGGATTTCAGGAGTGAG

Lc3Exl 1 GCCCCGGCCAGAGCGCG GTGCCCCCAGCCCGCGC

Lc3Ex2 2 GGGCATTGTCCTTTCCAGTG GACCCTCCTACTGCCGTGAC

Lc3Ex3 3 ATGGCACCCTCTCCCCTCTG CACCCCACAGCAGCCACCTT

Lc3Ex4 4 CCTCCTCTGTGTCTTTTCCC CTCCCCTTCTGCTAGTCCTT

Lc3Ex5/6 5 & 6 ACCATGCTGTTGCCCTTCTC AGACAGGAAGGGATGGGGAG

Lc3Ex5a 5 ATGCAGCCTCCTACCACATC CAATTGAGGCCAGGAAAGG

Lc3Ex6a 6 GTGAGCGCTGTCAGGAGAAT CCTGTTCCTCCTGCTTCTTG
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Lc3Ex7 7 TGTTGCCATTCTGAATTTGC GCTTTGGTGCCTCATCAGTG

Lc3Ex8 8 CCCCTTCCTGGCTGATTCAC CCATCATCTCACCCCCGACC

Lc3Ex9 9 ACTGATCGGGGGGTGTCTGT CAGCAGGAGGAACCGACACA

Lc3ExlO 10 GATTTTGATTTCCTACCCAC CTCAGACAGAAGGGGATACT

Lc3Exl0a 10 TGTCAAAGCCTTCTTCTCTTG

TC
TCTCACCTCCCCATCTCTCA

Lc3Exll 11 GGGATCTCACTTTGACCGCT GTCTTGGGCATGTGGTTGTC

Lc3£xlla 11 CAGATGCCCCTGTAGTCTGG TCTGAGACCTGGCAAGCAC

Lc3Exl2 12 GCTTGTGCCTCCTCTCTTCC TACTCATCCCGCTGTTTTGG

Lc3Exl3 13 TGCTGCCTCTGCCTGGG CCCCGGGCAGGAGTCAT

Lc3Exl3a 13 GGGTTCAGACAGTGGTGCTT CGGGGCAGGAGTCACTTA

Lc3Exl4 14 TTCACACCCACCCTCATCCC CCAGGGCAGAAGAGAAGGGG

Lc3Exl5 15 TCCCAACACCCCTTCCTGAT CCCGATGCCTTCTTCCCTAC

Lc3Exl5a 15 ATTGTTCCCAACACCCCTTC CGGCAGTCTCACCCTACCTA

Lc3Exl6 16 CCTCAGACCCAGTTCCTTCC CCATCAGTCATCTCTGCCCA

Lc3Exl7 17 CTTAGGGCATTCTGGGAACA CTGGCACTTGCTGGGAATAC

Lc3Exl8 18 AGCGGGAGTGTCTGGGCAGG CTCCCCTTGCCTCCCACCCT

Lc3Exl9 19 TGCCTTTGGGACTACCTGTT AACATCCTCTCGCTGAATCC

Lc3Ex20 20 CTCCGCTCACTGAATGCCGA GGCACCTGTGGGGCTGACTC

Lc3Ex21 21 AACAGAAACAGGGCATGGAG GAACGTCAGGACTCAAGGGA

Lc3Ex22 22 GACAGGGATGGGGAGGGCTA CGACCCCACACGGAGNTNTG

Lc3Ex23 23 GGNTTGGGTTCTTGGCTGGC CCTCCTGCAACCCTGACCCT

Lc3Ex24 24 ATTTGGTGATGATTTGGGCA GGGCGTTCGTCATTACACAG

Lc3Ex25 25 TTCAGACCTCCACTCGTTGT GGAGTAGTCAGCACGGATGT

Lc3Ex26 26 TTCTTCTCCCTGCCACTGCC CAGGGGCAGGAGGCGATAGG

Lc3Ex27 27 CCCTACCCTATCGCCTCCTG GGCAATGAGGACAAGGAGGA

Lc3Ex28 28 AGGCTNCAGGGGCTGGGAGG CAGGTGGGGGAGTGTGTGCC

VNTR16 Inti 6 CCCAGGAATGTTTTTGATGC ACATTTGTAGCCCTCGAAGC
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APPENDIX C
Cloned and/or mapped genes causing retinal degenerations (areas which have been withdrawn are not 

shown). Adapted from the RetNet database o f human retinal degenerations October 20, 2005 

(http://www.sph.uth.edu/Retnet/disease.htm)

r
Sym bols;
O M IM #

LCA9

RP32

L ocation

lp36

D iseases;
P ro te in

recessive Leber congenital 
am aurosis

Chromosome 1
M ap p in g  M ethod ; 
C o m m en ts

Ip34 .3-p l3 .;i recessive RP, severe

R PE 65,LC /« lp 3 l.2  
RP20;
1 8 0 0 6 9 ,2 0 4 i

A B C A 4, AE Ip22,l 
RP19, STGD 
248200, 60L!
601718

C O L l lA l ,
STL2;
120280,154: 
604841

lp21.1

G N A T 2,
ACHM 4;
139340

C O R D S;
605549

P R P F 3 , HPl
PRP3, RP18;

lp l3 .3

Iq l2 -q 2 4

lq21.2

linkage m apping; single consanguineous 
Pakistani family

linkage m apping; Pakistani fam ily with 
early night blindness, com plete loss o f  
vision and m acular degeneration

recessive Leber congenital cloned gene; accounts for 2%  o f  recessive
RP and 6 to 16% o f  LCA; sam e as RPE65- 
/- Sw edish Briard-B eagle dog; protein is 
necessary for production o f  1 l-cw -vitam in 
A; 9-ciS--retinal restores visual function in 
m ouse m odel; sucessful gene therapy in 
dog; in same pathw ay as LRAT

linkage m apping, cloned gene; m ay be 
involved in age-related m acular 
degeneration; sam e as R 0 S I .2  and rim 
protein, expressed in rod outer segm ent and 
foveal cones; A B C A 4 m utation m ay 
increase severity o f  STGD 3; flippase for 
a\\-trans retinal and N -retinylidene-PE

am aurosis; recessive RP; 
protein: retinal pigm ent 
epithelium -specific 65 kD 
protein

recessive Stargardt disease, 
juven ile  and late onset; 
recessive M D; recessive RP; 
recessive fundus 
flavim aculatus; recessive 
cone-rod dystrophy; protein: 
A TP-binding cassette 
transporter - retinal

dom inant Stickler 
syndrom e, type II; 
dom inant M arshall 
syndrom e; protein: 
collagen, type XI, alpha 1

recessive achrom atopsia; 
protein: guanine nucleotide 
binding protein (G protein) 
cone-specifc transducin 
alpha subunit

recessive cone-rod 
dystrophy

dom inant RP; protein: 
hum an hom olog o f  yeast

linkage m apping, cloned gene; m utations in 
C O Ll 1A1 cause a variety o f  sym ptom s 
including facial-skeletal abnorm alities, 
sensorineural hearing loss, and m ultiple 
ocular disorders such as glaucom a, m yopia 
and retinal detachm ent (S tickler syndrom e); 
retinal findings are considered a 
consequence o f  vitreous abnorm alities; see 
also C 0L2A 1

cloned gene; total color blindness and other 
cone-related abnorm alities (rod 
m onochrom acy); GN A T2 accounts for a 
m inor fraction o f  achrom atopsia cases 
w hereas CNG A3 accounts for 20-30%  and 
CNGB3 accounts for 40-50%

linkage m apping; consanguineous Pakistani 
family

linkage m apping, cloned gene; English and 
Danish fam ilies; early onset night
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Keen 03
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98; Gu 97; Hanein 04; 
Lotery 00; Marl hens 
97; M orim ura 98; 
R edm ond 98; Van 
H ooser 00; Veske 99

A llikm ets 97; 
A llikm ets 97a; 
A llikm ets 00; Cremeni 
98; G erber 95; Gerber 
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99; M artinez-M ir 97; 
M artinez-M ir 98; 
M augeri 00; M olday 
00; Nasonkin 98; 
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Sun 97; Sun 99; W eng 
99; Zhang 99

A nnunen 99;
R ichards 96

A ligianis 02; Kohl 02

Khaliq 00

C hakarova 02; Heng 
98; Xu 96a; Xu 98
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601414, 607;

A R M D l, lq31 
FIBL6, FBL ' 
603075,608:

A X PC l

CFH, H Fl; 
134370

Iq31-q32

lq31.3

C R B l.R P i:: lq31
600105,604:
268030

USH2A;
276901

lq41

pre-mRNA splicing factor 3

dominant MD, age-related; 
protein: hemicentin 1 
(fibulin 6)

recessive ataxia, posterior 
column with RP

age-related macular 
degeneration, complex 
etiology; protein: 
complement factor H

recessive RP with para- 
arteriolar preservation o f the 
RPE (PPRPE); recessive R P , 
recessive Leber congenital 
amaurosis; dominant 
pigmented paravenous 
chorioretinal atrophy; 
protein: crumbs homolog 1

recessive Usher syndrome, 
type 2a; recessive RP; 
protein: usherin

blindness; recurrent Thr494Met mutation; 
protein is a highly-conserved, ubiquitously- 
expressed member o f the U4/U6-U5 tri- 
snRNP particle complex which includes 
PRPF31 (R P ll)an d P R P F S  (RPI3)

linkage mapping, cloned gene; a 
Gln5345Arg mutation that segregates with 
disease in one family is the probable cause 
of ARM Dl; possible association with 
AMD but CFH is the more likely reason for 
association; fibulins are extracellular matrix 
proteins with multiple EOF domains, others 
include EFEMPl and FBLN5

linkage mapping

linkage mapping, association study; the 
common histidine allele at a polymorphic 
Tyr402His site in control module 7 o f CFH 
increases the life-time risk o f  AMD 2-to-7 
fold in Americans o f European origin, 
confirming an important role for 
complement in AMD; probably accounts 
for the genome-wide linkage peak at this 
location; rare deleterious mutations in CFH 
cause nephropathy and hemolytic-uremic 
syndrome

linkage mapping; homologous to 
Drosophila crumbs protein, possibly 
involved in cell-cell interactions and cell 
polarity; homozygous or compound 
heterozygous mutations in 10 unrelated 
patients; causes 9 to 13% o f LCA; 
symptoms may include Coats-like 
exudative vasculopathy; mutations result in 
thick retina with abnormal lamination

linkage mapping, cloned gene; usherin is a 
basement membrane protein, with laminin 
EOF and fibronectin type III domains, 
found in many tissues, including capillary 
and structural basement membranes in 
retina and inner ear; common 2299delG 
mutation with atypical phenotype; 
Cys759Phe mutation found in 4 to 5% of 
recessive RP without hearing loss

Symbols;
O M IM #

RP28;
606068

Location

2 p l6 -p ll

E F E M P l, DHI' 2pl6.1 
MTLV, f b l n ;-.

Diseases;
Protein

recessive RP

Chromosome 2
M apping M ethod; 
Com m ents

dominant radial, macular 
drusen; dominant Doyne

homozygosity mapping; consanguineous 
Indian families

linkage mapping, cloned gene; Arg345Trp 
mutation found in all affected individuals

Klein 98; Schultz 03; 
Weeks 01

Higgins 99

Edwards 05; Hagemari 
01; Hageman 05; 
Haines 05; Klein 05; 
Rodriguez de C6rdob£i 
04; Zareparsi 05

den Hollander 99a; 
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Hanein 04; 
Heckenlively 82; 
Jacobson 03; Leutelt 
95; Lotery 01; Lotery 
Ola; McKay 05; van 
Soest 94

Bhattacharya 02; 
Eudy 98; Kimberling 
90; Kimberling 95; 
Lewis 90; Liu 99; 
Rivolta 00; Saouda 
98; Weston 00
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126600, 601541' honeycom b retinal 
degeneration (M alattia 
Leventinese); protein: 
EGF-containing fibrillin
like extracellular matrix 
protein 1 (fibulin 3)

to date; norm al protein is secreted from 
RPE but m utant protein is m isfolded and 
retained in RPE; both proteins accum ulate 
betw een the R PE and drusen, but not 
within drusen; possible m odel for age- 
related m acular degeneration; fibulins are 
extracellular m atrix proteins with m ultiple 
EOF dom ains, others include FBNL5 and 
FBLN6

Gregory 96; M arm orsr 
02; Stone 99

A L M S l, ALSS 2pl3 .1  
203800

recessive Alstrom  
syndrom e; protein: 
A L M Sl protein

hom ozygosity and linkage m apping, 
cloned gene; sym ptom s include RP (cone- 
rod dystrophy), cardiom yopathy, obesity 
and diabetes (sim ilar to BBS); gene 
identified in balanced chrom osom al 
translocation; w idely expressed gene with 
product o f  unknown function; possible 
model for age- related m acular 
degeneration

Collin 97; Collin 99; 
Heam  02; M acari 98

( . . . ) 2 q l l recessive cone-rod 
dystrophy and 
am elogenesis im perfecta

linkage m apping; a consanguineous Arab 
family and a Kosovo family; m ay be one 
or m ore loci; sym ptom s include cone-rod 
dystrophy and abnorm al developm ent o f  
tooth enam el; CNG A3 excluded

Dow ney 02; 
M ichaelides 04

C N G A 3, A C H 'j2 q l l .2  
C N C G 3, RM Cl i  

216900, 60005:'l

recessive achrom atopsia; 
protein: cone photoreceptor 
cG M P-gated cation channel 
alpha subunit

hom ozygosity m apping, cloned gene; total 
color blindness and other cone-related 
abnorm alities (rod m onochrom acy); 
CNGA3 accounts for 20-30%  o f  
achrom atopsia cases w hereas CNG B3 
accounts for 40-50%  and GN AT2 
accounts for a m inor fraction

A rbour 97; Kohl 98; 
Kohl 02; W issinger 
98; W issinger 01

M E R T K ;
604705

2 q l3 recessive RP; protein: c- 
m er protooncogene 
receptor tyrosine kinase

cloned gene; several affected fam iles; 
hum an ortholog o f  the m ouse M ertk  gene; 
causes defective phagocytosis o f  
photoreceptor outer segm ents by the RPE 
and retinal degeneration in the R C S  rat; 
successful gene therapy in rat; expressed 
in m ultiple tissues including RPE/sclera

D 'Cruz 00; Gal 00; 
Vollrath 01

BBSS;
603650

2q31.1 recessive Bardet-Biedl 
syndrom e; protein: 
flagellar apparatus-basal 
body protein 
DK FZp7621194

linkage m apping, cloned gene; m utations fc' 
in several fam ilies with BBS m apped to 2q;i 
the BBS5 protein, identified by proteom ics 
analysis o f  flagellar proteins, is a highly- 
conserved com ponent o f  flagella  and cilia, 
may interact with BBS 1; m ay account for 2‘ 
o f  BBS cases

Beales 01; Li 04a; 
Young 99

C E R K L , RP2e 2 q 3 l.3  
608380, 60838!

recessive RP; protein: 
ceram ide kinase-like 
protein

linkage m apping, cloned gene; same 
hom ozygous m utation in two Spanish 
families; ceram ide kinases are invloved in 
neuronal cell survival and apopotosis; 
CERKL is expressed in retinal ganglion 
cells, am ong other tisssues

Bayes 98; Tuson 04

SVD;
193230

2q36 dom inant vitreoretinal 
degeneration, snowflake

linkage m apping; linkage in an Am erican 
family o f  European origin; COL4A3 
excluded by sequencing

Jiao 04a

SA G ;
181031,258101

2q37.1 recessive Oguchi disease; 
recessive RP; protein:

cloned gene; CSN B and fundus pallor in 
Japanese prim arily; recessive RP in

Fuchs 95; Maw 95; 
Nakazaw a 98; W ada
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arrestin (s-antigen) Japanese 96

Chromosome 3
Sym bols;
O M IM #

L ocation

U SH 2B , DFNIIl 3p24.2-p23 
276905 ,6 0 0 9 7

D iseases;
P ro te in

recessive Usher syndrom e, 
type 2; recessive 
sensorineural deafness 
w ithout RP

CRV, HERNS, 
HVR;
192315

3p21.3-p21, dom inant hereditary
vascular retinopathy with 
Raynaud phenom enon and 
m igraine

G N A T l;
139330

A TX N 7, ADC.' 
0P C A 3 , SCA7: 
164500

3p21.3l

3pl4 .1

A R L 6, BBS3; 3 q l l .2  
600151

R H O , RP4; 3q22,l 
180380

U SH 3A , USH:-. 3q25.1 
276902

dom inant C SN B, Nougaret 
type; protein: rod 
transducin alpha subunit

dom inant spinocerebellar 
ataxia w/ MD or retinal 
degeneration; protein: 
ataxin 7

recessive Bardet-Biedl 
syndrom e; protein: ADP- 
ribosylation factor-like 6

dom inant RP; dom inant 
CSN B; recessive RP; 
protein: rhodopsin

recessive Usher syndrom e, 
type 3; protein: clarin-1

M ap p in g  M eth o d ; 
C o m m en ts

linkage m apping

linkage m apping; m apped in Dutch, 
Chinese and A m erican fam ilies with 
disease sym bols HVR, H ERN S and 
CRV, respectively; sym ptom s include 
m icroangiopathy, aneurysm s and 
telangiectasia o f  retina! capillaries, 
oflen accom panied by num bness and 
cold sensitivity in fingers (Raynaud 
phenom enon), and C N S degeneration

cloned gene; G ly38A sp m utation in a 
single large French family, m ay affect 
taste perception, attenuates visual 
signaling

linkage m apping, cloned gene; 
M oroccan, Belgian, French, Swedish, 
Am erican and A frican-A m erican 
families; show s anticipation with 
expanding CAG repeat in coding 
sequence o f  protein with unknown 
function; regional retinal dysfunction, 
cone-rod type

hom ozygosity and linkage m apping, 
cloned gene; B edouin, Saudi,
Am erican and C anadian fam ilies; mild 
phenotype with norm al IQ, reversible 
obesity and polydactyly o f  the feet only 
in m any patients; BBS proteins, 
probably including ARL6, play roles in 
ciliary function, and hom ologous 
sequences are found in ciliated 
m icroorganism s

linkage m apping, cloned gene; 
accounts for 30 to 40%  o f  autosom al 
dom inant RP; m ore than 100 distinct 
m utations but RhoPro23H is causes 
10% o f  adRP in US C aucasians; 'RP4' 
withdraw n; naturally  occurring 
Thr4Arg m utation in English M astiff 
dog

linkage m apping, cloned gene; clarin-1 
is a novel, 4-transm em brane protein 
with a possible role in hair cell and 
photoreceptor synapses; accounts for
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O P A l; 3q29
165500, 60529:

dominant optic atrophy, 
Kjer type; dominant optic 
atrophy with sensorineural 
hearing loss; protein: 
OPAl protein

40% of Usher syndrome in Finland; 
possible digenic deafness with M Y 07A

linkage mapping, cloned gene; gene is 
widely expressed and abundant in retina, 
protein is a dynamin-related GTPase 
which localizes to mitochondria; OPAl 
mutations cause 30 to 50% o f dominant 
optic atrophy; disease may be a 
consequence o f haploinsufficiency with 
reduced penetrance; a Utah O PA 1 
family has optic atrophy, sensorioneural 
hearing loss, ptosis and 
ophthalmoplegia, and polymorphic 
OPAl alleles may be associated with 
normal tension glaucoma

Alexander 00; Aung 02; 
Bonneau 95; Brown 97a; 
Delettre 00; Eiberg 94; 
Johnston 97; Lunkes 95; 
Payne 04; Pesch 01; 
Seller 97; Toomes 01; 
Votruba 97; Votruba 98

Chromosome 4
Symbols; 
O M IM  # Location Diseases;

Protein
M apping M ethod; 
Com m ents References

STGD4;
603786

4p dominant Stargardt-like 
macular dystrophy

linkage mapping; Caribbean family Kniazeva 99

M CDR2;
608051

4pl6.3-pl5.: dominant MD, bull's-eye linkage mapping; single British family; 
locus overlaps with STDG4

Michaelides 03

PDE6B,
CSNB3;
163500,
180072

4pl6.3 recessive RP; dominant 
CSNB; protein: rod cGMP 
phosphodiesterase beta 
subunit

linkage mapping, cloned gene; same as 
retinal degeneration in the rd  mouse, r 
mouse and red! Irish Setter dog; 
accounts for 3 to 4% o f recessive RP; 
photoreceptor rescue with calcium- 
channel blocker in mouse but not dog

Altherr 92; Bateman 92; 
Bayes 95; Bowes 90; 
Collins 92; Farber 92; 
Frasson 99; Gal 94; Gal 
94a; McLaughlin 93; 
McLaughlin 95; Pearce- 
Kelling 01; Piriev 98; 
Pittler 91; Pittler 93; 
Suber 93; Valverde 95; 
Weber 91

W F S l,
DFNA38;
222300,
598500

4pl6.1 recessive Wolfram 
syndrome; dominant low 
frequency sensorineural 
hearing loss; protein: 
wolframin

linkage mapping, cloned gene; 
symptoms o f recessive disease include 
diabetes, optic atrophy and deafness; 
often associated with multiple 
mitochondrial deletions; symptoms of 
dominant disease include non- 
syndromic low frequency loss without 
profound deafness; distinct from WFS2

Barrientos 96; Barrientos 
96a; Bespalova 01; 
Collier 96; Inoue 98; 
Polymeropoulos 94; 
Strom 98a; Young 01

P R O M L l;
604365

4pl5.32 recessive retinal 
degeneration; protein: 
prominin (mouse)-like 1

homozygosity mapping, cloned gene; 
Indian family; prominin is a 5- 
transmembrane glycoprotein associated 
with plasma membrane evaginations in 
rod outer segments

Maw 00

C N G A l
C N C G l;
123825

4pl2 recessive RP; protein: rod 
cGMP-gated channel alpha 
subunit

cloned gene; nonsense, missense and 
deletion mutations in four RP families

Dhallan 92; Dryja 95; 
Griffin 93

W FS2;
604928

4q22-q24 recessive Wolfram 
syndrome; dominant

homozygosity mapping, linkage 
mapping; symptoms include diabetes, 
optic atrophy and deafness; three

El-Shanti 00
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Jordanian families; distinct from WFSl

M TP, ABL; 
200100, 

157147

BBS7,
BBS2L1;
607590

RP29

LRAT;
604863

CYP4V2,
BCD;
210370

Symbols; 
O M IM  #

M CDR3

W G Nl,
ERVR;
143200

M A SSl,
USH2C,
VLGRl;
602851,
604352,
605472

BSMD

[PDE6A;

4q23

4q27

recessive
abetalipoproteinemia; 
protein: microsomal 
triglyceride transfer 
protein

recessiveBardet Biedl 
syndrome; protein: BBS7 
protein

cloned gene; multiple lipid abnormalities 
including pigmentary retinal degeneratioi

Narcisi 95; Sharp 93; 
Shoulders 93

cloned gene; protein o f unknown 
function with sequence similarity to 
BBS2

Badano 03

4q32-q34 recessive RP

4q32.1 recessive RP, severe early-
onset; recessive Leber 
congenital amaurosis; 
protein: lecithin retinol 
acyltransferase

4q35.2 recessive Bietti crystalline
comeoretinal dystrophy; 
protein: cytochrome P450 
4V2

linkage mapping; consanguineous Pakisti; Hameed 01 
family

cloned gene; gene is expressed in RPE; 
protein catalyzes first step in visual 
cycle transforming vitamin A into 11 - 
c/s-retinol; same pathway as RPE65

Ruiz 99; Ruiz 01; 
Thompson 01

linkage mapping, cloned gene; 
symptoms include RP and glistening 
crystals in the retina, cornea and 
lymphocytes; more common in Asians; 
gene is a member o f the cytochrome 
P450 superfamily, homologous to 
mouse CYP4V3; protein may play a 
role in fatty acid and steroid 
metabolism

Jiao 00; Li 04

Chromosome 5

Location

5pl5.33-pi;i

5 q l3 -q l4

5ql4.3

Diseases;
Protein

dominant MD

dominant Wagner disease 
and erosive 
vitreoretinopathy

recessive Usher syndrome, 
type 2; dominant/recessive 
febrile convulsions; 
protein: monogenic 
audiogenic seizure 
susceptibility I homolog

5q21.2-q33.: dominant MD, butterfly
shaped

M apping M etliod;
Com m ents

linkage mapping; single British family; 
clincally similar to North Carolina 
macular dystrophy, MCDRl

linkage mapping; vitreoretinopathy 
alone (Brown 95) or with ocular 
abnormalities (Black 99a), may be 
allelic or distinct genes

linkage mapping, cloned gene; five 
unrelated families with mild RP and 
possible dental abnormalities - but 
without seizures - and limited to 
females; protein is a very large cell- 
surface calcium-binding G protein- 
coupled receptor; same gene as in 
recessive Frings mouse with seizures 
from sudden noise, and humans with 
febrile seizures

linkage mapping; Dutch family; other 
butterfly dystrophy loci excluded; 52 
Mb critical region

References

Michaelides 03a

Black 99a; Brown 95

McMillan 02; 
Nakayama 02; Pieke- 
Dahl 00; Weston 04

5q33.1 recessive RP; protein: [cloned gene; homozygote and

den Hollander 04

Dryja 99; Huang 95;
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180071

GRM6;
604096

5q35.3

cGM P phosphodiesterase 
alpha subunit

recessive CSN B; protein: 
m etabotropic glutam ate 
receptor 6

com pound heterozygote m utations; 
causes 3 to 4%  o f  recessive RP in North 
Am erica; sam e as PRA  in C ardigan 
W elsh corgi dog

cloned gene; null m utations in patients 
with CSN B and defective cone ON 
ERG responses; GRM 6 expression is 
restricted to cone ON bipolar cells and 
protein is a receptor for 
neurotransm itter glutam ate released 
from  rods and cone; m ouse knockout 
shows absent ON response

Chromosome 6
Sym bols; 
OMllVl #

T U L P l,
RP14;
600132,
602280

L ocation Diseases;
P ro te in

6 p 2 1.31 recessive RP; recessive 
Leber congenital 
am aurosis; protein: tubby- 
like protein I

RD S, RP7; 6p21,2 
179605,60813:'

G u cA iA , co;
G C A P l; 
602093, 60036‘l

6 p 2 l.

GUCAIB,
GCA P2;
602275

BCM A D

R P25;
602772

LCA5;
604537

6p21.

dom inant RP; dom inant 
MD; digenic RP with 
ROM 1; dom inant adult 
vitelliform  MD; protein: 
peripherin 2

dom inant cone dystrophy; 
dom inant cone-rod 
dystrophy; protein: 
guanylate cyclase 
activating protein 1A

dom inant RP; dom inant 
MD; protein: guanylate 
cyclase activating protein 
IB

6 p l2 .3 -q l6  dom inant M D, benign 
concentric annular

6cen-q l5  recessive RP

6q 11 -q 16 recessive Leber congenital 
am aurosis

M ap p in g  M ethod ;
C o m m en ts

linkage m apping, cloned gene; two 
Dom inican fam ilies and others; protein 
localizes to developing and adult rods 
and cones; possibly involved in 
transport o f  rhodopsin from  inner to 
outer segm ent; a sim ilar gene in tub 
m ouse causes obesity, deafness and 
retinal degeneration

linkage m apping, cloned gene; 
dom inant m utations; also, com pound 
heterozygotes with ROM 1; accounts for 
5%  o f  dom inant RP; sam e as rds  
mouse; 'RP7' w ithdraw n; photoreceptor 
rescue in m ouse model

linkage m apping, cloned gene; British 
family with constitutively active 
mutant; variable phenotype w ithin 
families

sequencing; G ly l5 7 A rg  m utation in 
Japanese fam iles with variable 
phenotype; no pathologic changes 
found in 400 British patients with 
dom inant retinopathies

linkage m apping; Dutch family; 
suggestive evidence for m utation in 
IM PGl

hom ozygosity m apping, linkage 
m apping; Spanish and Pakistani 
families; accounts for 10 to 20%  o f 
recessive RP in Spain; m apped to 
region containing GA BA receptors

linkage m apping; Am erican fam ilies o f  
Old O rder River Brethren descended 
from  Sw iss im m igrants; m ay be allelic 
to other 6q retinopathies

Peterson-Jones 99; 
Pittler 90

D ryja 05; Masu 95
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R IM S 1,C 0R D  6ql3 
RIM I;
603649, 60662 ':

MCDR1,PBC1- 6q l4 -q l6 .2  
136550, 60079C

ELOVL4, STC 6ql4.1 
600110

PEX7,
PTS2R,
RCDPl;
215100,
266500,
601757

R C D l;
180020

6q23.3

dominant cone-rod 
dystrophy; protein: 
regulating synaptic 
membrane exocytosis 
protein lorrab3A - 
interacting molecule

dominant MD, North 
Carolina type; dominant 
progressive bifocal 
chorioretinal atrophy

dominant MD, Stargardt- 
like; protein: elongation of 
very long fatty acids 
protein

recessive Refsum disease, 
adult form; protein: 
peroxisome biogenesis 
factor 7

6q25-q26 dominant retinal-cone 
dystrophy 1

linkage mapping, cloned gene; 
expressed in brain and photoreceptors; 
protein localizes to ribbon synapses and 
interacts with RAB3A, a protein that 
regulates synaptic vesicle exocytosis

linkage mapping; North Carolina, 
German, Belizean and British families; 
MCDRl is clinically distinct from 
PBCRA (same locus) but similar to 
MCDR3 (different locus)

linkage mapping, cloned gene; large 
North American family with 5 bp 
deletion; protein is a photoreceptor- 
specific component o f the fatty acid 
elongation system, consistent with 
suggested modifying role o f ABCA4; 
mapping overlaps with C0RD 7; 
MCRDl excluded; includes STGD2

linkage mapping, cloned gene; Refsum 
disease is a peroxisomal disorder o f 
branched-chain lipid metabolism, with 
progressive RP, peripheral neuropathy, 
cereberal ataxia and additional findings; 
also known as Zellweger syndrome, 
phytanic acid storage disease and other 
disorders; see also PE X l, PHYH and 
PXMP3

deletion mapping

Chromosome 7
Symbols; 
O M IM  #

Location

IMDDC, CYMi: 7p21-pl5 
153880

RP9, PA Pl, 
PIM IK;
180104,607331

P E X l, IRD;
202370,
214100,
266510,
602136

IM PD H l,
R P I O ;

7pl4.3

7q21.2

7q32.1

Diseases;
Protein

dominant MD, cystoid

dominant RP; protein: RP9 
protein or PIM 1 -kinase 
associated protein 1

recessive Refsum disease, 
infantile form; protein: 
peroxisome biogenesis 
factor 1

dominant RP; protein: 
inosine monophosphate

M apping M ethod;
C om m ents

linkage mapping; distinct from RP9

linkage mapping, cloned gene; 
mutations in this gene are the possible 
cause o f RP9; widely-expressed gene; 
protein has a role in pre-mRNA splicing 
and interacts with a U2 complex splice 
factor

cloned gene; Refsum disease is a 
peroxisomal disorder o f branched-chain 
lipid metabolism, with progressive RP, 
peripheral neuropathy, cereberal ataxia 
and additional findings; also known as 
Zellweger syndrome, phytanic acid 
storage disease and other disorders; see 
also PEX7, PHYH and PXMP3

linkage mapping, cloned gene; Spanish, 
Scottish and American families; the

Johnson 03; Kelsell 98; 
Kniazeva 99a; Wang 97; 
Wang 00

Kelsell 95; Rabb98; 
Sauer 97a; Small 92; 
Small 97; Small 99

Edwards 01; Griesinger 
00; Kniazeva 99a; 
Kniazeva 00; Stefko 00; 
Stone 94; Zhang 99; 
Zhang 01

Braverman 97; Motley 
97; Purdue 97; van den 
Brink 03

OMIM 2001
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146690,
180105

O P N IS W ,
BCP, CBT; 
190900

dehydrogenase

7 q 3 2 .1 dom inant tritanopia;
protein: blue cone opsin

gene is one o f  two ubiquitously- 
expressed isoform s o f  IM PDH in 
hum ans; IM PDH is a highly-conserved 
enzym e, found in bacteria  and 
eukaryotes, w hich catalizes the rate- 
lim iting step in guanine synthesis; a 
com m on m utation, A sp226A sn, is at a 
site conserved in all species

M cGuire 95; M cGuire 
96; M illan 95; Mohamed 
96

cloned gene; several m utations; 
progressive retinopathy not observed

Fitzgibbon 94; Nathans 
86; N athans 92; Nathans 
93; W eitz9 2 ; W eitz 92a

Chromosome 8
Sym bols; ,

M L o cation
O M IM  #

C O R D 9  8 p l l

R P l;  8ql2 .1
180100, 60393"

T T P A ;
600415

R O M

8 q l2 .3

PX1V1P3,PAF1, 8q21.13 
PEX2, PM P35; 
170993,214101 
266510,

C N G B 3, A C H lf8q21.3  
262300, 60508C

D iseases;
P ro te in

recessive cone-rod 
dystrophy

dom inant RP; recessive 
RP; protein: R Pl protein

8q21-q22 recessive optic atrophy

recessive Refsum  disease, 
infantile form; protein: 
peroxisom al m em brane 
protein 3

recessive achrom atopsia 
Pingelapese; protein: cone 
cyclic nucleotide-gated 
cation channel beta 3 
subunit

recessive RP and/or 
recessive or dom inant 
ataxia; protein: alpha- 
tocopherol-transfer protein

M ap p in g  M eth o d ;
C o m m en ts

linkage m apping; consanguineous Brazil 
family; R Pl excluded

linkage m apping, cloned gene; causes 5 
to 10% o f  adR P; large K entucky fam ily 
and others; highly variable expression; 
two com m on m utations, A rg677X and 
2280del4; protein is photoreceptor- 
specific, w ith sim ilarity to doublecortin , 
and localizes to connecting cilia; 
hom ozygous insertion in two Pakistani 
familes

cloned gene; TPA m utations found in 
patients with vitam in E deficiency

linkage m apping; large, m ultiplex, 
consanguineous French fam ily

cloned gene; Refsum  disease is a 
peroxisom al d isorder o f  branched-chain 
lipid m etabolism , with progressive RP, 
peripheral neuropathy, cereberal ataxia 
and additional findings; also known as 
Z ellw eger syndrom e, phytanic acid 
storage disease and o ther d isorders; see 
also P E X 1 ,P E X 7  and PHYH

linkage m apping; includes total color 
blindness, photophobia and nystagm us; 
European and Am erican fam ilies, and 
4-10%  o f  Pingelapese on the Eastern 
C aroline Islands; protein generates cone 
electrical response; com m on 1 148delC 
m utation; CNG B3 accounts for 40-50%  
o f  achrom atopsia cases w hereas 
CNGA3 accounts for 20-30%  and 
GN AT2 accounts for a m inor fraction; 
same as cd  in A laskan M alam ute and 
Germ an Pointer dogs
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Y okota 96

Barbet 03
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V M D l;
153840

not 8q24 dom inant M D, atypical 
vitelliform

linkage exclusion; linked to O PT but 
later excluded

D aiger 97; Ferrell 83; 
Leach 96; Sohocki 97

Chromosome 9
Sym bols;
O M IM # L ocation D iseases;

P ro te in
M ap p in g  M eth o d ; 
C o m m en ts R eferences

RP31 9 p22-p l3 dom inant RP linkage m apping; French C anadian 
family

Papaioannou 05

T L R 4;
603030

9q33.1 age-related m acular 
degeneration, complex 
etiology; protein: toll-like 
receptor 4

linkage m apping, association study; a 
polym orphic A sp299G ly am ino acid 
substitution in TLR4 increases the life
time risk o f  AM D two fold in 
Caucasian carriers; linkage m apping 
indicates an AM D locus at this location; 
TLR4 produces a w idely-expressed 
transm em brane protein involved in 
innate im m unity and cholesterol 
transport; the G ly allele is protective 
against atherosclerosis

Zareparsi 05 a

RP21, RP8; 
500004

not 9q34-qtc dom inant RP with 
sensorineural deafness

linkage m apping; later m apped to 
M TTS2 in m itochondrion; 'RP21' 
w ithdraw n

K enna 97; M ansergh 99

Chromosome 10
Sym bols; 
O M IM  #

L ocation Diseases;
P ro te in

M ap p in g  M etliod ; 
C o m m en ts R eferences

PH Y H ,
PAHX,
RDPA;
266500,
600964,
602026

10pl3 recessive Refsum  disease, 
adult form; protein: 
phytanoyl-CoA 
hydroxylase

hom ozygosity  m apping, cloned gene; 
Refsum  disease is a peroxisom al 
disorder o f  branched-chain lipid 
m etabolism , with progressive RP, 
peripheral neuropathy, cereberal ataxia 
and additional findings; also known as 
Z ellw eger syndrom e, phytanic acid 
storage disease and o ther disorders; see 
also P E X 1, PEX7 and PXM P3

Jansen 97; Jansen 97a; 
M ihalik 97; Nadal 95

RNANC;
221900

10q21 recessive nonsyndrom al 
congenital retinal 
nonattachm ent

hom ozygosity  m apping; 1 %  prevalence 
in isolated Iranian population

Ghiasvand 98; Ghiasvan-:

PC D H 15,
DFNB23,
U S H IF ;
602083,
605514

1

10q21.l recessive Usher syndrom e, 
type 1 f; recessive deafness 
w ithout RP; protein: 
protocadherin 15

hom ozygosity  m apping, cloned gene; 
m apping in an inbred H utterite family, 
m utations in Pakistani fam ilies; distinct 
from  U S H 1D; sam e as m ouse w altzer 
(av) with balance and hearing loss only; 
protein localizes to stereocilia in inner- 
ear hair cells and to photoreceptors

Ahm ed 01; Ahm ed 03; 
A lagram am  01; Alagram. 
O la; W ayne 97

C D H 23,D FN E l 10q22.1 
U SH ID ;
601067

recessive Usher syndrom e, 
type Id; recessive deaftiess 
w ithout RP; protein:

hom ozygosity  m apping, cloned gene; 
CDH23 is expressed in retina and 
cochlea; cadherins are in tercellular

A stuto 02; Bolz 01; Bork 
01; Di Palm a 01; W ayne 
96
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RGR;
600342

RBP4;
180250

PAX2, ONCR; 
120330, 16740-:

LOC387715

OAT;
258870

Symbols; 
OM IM  #

T E A D l, AA,
TCF13.TEF1; 
108985, 18996';

U SH IC, DFNEI 
276904, 60524:;

EVR3;
605750

10q23.1

10q23.33

10q24.31

10q26.13

I0q26.13

cadherin-like gene 23

recessive RP; dominant 
choroidal sclerosis; 
protein: RPE-retinal G 
protein-coupled receptor

recessive RPE 
degeneration; protein: 
retinol-binding protein 4

dominant renal-coloboma 
syndrome; protein: paired 
homeotic gene 2 protein

age-related macular 
degeneration, complex 
etiology; protein: 
hypothetical protein with 
Entrez ID 387715

recessive gyrate atrophy; 
protein: omithine 
aminotransferase

Seeliger 99

adhesion proteins; same as v waltzer 
deafness mouse; consanguineous 
Cuban, Indian, Pakistani and Turkish 
families; may cause 56% o f Usher 
syndrome and 5% o f recessive 
nonsyndromic deafness

cloned gene; protein is rhodopsin 
homolog found in RPE and Muller cells 
exclusively but, in inverse o f rhodopsin, 
binds aW-trans retinal which light 
converts to 11 -cis retinal

cloned gene; RPE atrophy with night 
blindness and reduced visual acuity; 
carrier protein for serum retinol

cloned gene; optic nerve colobomas 
with renal abnormalities; similar 
malformations in Pax2(INeu) mouse 
mutation

linkage mapping, association study; this 
is the gene with highest SNP 
association to AMD within location o f 
genome-wide linkage peak; possible 
serine risk allele at a polymorphic 
Ala69Ser site; hypothetical protein o f 
unknown function, widely expressed 
but with limited expression in retina

cloned gene; many mutations reported Valle 00

Chen 96; Morimura 99a

Favor 96; Sanyanusin 
95; Sanyanusin 95a

Jakobsdottir 05; Rivera 
05

Chromosome 11

Location

llp l5 .3

llp l5 .1

Diseases;
Protein

dominant atrophia areata; 
protein: TEA domain 
family member I

recessive Usher syndrome, 
Acadian; recessive 
deafness without RP; 
protein: harmonin

1Ip l3 -p l2 dominant familial
exudative
vitreoretinopathy

M apping M ethod;
Com m ents

linkage mapping, cloned gene; also 
known as Sveinsson peripapillary 
chorioretinal degeneration, helicoid, 
with symmetrical lesions radiating from 
the optic disc; large Icelandic family; 
protein enhances transcription in the 
retina and other tissues

linkage mapping; harmonin is a PDZ- 
containing protein expressed in inner 
ear sensory hair cells; contiguous gene 
syndrome includes deafness, 
hyperinsulinism and enteropathy; 
possibly same as rd5 mouse; 
nonsyndromic deafness may involve 
alternately spliced isoforms unique to 
inner ear
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R OM l;
180721

Ilq l2 .3 dominant RP; digenic RP 
with RDS; protein: retinal 
outer segment membrane 
protein I

cloned gene; compound heterozygote 
with peripherin/RDS; dominant RP is 
rare and doubtful

VMD2;
153700

Ilq l2 .3

B BSl; l l q l3
209900, 209901

dominant MD, Best type; 
dominant
vitreoretinochoroidopathy; 
protein: bestrophin

recessive Bardet-Biedl 
syndrome; protein: BBSl 
protein

linkage mapping, cloned gene; retina- 
specific expression; protein localizes to 
the basolateral plasma membrane o f the 
RPE and functions as a novel, 
transmembrane, oligmeric chloride 
channel; lipofuscin accumulation may 
be secondary to abnormal ion flux; 1 to 
2% of AMD cases may have late-onset 
VMD2 mutations; 
vitreoretinochoroidopathy includes 
ocular developmental abnormalities

linkage mapping, cloned gene; 
approximately 40% o f BBS families; 
ubiquitously-expressed gene of 
unknown function but weak similarity 
to BBS2; common Met390Arg 
mutation; evidence does not support 
triallelic inheritance with BBS2, BBS4 
or MKKS

VRNI;
193235

l lq l3 dominant neovascular linkage mapping; distinct from EVRl 
inflammatory vitreoretinopa

LRP5, EVR4, llq l3 .2  
HBM, OPPG;
259770, 60350(^
601884

M Y 07A,
DFNB2,
USHIB;
276903,
600060

llq l3 .5

FZD4, EVRl, 
FEVR; 
133780, 
604579

C1QTNF5,
CTRP5

llq l4 .2

llq23.3

dominant familial 
exudative 
vitreoretinopathy; 
dominant high bone mass 
trait; recessive 
osteoporosis- 
pseudoglioma syndrome; 
recessive FEVR; protein: 
low density lipoprotein 
receptor-related protein 5

recessive Usher syndrome, 
type 1; recessive 
congenital deafness 
without RP; recessive 
atypical Usher syndrome 
(USH3-like); protein: 
myosin VlIA

dominant familial 
exudative
vitreoretinopathy; protein: 
frizzled-4 Wnt receptor 
homolog

dominant MD, late onset; 
dominant MD with lens

linkage mapping, cloned gene; Asian 
consanguineous family and others; 
dominant high bone mass subjects have 
no ocular findings, dominant FEVR 
patients have low bone mass, recessive 
osteoporosis patients have severe 
ocular developmental disorders; LRP5 
is in the Wnt signaling pathway as is 
FZD4

linkage mapping, cloned gene; MY07A, 
an unconventional myosin, is a 
common component o f cilia and 
microvilli; same as sh l shaker-1 mouse 
(but no RP) and mariner zebrafish; 
possible digenic deafness with USH3A

linkage mapping, cloned gene; 
Criswick-Schepens syndrome; distinct 
from VRNI; protein is a 7 
transmembrane-spanning member of 
the Wnt (Drosophila wingless) receptor 
signaling pathway, possibly invloved in 
retinal angiogenesis

linkage mapping, cloned gene; common 
mutation (Serl63Arg) found in 7 o f 14
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92a; Bascom 93; 
Bascom 93a; Bascom 
95; Dryja 97; Kajiwara 
94; Martinez-Mir 97a; 
Nichols 94; Sakuma 95

Forsman 92; Graff 94; 
Lotery 00a; 
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Marquardt 98; Nichols 
94; Petrukhin 98; Stone 
92a; Sun 02; Wadeilus 
93; Weber 93; Weber 
94a; Weber 94c; 
Yardley 04; Zhaung 93

Beales 97; Bruford 97; 
Cornier 95; Katsanis 
99; Katsanis 01; 
Leppert 94; Mykytyn 
02; Woods 99; Young 
99a

Stone 92

Jiao 04; Price 96; 
Toomes 04; Toomes 
04a

Adato 97; Adato 99; 
Bonne-Tamir 94; El- 
Amraoui 96; Emest 00; 
Gibson 95; Kelley 97; 
Kimberling 92; Levy 
97; Liu 97; Liu 97a;
Liu 97b; Liu 98; Smith 
92; Weil 95; Weil 97; 
Weston 95; Weston 96; 
Wolfrum 98

Li 92; Li 92a; Muller 
94; Robitaille 02

Ayyagari 05; Hayward 
03
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zonules; protein: Clq and
tumor necrosis-related

j

protein 5  collagen

families with late-onset retinal 
degeneration (L-ORD), a possible 
model for AMD; C1QTNF5 protein is a 
small collagen secreted by RPE, a 
possible constituent o f Bruch's 
membrane; another missense mutation 
associated with complex ocular 
phenotype including lens zonules

Chromosome 12
Symbols;
O M IM # Location

COL2A1, AOf. 12ql3.1 
STLl;
108300, 12014(
132450,14320C 
183900, 2006 k;

RDH5, RDHl; 12ql3.2 
136880,60161':

dominant Stickler 
syndrome, type I; 
dominant Wagner 
syndrome; dominant 
epiphyseal dysplasia; 
protein: collagen, type II, 
alpha I

Diseases; Mapping Method;
Protein Comments

linkage mapping, cloned gene; 
mutations in C0L2A1 cause a variety 
o f symptoms including facial-skeletal 
abnormalities, sensorineural hearing 
loss, and multiple ocular disorders such 
as glaucoma, myopia, retinal 
detachment and retinal degeneration 
(Stickler syndrome); symptoms vary 
considerable between individuals and 
may be limited to retinal or vitreoretinal 
findings alone, such as rhegmatogenous 
retinal detachment; see also COLl lA l

recessive fundus albipunctai cloned gene; stationary night blindness 
recessive cone dystrophy, la with subretinal spots and delayed dark 
onset; protein: I 1- c / j  retinol adaptation; protein is an RPE 
dehydrogenase 5 microsomal enzyme involved in

converting 11 -cis retinol to 11 -cis 
retinal; extremely delayed rod and cone 
resensitization in null mutation; same 
pathway as RDH l2

Chromosome 13
Symbols;
O M IM #

RBI;
180200

Location

13ql4.2

GRK 1,R H 0K . I3q34 
RK;
180381

Diseases;
Protein

Mapping Method; 
Comments

dominant germline or somal deletion mapping, cloned gene; 
retinoblastoma; benign requires 'second hit' loss o f 
retinoma; pinealoma; heterozygosity; 5 to 10% inherited, 20 
osteogenic sarcoma; protein, to 30% new mutation, remainder 
retinoblastoma protein I sporadic; preferential loss o f maternal 

chromosome; protein is cell-cycle 
regulatory element

recessive CSNB, Oguchi ty| cloned gene; several mutations in 
protein: rhodopsin kinase Japanese

References

Francomano 87; Go 03; 
Lee 89; Snead 99

Cideciyan 00; Nakamura 
Simon 96; Yamamoto 99
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Mancini 94; Sparkes 83; 
Toguchida 93

Cideciyan 98; Khani 98; 
Maw 98; Yamamoto 97
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Chromosome 14
Sym bols; 
O M IM  # L ocation

ACH1VI1,RM ( 14 
216900

M CDR4 14q

N R L , RP27; 1 4 q ll.2
162080

R P G R IP l, LC 1 4 q ll.2  
605446

LCA 3;
604232

RDH 12

14q24

14q24.1

U S H IA .U S H I 14q32 
276900

T T C 8, BBSS; 14q32.11 
209900, 60813:

FBLN5;
604580

D iseases;
P ro te in

recessive rod 
m onochrom acy or 
achrom atopsia

M ap p in g  M eth o d ;
C o m m en ts

uniparental isodisom y; total color 
b lindness or 'day blindness'

dom inant M D, North Caroli linkage m apping; English fam ily 
like with progressive 
sensorineural hearing loss

dom inant RP; recessive 
RP; protein: neural retina 
lucine zipper

14q32.12 familial MD, age-related; 
protein: fibulin 5

recessive Leber congenital 
am aurosis; protein: RPGR- 
interacting protein 1

recessive Leber congenital 
am aurosis

recessive Leber congenital 
am aurosis with severe 
childhood retinal 
dystrophy; protein: retinol 
dehydrogenase 12

recessive Usher syndrom e, 
French

recessive Bardet-Biedl 
syndrom e; protein: 
tetratricopeptide repeat 
dom ain 8

linkage m apping, cloned gene; N R L is 
a retinal transcription factor w hich 
interacts with C R X , prom otes 
transcription o f  rhodopsin and o ther 
retinal genes, and is required for rod 
photoreceptor developm ent; recessive 
disease includes clum ped pigm entary 
degeneration and preserved blue cone 
function

cloned gene; m utations in 4  to 6%  o f  
patients; R PG R IPl protein interacts with 
RPGR, with species specific 
colocalization (rod and cone outer 
segm ents in hum ans, connecting cilia  in 
mice)

hom ozygosity m apping; consanguineous. 
Saudi Arabian family

hom ozygosity m apping, cloned gene; 
French fam ilies and consanguineous 
Austrian fam ilies; sym ptom s include 
severe progressive rod-cone 
dystrophy and m acular atrophy; m ay 
account for 4%  o f  LCA; protein is 
involved in visual cycle and has 
unusual dual specificity for aW-trans- 
retinols and c(s-retinols; same 
pathw ay as RDH5

linkage m apping

cloned gene; TTC8 protein includes a 
prokaryotic dom ain, pilF , involved in 
pilus form ation, localizes to ciliated 
structures such as the connecting cilium  
in photoreceptors, and interacts with 
P C M l, a protein involved in 
ciliogenesis; thus BBS proteins play a 
role in basal body - ciliary function; 
m ultiple BBSS fam ilies, one with 
random  left-right body axis sym m etry

sequencing; m issense changes found in 
1.7% o f  AM D patients, presum ed to be 
dom inant acting; fibulins are extracellulii 
m atrix proteins with m ultiple EG F doma 
others include EFEM PI and FBLN6

R eferences
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M ears 01; N ishiguchi 
04a; R ehem tulla 96; 
Sw aroop 92; Yang-Feng 
92

Boylan 00; Dryja 01; 
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00
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H aeseleer 02; Janecke 04; 
Perrault 04

Kaplan 91; Larget-Piet 
94

A nsley 03
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Chromosome 15
Symbols; 

lOlVlIiVI # Location

NR2E3, ESCS. 15q23 
PNR;
268100, 60448:-

MRST;
602685

BBS4;
600374

15q24

15q24.

R LB P1,C R A L 15q26. 
180090

Diseases;
Protein

recessive enhanced S-cone 
syndrome; recessive RP in 
Portuguese Crypto Jews; 
Goldmann-Favre 
syndrome; protein: nuclear 
receptor subfamily 2 group 
E3

recessive retardation, spastii 
and retinal degeneration

recessive Bardet-Biedl 
syndrome; protein: BBS4 
protein

M apping M ethod;
C om m ents

cloned gene; symptoms include 
increased blue sensitivity, night 
blindness and retinal degeneration 
consistent with increased 
density/sensitivity o f blue (S 
wavelength) cones, a novel gain-of- 
function disorder; may include clumped 
pigmentary retinal findings; protein is a 
ligand-dependent transcription factor; 
same as rd7 mouse

linkage mapping; inbred Pakistani family

recessive RP; recessive 
Bothnia dystrophy; 
recessive retinitis punctata 
albescens; recessive 
Newfoundland rod-cone 
dystrophy; protein: 
cellular retinaldehyde- 
binding protein

homozygosity and linkage mapping; 
approximately 3 to 6% o f BBS families; 
protein similar to 0-linked N- 
acetylglucosamine transferases involved 
in signal transduction in plants and 
animals; involved in triallelic 
inheritance: two BBS2 alleles and a 
third BBS I , BBS4 or MKKS allele

cloned gene; consanguineous Indian 
family, Swedish families,
Newfoundland isolate and others

References

Gerber 00; Haider 00; 
Haider 01; Kobayashi 99; 
Kaplan 99; Sharon 03

Mitchell 98

Beales 97; Bruford 97; 
Carmi 95; Katsanis 01; 
Katsanis 02; Mykytyn 
01

Burstedt 99; Eichers 02; 
Maw 97; Morimura 99

Chromosome 16
Symbols; 
O M IM  # Location Diseases;

Protein
M apping M etliod; 
C om m ents References

ABCC6, ARA, 
MRP6, PXE; 
177850, 26480i; 
603234

16pl3.11 recessive pseudoxanthoma 
elasticum; dominant 
pseudoxanthoma 
elasticum; protein: ATP- 
binding casette, subfamily 
C, member 6

linkage mapping, cloned gene; 
symptoms include progressive 
abnormalities in skin, retinal Bruch 
membrane and arteries leading to 
hemorrhage, calcification and vascular 
changes, with retinal angioid streaks; 
may be an extracellular transport 
protein; ABCC6 mutations in 60 to 
80% of patients

Bergen 00; Le Saux 00; 
Le Saux 01; Ringpfeil 00; 
Struk 97; van Soest 97

RP22;
602594

16pl2.3-pi;! recessive RP homozygosity mapping; Indian families Finckh 98

CLN3, JNCL; 
204200

16p ll.2 recessive Batten disease 
(ceroid-lipofuscinosis, 
neuronal 3), juvenile; 
protein: Batten disease

linkage mapping, cloned gene; 
symptoms include early-onset retinal 
pigmentary degeneration with later 
mental deterioration; protein is integral

Batten Disease 95; Eiberg 
89; Gardiner 90; 
Kremmidiotis 99; 
Mitchison 95; Mitchison
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BBS2;
209900

CNGB1,CNC<: 
CNCG3L, GAi: 
GARP;
600724

CDH 3, CDHP, 
PCAD;
114021, 60I55:‘

FHASD

Symbols; 
OMIM #

CACD;
215500

PRPF8,
PRPC8,
RP13;
600059

A IP L l, LCA4; 
604392, 60439 :

GUCY2D,
CORD6, LCAl 
RETGC, RETCi

protein

16ql2.2 recessive Bardet-Biedl
syndrome, type 2; protein: 
BBS2 protein

16q 13 recessi ve RP; protein: rod 
cGMP-gated channel beta 
subunit

16q22.1 recessive MD, juvenile 
with hypotrichosis; 
protein: cadherin 3, type 1, 
placental

I6q23.2-q2'l recessive foveal
hypoplasia and anterior 
segment dysgenesis

to Golgi membranes

linkage mapping, cloned gene; large 
Bedouin family and approximately 20% 
of BBS families; protein o f unknown 
function with sequence similarity to 
BBS7; may require triallelic 
inheritance: two BBS2 alleles and a 
third B BSl, BBS4 or MKKS allele

homozygosity mapping, cloned gene; 
consanguineous French family; CNGBl 
encodes a complex transcription unit 
with at least 6 non-overlapping 
transcripts, one of which is the disease 
gene in this case

homozygosity mapping, cloned gene; 
mutations found in two extended, 
unrelated, consanguineous Arab Israeli 
(Druze) families; invloves early hair 
loss followed by progressive macular 
degeneration culminating in blindness; 
cadherins are calcium-dependent cell
cell adhesion factors

linkage mapping; consanguineous 
Pakistani family; symptoms include 
nystagmus and poor vision but no non
ocular findings

Chromosome 17

Location

I7p l3

I7pl3.3

17pl3.2

17pl3.1

Diseases;
Protein

dominant central areolar 
choroidal dystrophy

dominant RP; protein: humi: 
homolog o f yeast pre-mRN ■ 
splicing factor C8

recessive Leber congenital 
amaurosis; dominant 
cone-rod dystrophy; 
protein: arylhydrocarbon- 
interacting receptor 
protein-like I

recessive Leber congenital 
amaurosis; dominant 
cone-rod dystrophy;

M apping Metliod; 
C om m ents

linkage mapping

linkage mapping, cloned gene; South 
African and European families; protein 
is a highly-conserved, ubiquitously- 
expressed member o f the U4/U6-U5 
tri-snRNP particle complex which 
includes PRPF3 (RP18) and PRPF31 
( RPl l )

linkage mapping, cloned gene; locus 
distinct from C0RD 5 and RP13; 
accounts for 5 to 10% of recessive 
LCA; expression limited to 
photoreceptors and pineal gland; 
protein may be involved in nuclear 
transport or chaperone activity and 
localizes to rods only, from inner 
segments through outer plexiform layer

linkage mapping, cloned gene; North 
African families and several mutations; 
same as chicken rd/rd-, causes 10 to
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M unroe 97
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Bruford 97; Katsanis 01; 
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204000,60017:
601777

protein: retinal-specific 
guanylate cyclase

20% of LCA and at least 7% of 
dominant COD or CORD

CORD4

UNCI 19,
HRG4;
604011

CA4, RP17;
600852,
114760

17q

17ql 1,2

17q23.2

U SHIG ,
SANS;
606943

RGS9;
604067

I7q24.1

FSCN2, RP30; 17q25.3 
607643

cone-rod dystrophy

dominant cone-rod 
dystrophy; protein: human 
homolog of C. elegans 
unc 119 protein

dominant RP; protein: 
carbonic anhydrase IV

I7q24-q25 recessive Usher syndrome; 
protein: human homolog of 
mouse scaffold protein 
containing ankyrin repeats 
and SAM domain

recessive delayed cone 
adaptation; protein: 
regulator o f G-protein 
signalling 9

dominant RP; dominant 
MD; protein: retinal fascin 
homolog 2, actin bundling 
protein

association with neurofibromatosis; 
presumed dominant like NF

cloned gene; missense mutation in one 
family; UNCI 19 is a photoreceptor 
synaptic protein homologous to C. 
elegans neuroprotein unci 19; protein 
localizes to rod and cone ribbon 
synapses

linkage mapping, cloned gene; South 
African and Dutch families; A rgl4Trp 
mutation found in South Africa; same 
chromosomal location as dog prcd  
progressive rod-cone degeneration; 
carbonic anhydrases are zinc- 
containing enzymes that catalyze 
hydration o f carbon dioxide; CA4 
protein is a membrane-anchored 
enzyme found in pulmonary capillaries, 
proximal renal tubules and retinal 
choriocapillaris; mutation may lead to 
apoptosis and retinal ischemia

linkage mapping, cloned gene; 
consanguineous Pakistani family from 
Jordan; linkage region overlaps 
isolated deafness loci DFNA20 and 
DFNA26; mutations in mouse Sans 
cause Jackson shaker (Js) phenotype 
with deafness and vestibular 
dysfunction; SANS associates with the 
USHIC protein as part o f hair cell 
bundles

cloned gene; homozygous mutations in 
several unrelated patients with slow 
cone adaptation to sudden light 
changes (bradyopsia); rods in knockout 
mice show slowed flash recovery; 
protein forms a heterotrimeric complex 
with R9AP and is a photoreceptor- 
specific member o f a family o f proteins 
that deactivate transducins

cloned gene; mutations in 3% of 
Japanese patients with dominant RP; 
protein is a photoreceptor-specific 
paralog of fascin which crosslinks and 
bundles f-actin; distinct from RP17; 
208delG deletion in two Japanese 
familes with dominant MD

|~Symbols; Location Diseases;

Chromosome 18
M apping M ethod;

Payne 01; Perrault 96; 
Perrault 98; Semple- 
Rowland 98

Klystra 93

Kobayashi 00

Acland 98; Bardien 95; 
Bardien-Kruger 99; den 
Hollander 99; Ingleheam 98 
Rebello 04

Kikkawa 03; Mustapha 02; 
Weil 03

Chen 00; He 98; Nishiguchi 
04

Bardien-Kruger 99; Tubb 
00; W adaO l; Wada 03
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O M IM #

0PA 4;
605293

C O R D l;
600624

r
18ql2.2-qi;!

Protein

dominant optic atrophy, 
Kjer type

18q2 l.l-q2 ' cone-rod dystrophy; de 
Grouchy syndrome

Coniinents

linkage mapping; American family o f 
German descent; previously linked to 
Kidd blood group

deletion mapping; isolated case; 
symptoms include COD, retardation 
and hearing impairment

Chromosome 19
Symbols; 
O M IM  #

R9AP;
607814

Location

19ql3.12

CRX, C 0R D 2; 19ql3.32 
120970, 60222:=

OPA3, MGA3; 19ql3.32 
258501

PRPF31,PRP3 19ql3.42 
R P ll;
600138, 60641':

Diseases;
Protein

recessive delayed cone 
adaptation; protein: 
regulator o f G-protein 
signalling 9-binding 
protein

dominant cone-rod 
dystrophy; recessive, 
dominant and de novo 
Leber congenital 
amaurosis; dominant RP; 
protein: cone-rod otx-like 
photoreceptor homeobox 
transcription factor

recessive optic atrophy 
with ataxia and 3- 
methylglutaconic aciduria; 
protein: 0PA 3 protein

dominant RP; protein: 
human homolog of yeast 
pre-mRNA splicing factor 
31

M apping M ethod;
Com m ents

cloned gene; homozygous mutations in 
several unrelated patients with slow 
cone adaptation to sudden light changes 
(bradyopsia); protein binds to and is a 
regulator o f RGS9, a photoreceptor- 
specific member o f a family o f  proteins 
that deactivate transducins

linkage mapping, cloned gene; meiotic 
drive suggested; CRX also activates 
pineal genes; interacts with NRL; Crx- 
deficient mice have diminished 
circadian entrainment; causes I to 3% 
ofLCA

linkage mapping, cloned gene; Iraqi- 
Jewish families; protein may play a role 
in mitochondrial processes; 
ubiquitously expressed, prominently in 
skeletal muscle, kidney and brain

linkage mapping, cloned gene; high 
frequency in British Isles (21 %); 
bimodal, highly variable severity, 
determined by expression o f alleles in 
trans; protein is a highly-conserved, 
ubiquitously-expressed member o f  the 
U4/U6-U5 tri-snRNP particle complex 
which includes PRPF3 (RP18) and 
PRPF8 (RP13)

Chromosome 20
Symbols; 
O M IM #

JA G l, AGS; 
118450, 60192C

Location

20pl2.2

Diseases;
Protein

dominant Alagille 
syndrome; protein: 
Jagged protein 1

M apping M ethod;
Com m ents

deletion mapping, cloned gene; multiple 
affected organs including chorioretinal 
atrophy and retinal pigment changes;

Kerrison 99; Kivlin 83

Manhant 95; Warburg 91
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1
Jagged is the ligand for Notch proteins, 
involved in cell-cell interactions

M KKS, BBS6; 20pl2 .2  
236700, 60489r 
605231

recessive Bardet-Biedl linkage mapping, cloned gene; MKKS 
syndrome; protein: mutations also cause McKusick-Kaufman 
VIcKusick-Kaufman syndrome with multiple congenital and 
syndrome protein developmental anomalies in Old Order 

Amish families; protein has sequence 
similarity to chaperonins; often involved 
in triallelic inheritance: two BBS2 alleles 
and a third BBSI, BBS4 or MKKS allele

Beales 01; Katsanis 00; 
Katsanis 01; Slavotinek 
00; Stone 98a; Stone 00

Chromosome 21
Symbols;
O M IM # Location Diseases;

Protein
M apping M ethod; 
Com m ents References

U SH IE;
602097

21q21 recessive Usher syndrome, linkage mapping 
type 1

Chaib 97

---------
Chromosome 22

Symbols;
O M IM #

Location Diseases;
Protein

M apping M ethod; 
Com m ents References

0PA 5 22ql2.1-qi;! dominant optic atrophy linkage mapping; two French familes 
with phenotypes similar to OPAl

Rozet 05

T IM P3, SFD;
136900,
188826

22ql2.3 dominant Sorsby’s fundus linkage mapping, cloned gene; model 
dystrophy; protein: tissue for ARMD; common British mutation; 
inhibitor o f vitamin A reverses night blindness 
metalloproteinases-3

Felbor 95; Felbor 97; Jacob 
95; Peters 95; Stohr 95; Wc 
94; Weber 94b; Wijesuriya

X Chromosome
Symbols; 
O M IM  #

, .. Diseases; 
Location „  * • Protein

M apping M ethod; 
Com m ents References

RP23;
300424,
607480

Xp22 X-linked RP linkage mapping; distinct from RP2 and RP3 Hardcastle 00

RS1,XLRS1;
312700

X p22.13 retinoschisis; protein: 
retinoschisin

linkage mapping, cloned gene; retinoschisin 
contains a large discoidin domain; expressioi 
limited to photoreceptors but protein is secre 
into the inner retina

Bergen 93 a; Grayson 00; 
Huopaniemi 97; Retinoschisis 
98; Sauer 97; Sieving 90

RP6;
312612

Xp21.3-p2l X-linked RP linkage mapping; distinct from RP2 and RP'I Breuer 00; Musarella 90; Ott 
90

DMD;
310200

X p21.2-p21 Oregon eye disease 
(probably); protein:

cloned gene; exons 20-28 involved in 
retinal disease

D'Souza 95; Pillers 93; Ray 92

dystrophin
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A IE D , 0 A 2 ; 
300600

C 0 D 4

O PA 2;
311050

X pl 1.4-q2l A land island eye 
disease

linkage m apping; C A C N A IF  m utations in 
A lED -like patients but not the original 
AIED family

X pi 1 .4 -q l; X-linked progressive linkage m apping; large Finish family 
cone-rod dystrophy

X pl 1.4-pl I X-linked optic 
atrophy

NYX, C S N B l; X p l 1.4 
30 0 2 7 8 ,31050

X-linked CSNB; 
protein: nyctalopin

R P G R , RP3; X p l 1.4 
300389,31261

X-linked RP, 
recessive; X-linked 
RP, dom inant; X- 
linked CSN B; X- 
linked cone 
dystrophy 1; X- 
linked atrophic MD, 
recessive; protein: 
retinitis pigm entosa 
G TPase regulator

linkage m apping; large Dutch fam ily

linkage m apping, cloned gene; nyctalopin 
is an extracellular glycosylphosphatidyl 
(G PI)-anchored m em ber o f  the small 
leucine-rich proteoglycan (SLR P) protein 
family; expressed in several tissues; NYX 
m utations are found in a m ajority o f  X- 
linked com plete-C SN B  patients

linkage m apping, cloned gene; m utations 
are found in 70%  o f  RP3 cases, with 
dom inant m utations in 0 R F 1 5  (a 
m utational hot spot); m utations in the 
ortholog cause X LPR A  in dogs; 
exceptionally heterogeneous, retina- 
specific alternate splicing; protein is 
sim ilar to R C C l, and binds PD E-delta and 
R PG R IPl with species-specific 
localization (outer segm ents in hum ans, 
connecting cilia in mice)

PRD ; X p l 1.3-pl I retinal dysplasia, prin linkage m apping; linked to Norrie disease,
312550 m ay be sam e locus

N D P, EVR2; X pl 
310600,30539'

.3 Norrie disease; linkage m apping, cloned gene; expressed
familial exudative in m ultiple tissues, function unknown;
vitreoretinopathy; some m utations cause FEVR but evidence
C oats disease; o f  genetic heterogeneity; associated with
protein: Norrie retinopathy o f  prem aturity; som atic
disease protein m utation causes Coats disease

C A C N A IF , X p l 1.23 X-linked CSNB,
CSN B2, incom plete; A lED-
CSN BX2; like disease; severe
300071,30011 CSN B; protein: L-

type voltage-gated 
calcium  channel 
a lp h a-1 subunit

R P2; X pl 1.23 X -linked RP;
312600 protein: novel XRP2

protein sim ilar to 
hum an cofactor C

P G K l;  Xq21.1 RP with m yopathy;
311800 protein:

phosphoglycerate
kinase

CHIM; Xq21.2 choroiderem ia;
303100 protein:

geranylgeranyl

linkage m apping, cloned gene; founder 
m utation in M ennonites; C A C N A IF  
m utations are found in 60 to 90%  o f  X- 
linked incom plete-CSN B patients; retina- 
specific expression with synaptic 
localization o f  protein; m utations in AlED- 
like patients associated with optic atrophy 
in a Japanese family

linkage m apping, cloned gene; hum an 
cofactor C is involved in beta-tubulin 
folding; accounts for 10% o f  XIRP in 
European and North A m erican fam ilies

cloned gene; one case only - RP is not 
usually found with PGK deficiency

linkage m apping, cloned gene; 
ubiquitously expressed protein (R EP2 can 
substitute); attaches isoprenoids to Rab

Alitalo 91; G lass 93; Schwartz 
91; W utz 02

Jalkanen 03

A ssink 97

Bech-H ansen 00; Bergen 95; 
Boycott 98; Gal 89; M usarella 
89; Pusch 00

A ndreasson 97; Ayyagari 02; 
Bader 03; Buraczynska 97; 
Fujita  97; Herm ann 96; 
K irschner 99; Linari 99; 
M avlyutov 02; M eindl 96; 
M usarella 90; O tt 90; Roepman 
96; Roepm an 96a; Rozet 02; 
V ervoort 00; Zeiss 00; Zhang 
02; Z ito  03

Ravia 93

B erger 92; Berger 92a; Black 
99; Chen 92; Chen 93; Chen 
93a; Fuchs 94; Fuchs 96; 
Fullw ood 93; Gal 85; Isashiki 
95; M eindl 92; M eindl 95; 
Rehm  97; Schuback 95; Shastry 
95; Shastry 97; Shastry 97a; 
Shastry 97b; Strasberg 95

A ldred 92; Bech-Hansen 92; 
B ech-H ansen 98; Berger 95; 
Boycott 01; Hope 05; M organs 
01; N akam ura 03; Strom  98; 
W utz 02

Bhattacharya 84; Hardcastle 99; 
M ears 99; Schwahn 98; Teague 
94; TTiiselton 96

T onin 93

A ndres 93; Beaufrere 96; Creme 
90; N ussbaum  85; Seabra 93; va. 
Bokhoven 94; van Bokhoven 94:
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transferase Rab 
escort protein 1

(e.g., Rab 27) proteins van den Hurk 92; van den Hurk

T1M1VI8A,
DD P, DDP2,
D F N l;
300356,
304700,
311150

Xq22.1 optic atrophy with 
deafness-dystonia 
syndrom e; protein: 
inner m itochondrial 
m em brane 
translocase 8 
hom olog A

linkage m apping, cloned gene; sym ptom s 
include progressive optic nerve atrophy, 
nerve deafness and dem entia; also known 
as M ohr-Tranebjaerg or Jensen syndrom e; 
protein involved in transport o f  m etabolites 
into m itochondria

Jin 96; K oehler 99; 
T ranebjaerg 95

R P24;
300155

Xq26-q27 X -linked RP linkage m apping; single large fam ily; RP2, 
RP3 and RP15 excluded

G ieser 98

C O D 2,
XLPCD;
300085

Xq27 X -linked progressive 
cone dystrophy, 2

linkage m apping Bergen 97

O P N IL W ,
GCP, CBD; 
303800

Xq28 deuteranopia and 
rare m acular 
dystrophy in blue 
cone m onochrom acy 
with loss o f  locus 
control elem ent; 
protein: green cone 
opsin

cloned gene; one to five copies 3' to red 
pigm ent gene or more com plex 
organization

Ayyagari 99; N athans 86; 
N athans 92; N eitz 95; 
W inderickx 92

O P N IM W ,
RCP, CBP; 
303900

Xq28 protanopia and rare 
m acular dystrophy in 
blue cone
m onochrom acy with 
loss o f  locus control 
elem ent; protein: red 
cone opsin

cloned gene; A lalSO Ser polym orphism  
with spectral shift

A yyagari 99; Nathans 86; 
N athans 92

Mitochondrion

Sym bols;
O M IM #

L ocation D iseases;
P ro te in

M ap p in g  M eth o d ; 
C o m m en ts R eferences

KSS;
530000

mtDNA K eam s-Sayre syndrom e 
including retinal pigm entary 
degeneration; protein: severa! 
m itochondrial proteins

sequencing; m ultiple large deletions OM IM  2001; Puddu 93; 
W allace 99

L H O N ,
M T N D l,
M TND4,
M TND6;
535000,
516000,
516003,
516006

m tDNA Leber hereditary optic 
neuropathy; protein: 
com plex 1, III or IV 
proteins

sequencing; three m utations (M T N D l- 
3460, M T N D 4-11778 and M TND 6- 
14484) account for 95%  o f  European 
cases and one (11778) for 80%  o f  
Japanese cases; penetrance influenced by 
m tD N A  haplotype; uncertain role o f  rare 
variants; spontaneous recovery possible

Brown 92; Brown 97; 
Hofm ann 97; Howell 97; 
Howell 98; Huoponen 93; 
M ashim a 93;
N ikoskelainen 96; OM IM  
2001; Riordan-Eva 95; 
Torroni 97; W allace 88

M T T L l,
DM DF,
T R N L l;
520000,
590050

mtDNA m acular pattern dystrophy 
with type 11 diabetes and 
deafness; protein: leucine 
tRNA 1 (UU A/G), nt 3230- 
3304

sequencing; one o f  two m itochondrial 
leucine tRNAs; often caused by 
heteroplasm ic A3243G  m utation; other 
m utations can cause a sim ilar disease

Bonte 97; Harrison 97; 
M assin 95; van den 
Ouw eland 92
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M T A T P6,
ATP6, NARP;
516060,
551500

m tDNA RP with developm ental and 
neurological abnorm alities; 
Leigh syndrom e; LHON; 
protein: com plex V ATPase 
6 subunit, nt 8527-9207

sequencing; sym ptom s include developmeii 
delay, neuropathy, ataxia and RP, with or 
w ithout optic atrophy; RP found prim arily  ' 
T8993G (L eu l56A rg) m utation

Holt 90; Lamminen 95; 
Santorelli 93; W hite 99

M T T H ,
TRNH;
590040

m tDNA pigm entary retinopathy and 
sensorineural hearing loss; 
protein; histidine tRNA, nt 
12138-12206

sequencing; Italian fam ily with 
heteroplasm ic m utation and variable 
additional findings; another MTTH 
m utation is associated with 
cardiom yopathy

Crimi 03

M T T S2,
TRNS2;
590085,
601850,
180103

m tDNA RP with progressive 
sensorineural hearing loss; 
protein: serine tRNA 2 
(A G U /C), nt 12207-12265

linkage m apping, sequencing; one o f  two 
m itochondrial serine tRNAs; Irish family; 
previously m apped to 9q as RP21

M ansergh 99
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Appendix D

Targeted gene mouse models with a retinal phenotype (source: Mouse Genome Informatics, Phenome database (22"*̂  October 2005) 

http://w w w .inform atics.iax.org/searches/allele report.CRi

Allele Symbol 
Gene; Allele Name

Chr Synonyms Category
Observed Phenotypes in Mouse 

Affected Anatomical Systems Similar Human Diseases
Reference

Abca4""“ '̂"
ATP-binding cassette, sub-family 
A (A B C l), member 4

3 abcr' Targeted
(knock-out)

Delayed dark adaptation Stargardt Disease 1; 
STGDI 248200

Weng, 1999

Accnl"""*^
amiloride-sensitive cation channel 
1, neuronal (degenerin)

11 ASIC'- Targeted
(knock-out)

Increased light induced retinal degeneration, 
reduced ERG amplitudes

Ettaiche M, 2004

Agtpbpl"'"-^
ATP/GTP binding protein 1; 
Purkinje cell degeneration 6

13 Fed ENU Retina] degeneration Jax Mutation Facility

A i p | , . n . l M > d

aryl hydrocarbon receptor- 
interacting protein-like 1;

11 A ip ir Targeted
(knock-out)

Abnormal ONL and INL morphology, retinal 
degeneration

Leber Congenital 
Amaurosis, Type IV; LCA4 
604393

Dyer MA, 2004

Alcam'"''-"*'
activated leukocyte cell adhesion 
molecule

16 BEN Targeted
(Reporter)

Abnormal retinal morphology in all neuronal layers Weiner, JA, 2004

A n k 2 t n . l B n .

ankyrin 2, brain
3 AnkyrinB -/- Targeted

(knock-out)
Optic nerve atrophy Scotland P , 1998

Ascn'""A "d

achaete-scute complex homolog
like 1 (Drosophila)

10 Mash-1-,
Mash-1<‘'' '“

Targeted
(knock-out)

Abnormal Muller cells absent rod bipolars 1 1 Tomita K, 2000

Aspa"""^*'*
aspartoacylase (aminoacylase) 2

11 CD Targeted
(knock-out)

Abnormal retinal ganglion cell layer Canavan Disease 271900 Matalon, 2000

Atplb2"""^*''’
ATPase, Na+/K+ transporting, 
beta 2 polypeptide

11 AMOG/beta
2-deficient,
AMOG°

Targeted
(knock-out)

Retinal degeneration (PRs) Magyar JP, 1994
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^ ^ | . n . l G r l

AXL receptor tyrosine kinase;
7 Axl- Targeted

(knock-out)
' Abnormal rod and cone morphology L uQ , 1999

Bbs2'""''“
Bardet-BiedI syndrome 2 homolog 
(human)

8 Bbs2‘ Targeted
(knock-out)

Retinal degeneration, onset at 6 weeks. Bardet-BiedI Syndrome; 
BBS 209900

Nishimura, 2004

Bbs4"""'“
Bardet-BiedI syndrome 4 homolog 
(human)

9 B b s4 ',
B b s 4 ™ i s h e f

Targeted
(knock-out)

Retinal degeneration Bardet-BiedI Syndrome; 
BBS 209900

Mykytyn, 2004

g ^ |2 lm IM p in

B-cell leukemia/lymphoma 2
1 bcl-2 -/- Targeted

(Reporter)
Loss o f retinal ganglion cells Cellerino, 1999

Bhlhb4'"’
basic helix-loop-helix domain 
containing, class B4

2 Bhlhb4 Targeted
(knock-out)

Rod bipolar cells do not mature, leading to 
degeneration o f retina

Bramblett, 2004

Bmprlb"""^”"
bone morphogenetic protein 
receptor, type 1B;

3 BmprIB -/- Targeted
(knock-out)

abnormal axon guidance increased apoptosis in 
retinal ganglion cell layer

Murali D, 2005

Cabp4‘"’"̂ '’''
calcium binding protein 4;

19 Targeted
(knock-out)

Abnormal retinal bipolars and photoreceptors Haeseleer, 2004

Cacnb2'""“«s
calcium channel, voltage-
dependent, beta 2 subunit;

2 beta2-null Targeted
(knock-out)

Abnormal retinal neuronal layer and loss o f 
photoreceptors

Ball, 2002

Ccndl 
cyclin D1

7 Targeted
(various)

disorganised retinal layers Carthon, 2005 
Geng, 2001

Ccnd2'"” '̂ '’« 
cyclin D2

6 cyclin D2- Targeted
(knock-out)

Retinal hypoplasia

Ccnd3'"'"’‘“ 
cyclin D3

17 D3'- Targeted
(knock-out)

Retinal hypoplasia Ciemerych, 2002

Cdknlb'"'"^*"
cyclin-dependent kinase inhibitor 
1B(P27);

6 p27-, p27'^''” Targeted
(knock-out)

1 Partial loss o f photoreceptors, increase in amacrine 
and Muller cells

Nakayama K, 1996

Chm'""'*'""’
choroidermia

X Chm’ Targeted
(Various)

j  Reduced retinal photoreceptors choroidermia van den Hurk, 1997
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Clcn3""'®"' 
chloride channel 3;

8 Cinc3 Targeted
(knock-out)

 ̂Abnormal retinal neuronal layer morphology Ceroid Lipofuscinosis, 
Neuronal 3, 204200

T----  ■- -------
' Yoshikawa M, 2002

chloride channel 7
17 C7A, Clcn?-'- Targeted

(various)
Optic nerve atrophy, retinal degeneration Osteopetrosis, Type II; 

166600
Komak U 2001

C | n 3 ' n - " M e n .

ceroid lipofuscinosis, neuronal 3
7 C i n 3 < t e h a « 7 / 8 Targeted

(knock-out)
Abnormal retinal neuronal layer morphology, 
retinal degeneration

Ceroid Lipofuscinosis, 
Neuronal 3, 204200

Cotman SL, 2002

Cnga3'"’"“'‘
cyclic nucleotide gated channel 
alpha 3

1 CNG3'- Targeted
(various)

Abnormal cone morphology leading to retinal 
degeneration

Leber Congenital 
Amaurosis, Type 11; 
204100

Biel, 1999

Cngblb"""®'"
cyclic nucleotide gated channel 
beta lb

8 GNGBT Targeted
(knock-out)

Abnormal second order neuron morphology, retinal 
degeneration

Huttl S, 2005

Crbi""'wij
crumbs homolog 1 (Drosophila)

1 Targeted
(knock-out)

Retinal degeneration, abnormal morphology Van De Pavert SA, 2004

Crocc'""^'"
ciliary rootlet coiled-coil, rootletin

4 Targeted
(knock-out)

Age related retinal degeneration Yang J, 2005

Ctsd'""cp«r
cathepsin D

7 Cat D-, CD-, 
CTSD-

Targeted
(knock-out)

Abnormal morphology, retinal degeneration Koike M , 2003

D j . p t m l W b g

deleted in colorectal carcinoma
18 Dcc-, Targeted

(knock-out)
Optic nerve misrouting Deiner MS, 1997

Ephbl Ephb2, Ephb3 
Eph receptor B l, B2, 83

9 EphBl- Targeted
(knock-out)

Abnormal optic nerve innervation Williams SE, 2003

ErccS'"’'-"'̂ ''
excision repaiross-complementing 
rodent repair deficiency, group 8;

13 C sa '' Targeted
(knock-out)

Progressive retinal degeneration van der Horst GT, 2002

Fath""'Cfc
fat tumor suppressor homolog 
(Drosophila);

8 m FA T l'- Targeted
(Reporter)

■
Retinal neural layer is missing Ciani L, 2003

Foxdl"""^' 
forkhead box D1

13 BF-2(-/-) Targeted
(Reporter)

abnormal retinotectal projections 'Hatini V, 1996

Foxn4'""’̂ ‘” 
forkhead box N4

5 Foxn4' Targeted
(knock-out)

Abnormal second and third order neurons I Li S, 2004
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■ ■ ■ r p^|tmlZuk 1

follistatin
13 fs"” , Fst-, 

Fst™'
Targeted
(knock-out)

Abnorm al retinal ganglion layer m orphology j Kim  J, 2005

Gabrrl'"'"^''’
gamma-aminobutyric acid 
(GABA-C) receptor, subunit rho 1

4 GAB Ac rho l 
null,
G abrrl"""^"^

Targeted
(knock-out)

D isorder in signaling from  rod bipolars to third 
order neurons

M cCall MA, 2002

Gdni'""™
growth difierentiation factor 11

10 G d f l l " ^ Targeted
(knock-out)

Inner retinal layer abnorm alities Kim J, 2005

Gjal2"""’""'
gap junction membrane channel 
protein alpha 12

11 C x47 KO Targeted
(knock-out)

delayed m yelination in optic nerve M enichella DM 2003

Gja7«nlKwi

gap junction membrane channel 
protein alpha 7

11 C x45 '-,
Cx451acZ

Targeted
(Reporter)

D isruption o f  rod O N -bipolar to A ll am acrine cells M axeiner S, 2005

Gja9"""^"‘
gap junction membrane channel 
protein alpha 9

2 Cx36 -/- Targeted
(knock-out)

Abnorm al ganglion cell to am acrine cell coupling Schubert T, 2005

G jbl«"> IK -

gap junction membrane channel 
protein beta 1

X Cx32-/- Targeted
(knock-out)

Absent optic nerve M enichella DM 2003

Gnati'™" '̂'"*
guanine nucleotide binding 
protein, alpha transducing 1

9 G natr^ ' Targeted
(knock-out)

M ild age related retinal degeneration C alvert PD 2000

Gnpat""'-’"” 
glyceronephosphate O- 
acyltransferase

8 D A P A T ' Targeted
(knock-out)

Abnorm al optic nerve m orphology R hizom elic
C hondrodysplasia Punctata, 
Type 2; 222765

R odem er C 2003

G prl43‘""'"'
G protein-coupled receptor 143

X O al-/Y Targeted
(knock-out)

Optic nerve innervation A lbinism , O cular, Type 1; 
O A l 300500

Incerti B, 2000

G r k i^ 'C i ib

G protein-coupled receptor kinase 1
8 GRK -/-, RK- 

/-
Targeted
(knock-out)

Abnorm al rod m orphology Oguchi D isease 258100 C hen CK, 1999

Grm6*"’""”'‘
glutamate receptor metabotropic 6

11 m G luR 6' Targeted
(knock-out)

Loss o f  bipolar on responses ^M asuM  1995

G ucala/G ucalb'””-'"'  ̂
guanylate cyclase activator 1B

17 G C A P ',
G C A P s '

Targeted
(knock-out)

ERG Flash sensitivity m uch higher j  M endez A 2001
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Gucala/Gucalb""'^"' 
guanylate cyclase activator la

17 GCAP'-,
G C A Ps'

Targeted
(knock-out)

ERG Flash sensitivity much higher

Hexa'"’“ '" 
hexosaminidase A

9 Hexa -/- Targeted
(knock-out)

possible visual impairment Tay-Sachs Disease; TSD 
272800

Itga6'"” ‘̂ «' 
integrin alpha 6

2 alpha6 Targeted
(knock-out)

Retinal ganglion layers and nerve fibre layers very 
disorganised

Epidermolysis Bullosa 
Letalis 226700

j a g j t m r c r i d

jagged 1
2 Jagl<^^" Targeted

(knock-out)
Alagille Syndrome; AGS 
118450

KcnjlO"""^
potassium inwardly-rectifying 
channel, subfamily J, member 10;

1 KcnjlO"""’̂
Kir4.1-/-

Targeted
(knock-out)

Muller cell defect

1 R m z

Kruppel-like factor 7
1 DeltaK7-neo,

Klf7'
Targeted
(knock-out)

Abnormal retinal ganglion layer morphology

Krd
kidney and retinal defects;

19 Tg8052 Transgenic 
(7cM deletion)

Defects in ERG due to Pax2

Lhxl'""””
LIM homeobox protein 2;

2 Lhx -/- Targeted
(knock-out)

Absent retina

Lrat'">'Kp«i
lecithin-retinol acyltransferase

3 Lrat*' Targeted
(knock-out)

Attenuated rod and cone function Ehlers-Danlos Syndrome, 
Type I 130000

Mab21l2"""^*° 
mab-21-like 2 (C. elegans);

3 Mab2112- Targeted
(knock-out)

Malformation o f rudimentary retina

Mai*"’""'"
myelin and lymphocyte protein

2 M ar Targeted
(Reporter)

Abnormal optic nerve atrophy

Mapk8ip3'"'"’“'"
mitogen-activated protein kinase 
8 interacting protein 3

17 jsapT Targeted
(knock-out)

Abnormal optic nerve atrophy

Meisl*™""®'
myeloid ecotropic viral 
integration site 1

11 Meisl'^’ Targeted
(Reporter)

Partly duplicated retinas (angiogenic abnormality)

MitF
microphthalmia-associated 
transcription factor

6 Mitf Various Abnormal optic nerve and retinal morphology Albinism, Ocular, with 
Sensorineural Deafness 
103470;

Mendez A 2001 

Miklyaeva El, 2004 

De Arcangelis A, 1999 

Xue Y

Kofuji P, 2000

Laub F, 2005

Keller SA, 1994

Porter FD, 1997

Batten ML, 2004

Yamada R, 2004

Schaeren-Wiemers N , 
2004

Ha HY, 2005 

Hisa T, 2004 

 ̂Thaung C 2002
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Mkks'"” ''”
McKusick-Kaufman syndrome 
protein

2 Mkks Targeted
(knock-out)

Retinal degeneration Bardet-BiedI Syndrome; 
BBS 209900

Path MA, 2005

Ncaml
neural cell adhesion molecule 1

9 N cam l'" '"^^ Abnormal retina morphology Tomasiewicz H, 1993

Norrie disease homolog;
X Targeted

(knock-out)
Disorganized retinal layers Norrie Disease; NDP 

310600
Berger W, 1996

Neurodl
neurogenic differentiation 1

2 ND
Neurod 1

Targeted
(Reporter)

Abnormal second order neurons Morrow EM, 1999

Nkx6-2'"'“^"
NK6 transcription factor related, 
locus 2 (Drosophila)

7 Nkx6-2‘ Targeted
(Reporter)

Abnormal optic nerve morphology Southwood C, 2004

Notch2""'^'^‘’
Notch gene homolog 2 
(Drosophila)

3 Notch2-,
Notch2‘̂ "

Targeted
(knock-out)

Developmental abnormalities, when knocked out 
with Jagl

Alagille Syndrome; AGS 
118450

McCright B, 2002

jy j,|tinl Asw

neural retina leucine zipper
14 Nrl- Targeted

(knock-out)
Complete absence o f rod function Mears AJ, 2001

neurotrophic tyrosine kinase, 
receptor, type 2;

13 trkB"“ Targeted
(knock-out)

Abnormal rod morphology, lose rod ERG b-wave Rohrer B 1999

Oat""'Dv>
ornithine aminotransferase;

7 Targeted
(knock-out)

Moderate retinal degeneration Ornithine Aminotransferase 
Deficiency 258870

Wang T

O pnlm w ‘""<«™“-'̂ >'"‘'
opsin 1 (cone pigments), medium-
wave-sensitive

X R Targeted
(knock-in)

Mice have an additional class o f photoreceptors, no ' 
retinal disorder

Smallwood PM 2003

Opn4>">iv«u

opsin 4 (melanopsin);
14

,
mop' ■, Opn4- Targeted

(Reporter)
Poor light adaptation Lucas RJ 2003

Otx2""'®’“
orthodenticle homolog 2 
(Drosophila)

14 O tx 2 \
Otx2'"‘=̂

Targeted
(knock-out)

Abnormal optic nerve morphology S u d a Y 1996

Pank2""'-’«' 
pantothenate kinase 2

2 Pank2‘ Targeted
(Reporter)

Retinal degeneration, abnormal rod outer and inner ' 
segments

Kuo YM 2005
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Pcdh2l"""^“
protocadherin 21 1

14 prCAD’ Targeted
(knock-out)

Abnormal outer segments j Rattner A 2001

Pde6b
phosphodiesterase 6B, cGMP, rod 
receptor, beta polypeptide; 2

5 nm fl37 ENU Retinal degeneration Night Blindness Congenital 
Stationary 163500

Jax Neuroscience 
mutagenesis facility

Pde6g'
phosphodiesterase 6G, cGMP- 
specific, rod, gamma

11 Pdeg™' Targeted
(various)

Severe photoreceptor loss, complete by 8 weeks Tsang SH, 1996

Pdgfb™^
platelet derived growth factor, B 
polypeptide

15 pdgf-b^« Targeted
(knock-out)

Retinal degeneration Lindblom, 2003

p i n i t m i T u c

protein (peptidyl-prolyl cis/trans 
isomerase) NIMA-interacting 1

9 Pinl- Targeted
(knock-out)

50% o f mice showed retinal degeneration from 4 
months

Fujimori, 1999

Plaur"""^**
urokinase plasminogen activator 
receptor

7 u-PAR
uPAR

Targeted
(knock-out)

Choroidal neovascularisation Dewerchin, 1996

Pou4f2'^^’’'’
POU domain, class 4, 
transcription factor 2;

8 Pou4f2''^’’'’ Targeted
(various)

Loss o f 70% o f retinal ganglion cells by 6 weeks Gan, 1999

p p , ] t m l A j

palmitoyl-protein thioesterase 1
4 Pptidchaex4 Targeted

(knock-out)
abnormal retinal neuronal layer, retinal 
degeneration

Ceroid Lipofuscinosis, 
Neuronal 1, 256730

Jalanko, 2005

Rbl
retinoblastoma 1

14 Rb Targeted
(various)

Retinal dysplasia with lesions J a c k s T 1992

Rbii'""Tyi
retinoblastoma-like 1 (pi 07);

2 pl07-/- Targeted
(knock-out)

Mild disruption o f retinal photoreceptor layer Lee MH, 1996

Rbpl'"” "’'
retinol binding protein 1, cellular

9 C RB PI' Targeted
(knock-out)

Delayed dark adaptation, abnormal outer segments Ghyselinck, 1999

Rbp3'""^“
retinol binding protein 3, 
interstitial

14 IRBP-/- Targeted
(knock-out)

Loss o f photoreceptors Liou, 1998

R b p 4 ' " " G ” « 19 R B P ' Targeted 100-fold increased light sensitivity Quadro, 1999
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retinol binding protein 4, plasma (knock-out) 1
Rcvrn'"” '̂ '"'"
recoverin

11 rec', Rv' Targeted
(various)

Faster flash response recovery in ERG, increased 
light sensitivity

Makino, 2004

retinol dehydrogenase 11
12 rdh 11 ■ Targeted

(knock-out)
Delayed dark adaptation Kim TS 2005

RdhgtmtDrie

retinol dehydrogenase 5
10 11 -cis-rdh-/- Targeted

(knock-out)
Reduced a- and b-waves when dark-adapted, 
delayed dark adaptation

Driessen 2000

R g r ' m l H k f

retinal G protein coupled 
receptor

14 Rgr‘ Targeted
(knock-out)

Light adapted mice do not respond optimally to 
light

Chen P 2001

R g ^ 9 t m I C i t b

regulator of G-protein signaling 9
11 RGS9- Targeted

(knock-out)
Slow recovery o f  rod photoresponse Chen, 2000

Rho
rhodopsin

6 Rho-/- Targeted
(knock-out)

Retinal degeneration Retinitis pigmentosa Humphries 1997

R | b p , l n . l J s a

retinaldehyde binding protein 1
7 R lb p l ' Targeted

(knock-out)
Reduced retinal cell numbers, delayed dark 
adaptation

Bothnia Retinal Dystrophy 
607475

Saari, 2001

R o n , , « " » M c i

rod outer segment membrane 
protein 1

19 Roml'^ Targeted
(knock-out)

Retinal degeneration, onset 2 months Clarke 2000

R o r b ' " " M b a

RAR-reiated orphan receptor b
19 RORbeta -/- Targeted

(Reporter)
Retinal degeneration, retina severely malformed Andre 1998

R p j h t m l J n z

retinitis pigmentosa 1 homolog 
(human)

1 R pl-/- Targeted
(knock-out)

Retinal degeneration Retinitis Pigmentosa 1; RPl 
180100

Gao, 2002

Rpe65""'^""^
retinal pigment epithelium 65;

3 Rpe65- Targeted
(knock-out)

Retinal degeneration Leber Congenital 
Amaurosis, Type II; 204100

Redmond, 1998

R p g r . n . l T i U

retinitis pigmentosa GTPase 
regulator

X RPGR- Targeted
(Reporter)

Rapid retinal degeneration, onset at 2 months Cone-Rod Dystrophy, X- 
Linked, 1; CORDXl 
304020

Hong, 2000

Rpgripl""’ '̂"
retinitis pigmentosa GTPase 
regulator interacting protein 1;

14 RPGRIP'- Targeted
(knock-out)

Photoreceptor degeneration Zhao, 2003
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targeted mutation 1 1 [■ ■

Rslh'"” *''
retinoschisis 1 homolog (human)

X RS-r Various diminished dark-adapted ERG b-wave Retinoschisis 1, X-Linked, 
Juvenile; RSI 312700

Zeng, 2004

Rwhs
retinal white spots; retinal white 
spots

II GENA 246 Various Retinal layer disorganisation Thaung, 2002, on C3H

Rxra'"'‘"P'
retinoid X receptor alpha

2 Rxralpha^ Targeted
(Floxed/Frt)

Abnormal photoreceptor morphology, reduced cell 
number

Mori, 2004

Sca7'"""“
spinocerebellar ataxia 7 homolog 
(human)

14 S c a 7 ^ ^ Targeted
(knock-in)

Slow loss o f photoreceptors, cone then rod Yoo, 2003

Scnlb'"’"“ "'
sodium channel, voltage-gated, 
type 1, beta

7 Betal (-/-) Targeted
(knock-out)

axon degeneration observed in the optic nerve Chen et al 2004

Sirtl'"’"'””
sirtuin 1 ((silent mating type 
information regulation 2, 
homolog) 1 (S. cerevisiae)

10 S|RT|d«ltaex4 Targeted
(knock-out)

Disorganized retinal layers Chang

Slc4a7'">"<r«

solute carrier family 4, sodium 
bicarbonate cotransporter, 
member 7

14 Slc4a7'- Targeted
(knock-out)

Photoreceptor degeneration Usher Syndrome, Type lA; 
USHl A 276900

Bok, 2003

Slc6a6‘""“'“ “ 
solute carrier family 6 
(neurotransmitter transporter, 
taurine), member 6

6 taut-/- Targeted
(knock-out)

advanced stages o f photoreceptor degeneration 
observed at 1 to 2 months o f age

Retinitis Pigmentosa; RP 
268000

Heller-Stilb, 2002

Spnb4'""^“ ' 
spectrin beta 4

7 betalVepsilon
r

Targeted
(knock-out)

Abnormal optic nerve
1“ '

Lacas-Gervais et al 2004

1

Sstrr""“"'
somatostatin receptor 1

12 Sstrl' Targeted
(knock-out)

Defects in bipolar rod cells, inhibition o f K+ 
current, glu release is enhanced

Bigiani et al 2004

Tfam""''^'” " 
transcription factor A, 
mitochondrial

10 Tfam- Targeted
(knock-out)

1 No optic nerve  ̂Mitochondrial DNA 
Depletion Syndrome, 
Hepatocerebral Form

Larsson, 1998
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251880

Tg(Ty rp 1-ere) 11 pc 
transgene insertion 1

Thrb""^“^
thyroid hormone receptor beta 

tmgc24
Tennessee Mouse Genome 
Consortium 24;
T t p a t m l H s z

tocopherol (alpha) transfer 
protein

Tub""'"°‘‘
tubby candidate gene 

Tulpl
tubby like protein I

UN TRPl-C re Transgenic outer segment shortening and disorganization, 
(Cre/Flp) reduced light responses in ERG

14

15 47TNT

Targeted
(Reporter)

loss o f  M-cones, S-cones spread across retina

ENU hypervascularization o f the opitic nerve

4 alpha-TTP' ’ Targeted Age-related retinal degeneration
(knock-out)

7 tub-

17 T u lp r

Targeted Retinal degeneration
(knock-out)

Mori, 2004 

Ng, L, 2001

Vitamin E, Familial 
Isolated Deficiency Of; 
VED 277460

TMGC

Yokota et al, 2001

Alstrom Syndrome; 203800 Stubdal, 2000

Targeted early-onset retinal degeneration with a progressive,
(knock-out) rapid loss o f photoreceptors

Twsgl""""""*"
twisted gastrulation homolog 1 
(Drosophila)
T y ro 3 * " '> G ri

T Y R 03 protein tyrosine kinase 3

17 Tsg-'

2 Tyro3

Targeted
(Reporter)

Retina does not develop

Targeted Abnormal cone morphology and rod morphology
(knock-out)

visual system homeobox 1 
homolog (zebraflsh)

2 V sxT Targeted i  defects in the cone visual pathway, rod bipolars do
(knock-out, not mature, normal rod ERG 
reporter, lox)

Ikeda et al, 2000

(Zakin and De Robertis, 
2004)

(L u e ta l 1999)

(Ohtoshi et al 2004)
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Appendix E

Markers used in the genome scan in chapters 3 and 5 come from 3 sources: Kbio 

signifies markers which were genotyped by Kbioscience, UK, using the informative 

SNP mouse panel pubhshed by Petkov et al in 2004. Information on the informative 

panel is found in the supplementary method o f the Petkov paper and also on the 

Kbioscience website (http://www.kbioscience.co.uk).

Jax markers were sourced from the database at the Jackson laboratory 

('http://www.informatics.iax.ora/searches/polymorphism form.shtml).

CIDR markers come from the mouse strain database at the Center for Inherited Disease 

Resistance (http://www.cidr.jhmi.edu/mouse/mmset.html) and were first published in 

Witmer et al 2003. Jax and CIDR markers are polymorphic microsatellite markers 

which were genotyped in the laboratory.

Chromosome 1 (127cM)

Marker Name cM Base pair #
Genotype

Source
C57 129

rs3716569 15 21,069,910 G:G C:C Kbio

rs4136282 27 43,879,038 C:C A:A Kbio

rs3703174 32 66,300,228 A:A G:G Kbio

rs4222516 52 90,978,277 A:A G:G Kbio

rs3 676992 63 122,443,845 G:G T:T Kbio

rs3710036 71.5 149,729,600 A:A G:G Kbio

D lM itl5 9 82 159,670,881 1:1 2:2 CIDR

rs3655994 96 175,436,210 C:C T:T Kbio

D lM it362 106.3 189,106,653 1:1 2:2 Jax
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Chromosome 2 (llOcM)

Marker Name cM Base pair #
Genotype

Source
C57 129

rs3678765 27.5 44,241,087 C:C T:T Kbio

rs3022887 42 69,959,108 A:A G:G Kbio

rs3686727 50.3 101,381963 A:A G:G Kbio

rs3691456 66.8 120,596,567 A:A T:T Kbio

rs3023694 85.2 146,474,587 G:G A:A Kbio

rs3687512 99 168,841,156 C:C A:A Kbio

Chromosome 3 (95cM)

Marker Name cM Base pair #
Genotype

Source
C57 129

rs4223752 1 17,496,617 T:T C:C Kbio

rs4223936 19.2 36,315,048 AA GG Kbio

rs3679479 29.5 59,502,103 A:A T:T Kbio

rs4224040 39.7 88,405,297 XT CC Kbio

rs3024051 59 124,351,633 A:A C:C Kbio

rs3706762 82.5 148,246,989 T:T C:C Kbio

Chromosome 4 (84cM)

Marker Name cM Base pair #
Genotype

Source
C57 129

rs3721417 8.8 25,438,862 G:G T:T Kbio

rs3667625 21.9 53,350,436 G:G A:A Kbio

rs 16265 38 75,322,204 G:G A:A Kbio

rs3704372 49.6 99,044,740 C:C T:T Kbio

rs3711319 58 126,613,765 T:T A:A Kbio

D4Mit256 82.7 152,876,336 1:1 2:2 CIDR
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Chromosome 5 (92cM)

M arker Name cM Base pair #
Genotype

Source
C57 129

rs3726629 8 20,886,343 C:C T:T Kbio

rs3663092 26 43,934,014 T:T G:G Kbio

rs3691920 41 69,034,096 A:A G:G Kbio

rs3657931 45 93,454,121 GG TT Kbio

D5Mit277 57.9 106,118,223 1:1 2:2 CIDR

rs3664741 70 122,372,711 A:A G:G Kbio

D5Mit98 78 135,598,873 1:1 2:2 Jax

Chromosome 6 (74cM)

M arker Name cM Base pair #
Genotype

Source
C57 129

rs3707577 7.2 20,041,173 T:T G:G Kbio

rs3678388 26 49,815,402 G:G T:T Kbio

Snca 29 60,824,086 -/- +/+ Specht et al

rs3671401 32.5 75,866,281 T:T A:A Kbio

D6Mit 40.4 108,296,957 1:1 2:2 CIDR

rs3702875 62.5 129,977,933 A:A G:G Kbio

Chromosome 7 (74cM)

M arker Name cM Base pair #
Genotype

Source
C57 129

D7Mitl45 26.4 38,860,885 1:1 2:2 Jax

rs3672773 37 62,797,385 G:G T:T Kbio

rs3670440 48.15 83,793,091 C:C T:T Kbio

rs3654689 53 104,789,660 G:G T:T Kbio
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Chromosome 8 (82cM)

M arker Name cM Base pair #
Genotype

Source
C57 129

rs3691954 9 21,194,333 G:G A:A Kbio

rs3719876 22.5 41,810,468 T:T A:A Kbio

rs3089230 33 67,095,184 G:G C:C Kbio

rs3703660 38 84,551,436 A:A G:G Kbio

rs3683511 53.3 106,710,308 A:A G:G Kbio

D8Mit56 73 128,439,309 1:1 2:2 Jax

Chromosome 9 (79cM)

M arker Name cM Base pair #
Genotype

Source
C57 129

rs3705734 21 40,632,127 A:A C:C Kbio

rs3698994 42 80,332,316 T:T C:C Kbio

D9Mit269 43 88,384,449 1:1 2:2 Jax

rs3700340 55 101,464,208 C:C T:T Kbio

D9Mit350 60.1 111,365,229 1:1 2:2 CIDR

D9Mit311 65 116,505,187 1:1 2:2 Jax

Chromosome 10 (77cM)

M arker Name cM Base pair #
Genotype

Source
C57 129

rs3679593 20 26,833,455 G:G T:T Kbio

rs3696307 30 53,703,948 G:G C:C Kbio

rs3717445 43.7 82,573,460 C:C G:G Kbio

rs3654717 59 106,620,494 C:C T:T Kbio

D10Mit233 63.4 114,156,989 1:1 2:2 CIDR

«
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Chromosome 11 (80cM)

M arker Name cM Base pair #
Genotype

Source
C57 129

rs3707185 10.9 20,061,462 A:A G:G Kbio

rs3717967 19 40,395,700 A:A T:T Kbio

rs3023311 31.5 59,601,495 T:T C:C Kbio

rs3663879 48.5 83,650,805 G:G C:C Kbio

rs3687284 65 104,232,945 A:A G;G Kbio

Chromosome 12 (66cM)

M arker Name cM Base pair #
Genotype

Source
C57 129

rs3712523 7 22,267,734 C:C G:G Kbio

rs3700857 24 48,238,920 C:C T;T Kbio

rs3655558 30 69,383,283 AA GG Kbio

D12Mit7 44.8 98,441,458 1:1 2:2 CIDR

rs3663596 51 98,857,541 T:T C:C Kbio

Chromosome 13 (77cM)

M arker Name cM Base pair #
Genotype

Source
C57 129

rs3701757 10 15,605,056 A;A G:G Kbio

rs3659063 20 37,862,866 A:A T:T Kbio

rs3713287 40 59,749,753 G:G A:A Kbio

rs3673712 44 76,975,009 T:T A:A Kbio

rs3670732 52 93,945,737 A:A G:G Kbio

D13Mit262 68 109,753,303 1:1 2:2 Jax
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Chromosome 14 (69cM)

Marker Name cM Base pair #
Genotype

Source
C57 129

D14Mit60 15 39,763,409 1:1 2:2 CIDR

rs3697794 20 45,676396 G:G A:A Kbio

rs3693589 44 68,490,221 C:C G:G Kbio

D14Mit228 47 91,609,593 1:1 2:2 CIDR

rs3686670 48 92,926,036 G:G A:A Kbio

Chromosome 15 (81 cM)

Marker Name cM Base pair #
Genotype

Source
C57 129

rs3662097 9.9 20,132,803 G:G T:T Kbio

rs3090049 15.2 37,091,002 C:C T:T Kbio

rs3023422 31.2 57,312,070 A:A G:G Kbio

rs3023429 61.7 102,265,828 G:G T:T Kbio

Chromosome 16 (72cM)

Marker Name cM Base pair #
Genotype

Source
C57 129

rs4162874 3.4 12,091,439 C:C T:T Kbio

rs4188108 31.5 56,211,659 T:T G:G Kbio

rs4205499 46 75,602,378 T:T C:C Kbio

rs4219072 62.2 92,016,900 A:A G:G Kbio

Chromosome 17 (73cM)

Marker Name cM Base pair #
Genotype

Source
C57 129

rs3664721 8.2 12,883,774 C:C T:T Kbio

rs3690712 18 29,653,618 T:T C:C Kbio

rs3677240 23.5 42,409,056 G:G A:A Kbio

rs3023456 41.5 65,900,970 T:T G:G Kbio

rs4231722 55.7 85,479,538 G:G A:A Kbio
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Chromosome 18 (60cM)

M arker Name cM Base pair #
Genotype

Source
C57 129

D18Mitl77 20 41,426,178 1:1 2:2 CIDR

rs3721446 31 56,991,725 G:G C;C Kbio

rs3725940 50 78,085,811 G:G T:T Kbio

Chromosome 19 (57cM)

M arker Name cM Base pair #
Genotype

Source
C57 129

rs3692864 15 20,719,054 A:A G:G Kbio

D19MitlO 47 46,497,317 1:1 2:2 Jax

rs3023517 57 59,767,603 A:A G:G Kbio

Chromosome X (ISOcM)

M arker Name cM Base pair #
Genotype

Source
C57 129

rs3653863 3 8,965,556 A:A G:G Kbio

rs3684845 15.5 38,424,585 A:A C:C Kbio

rs3663719 30.9 61,948,213 A:A T:T Kbio

rs3693696 44 91,057,478 T:T C:C Kbio

rs3723498 63 126,080,616 A:A G:G Kbio
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APPENDIX F

This appendix catalogues the genes within the QTL o f  interest surrounding D19MitlO 

on Chromosome 19, along with their position (source Mouse Genome Browser).

Gene

Symbol
Gene Name Identifier bp location

TmemlO transmembrane protein 10 NM_153520 40607793-40621486

T112 tolloid-like 2 NM_011904 40627126-40751208

Smbp transmembrane protein 9 superfamily member 3 NM _133352 40758168-40808309

P ik3apl phosphoinositide-3-kinase adaptor protein 1 NM_031376 40818591-40929443

Morf411 mortality factor 4 like 1 NM_024431 41069637-41071332

Slitl slit homolog 1 N M _015748 41144632-41288229

A rhgap l9 Rho GTPase activating protein 19 NM 027667 41313958-41346407

F ra tl GSK-3 binding protein FRATl NM_008043 41374489-41376956

Frat2 frequently rearranged in advanced T-cell NM_ 177603 41390353-41392505

Pgam l phosphoglycerate mutase 1 NM_023418 41456333-41463037

Exoscl exosome component 1 NM_025644 41468100-41477667

Z dhhcl6 Abl-philin 2 NM_023740 41477888-41488468

Mmsl91 MMS19 (METIS S. cerevisiae)-like NM_028152 41488082-41525509

U btd l ubiquitin domain containing 1 NM_145500 41526138-41579014

A nkrd2 ankyrin repeat domain 2 NM_020033 41580411-41589483

Pi4k2a phosphatidylinositol 4-kinase type Il-like NM_145501 41634859-41666403

Avpil Esau protein NM_027106 41667654-41673366

M arveld l MARVEL (membrane-associating) domain containing NM_183195 41691768-41696030

Zfyve27 zinc finger FYVE domain containing 27 NM_177319 41714954-41738926

SfrpS secreted frizzled-related sequence protein 5 N M _018780 41742306-41746464

C rtac l cartilage acidic protein 1 NM_145123 41827442-41976054

D19Ertd386e growth inhibition and differentiation related NM_ 177464 42063212-42136663

Loxl4 lysyl oxidase-like 4 NM_053083 42138393-42157152

H psl pale ear NM _019424 42299619-42323052

C nnm l cyclin M l NM_031396 42985618-43040155

G otl glutamate oxaloacetate transaminase 1 soluble NM _010324 43044162-43068916

Nkx2-3 NK2 transcription factor related locus 3 NM_008699 43156732-43160298

Slc25a28 solute carrier family 25 member 28 NM_145156 43208210-43219288

E ntpd? ectonucleoside triphosphate diphosphohydrolase NM_053103 43234238-43276022

CoxlS COX 15 homolog cytochrome c oxidase assembly NM_ 144874 43279532-43297388
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Cute cutC copper transporter homolog NM_025530 43297403-43313038

Abcc2 ATP-binding cassette sub-family C member 2 NM_013806 43326811-43382358

Dnm bp dynamin binding protein NM_028029 43392374-43456799

C pn l carboxypeptidase N polypeptide 1 NM_030703 43500717-43530927

Cyp2c44 cytochrome P450 family 2 subfamily c NM_001001446 43549433-43573606

Spfhl SPFH domain family member 1 NM_145502 43579355-43613933

C huk conserved helix-loop-helix ubiquitous kinase NM_007700 43617743-43651849

PkdZll polycystic kidney disease 2-like 1 NM_181422 43692047-43736815

Scd3 stearoyl-coenzyme A desaturase 3 NM_024450 43747706-43786916

Scd2 stearoyl-coenzyme A desaturase 2 NM_009128 43838495-43851267

Scd4 stearoyl-coenzyme A desaturase 4 NM_183216 43877733-43891149

Scdl stearoyl-coenzyme A desaturase 1 NM_009127 43938862-43951960

W ntSb wingless related MMTV integration site 8b NM _011720 44037880-44056922

NdufbS NADH dehydrogenase (ubiquinone) 1 beta NM_026061 44094661-44099818

H in a n hypoxia-inducible factor 1 alpha subunit NM_176958 44107261-44120680

Pax2 paired box gene 2 NM _011037 44301801-44380434

Sema4g semaphorin 4G NM_011976 44533751-44547801

M rpl43 mitochondrial ribosomal protein L43 NM_053164 44549421-44550849

Peol twinkle NM _153796 44550965-44557172

Lzts2 leucine zipper putative tumor suppressor 2 NM_145503 44565797-44571493

Sfxn3 sideroflexin 3 NM_053197 44592081-44600789

K azaldl Kazal-type serine protease inhibitor domain 1 NM_ 178929 44620546-44623689

Tlxl T-cell leukemia homeobox 1 NM_021901 44695087-44701314

Lbxl ladybird homeobox homolog 1 NM _010691 44781167-44782673

Btrc beta-transducin repeat containing protein NM_009771 44911205-45076730

Poll polymerase (DNA directed) lambda NM_020032 45099715-45107980

533043 IN 19R 

ik
DPCD protein NM_ 172639 45108052-45125724

Fbxw4 F-box and WD-40 domain protein 4 NM _013907 45125694-45207630

Fgf8 fibroblast growth factor 8 NM _010205 45284256-45290310

Npiti3 nucleoplasmin 3 NM_008723 45295173-45297000

MgeaS meningioma expressed antigen 5 (hyaluronidase) NM_023799 45297698-45330728

Kcnip2 Kv channel-interacting protein 2 isoform b NM_030716 45341107-45363240

Hps6 Hermansky-Pudlak syndrome 6 NM_176785 45550586-45553231

L db l LIM domain binding 1 NM _010697 45579771-45586789

N olcl nucleolar and coiled-body phosphoprotein 1 NM_053086 45623181-45630492

Elovl3 elongation o f very long chain fatty acids NM_007703 45679067-45682862

Pitx3 paired-like homeodomain transcription factor 3 NM_008852 45682856-45695493
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G b n golgi-specific brefeldin A-resistance factor 1 NM_ 178930 45699726-45833852

Nfkb2 nuclear factor o f kappa light polypeptide gene NM _019408 45852961-45859431

Psd pleckstrin and Sec7 domain containing homolog NM_028627 45859430-45874499

FbxllS F-box and leucine-rich repeat protein 15 NM_133694 45875552-45877786

Cuedc2 CUE domain containing 2 NM_024192 45877888-45885967

A c trla A RPl actin-related protein 1 homolog A NM _016860 45924157-45943078

Sufu suppressor o f fused homolog isoform 2 NM_001025391 45944261-46034071

T rim s tripartite motif protein 8 NM_053100 46050009-46064100

Arl3 ADP-ribosylation factor-like 3 NM_019718 46078948-46120160

Sfxn2 sideroflexin 2 NM_053196 46120442-46142544

As3mt methyltransferase Cytl9 NM_020577 46254335-46291501

Cnnm2 cyclin M2 NM_033569 46312726-46429008

Nt5c2 5'-nucleotidase cytosolic II NM_029810 46438258-46513007

Ina intemexin neuronal intermediate filament NM_146100 46566003-46575958

Pcgf6 polycomb group ring finger 6 NM_027654 46584920-46602146

Taf5 TAF5 RNA polymerase II TATA box binding protein NM_ 177342 46619049-46634769

UsmgS upregulated during skeletal muscle growth 5 NM_023211 46634767-46641934

P d c d ll programmed cell death protein 11 NM_011053 46642067-46682444

Neuri neuralized homolog NM_021360 46730296-46810735

ShSm dl SH3 multiple domains 1 NM_008018 46818214-47015710

O bfcl oligonucleotide/oligosaccharide-binding fold NM_ 175360 47052349-47088321

SIk STE20-like kinase NM_009289 47131320-47193755

C o ll7 a l procollagen type XVII alpha 1 NM_007732 47197663-47243395

G stol glutathione S-transferase omega 1 NM_010362 47406290-47416087

Sorcs3 sortilin-related VPS 10 domain containing NM_025696 47757240-48356719

Sorcsl SORCS receptor 1 NM_021377 49701717-50229375

Insl insulin I NM_008386 51832135-51832713

X pnpepl X-prolyl aminopeptidase (aminopeptidase P) 1 NM_133216 52559060-52606419

Adds adducin 3 (gamma) NM_013758 52711868-52814955

M xil Max interactor 1 isoform b NM_001008542 52878346-52941221

Sm ndcl survival motor neuron domain containing 1 NM_ 172429 52947148-52958505

Cspg6 chondroitin sulfate proteoglycan 6 NM_007790 53166174-53210194

Pdcd4 programmed cell death 4 N M _011050 53482347-53508728

Shoc2 soc-2 (suppressor o f clear) homolog N M _019658 53523184-53611742

A dra2a adrenergic receptor alpha 2a NM_007417 53625138-53626489
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APPENDIX G

Results are presented in this appendix for a mutation detection study in affected 

and unaffected members o f a human family with Retinitis pigmentosa 21 (RP21), 

exhibiting both retinal degeneration and sensorineural deafness (Kenna et al. 1997). 

Individuals with RP21 have a primary mutation, a C—>-A transversion at a conserved 

codon in the second mitochondrial serine tRNA gene (MTTS2) (Mansegh et al. 1999). 

Family members exhibit heteroplasmy, carrying varying proportions o f both wild type 

and mutant copies o f mitochondria in each cell. Since levels o f phenotypic variation in 

this family are extremely variable, a mutation screening study was undertaken in the 

Laminin gamma 3 (LAMC3) gene to see whether RP21 might be in terms o f digenic 

inheritance. An example of digenic inheritance in RP is that o f ROM 1 and RDS, 

discussed in chapter 1 (Kajiwara et al. 1994).

The results presented here from ten individuals whose affected status is known 

(Table G .l). Sequencing of the 28 exons o f the gene resulted in identification o f four 

known SNP variants in exons 4 (two SNPs), 19 and 26, none o f which had variants 

associated with affected status. A VNTR in intron 16 was examined as was 540 base 

pairs o f the promoter upstream of exon 1. Table G .l shows the results o f this work. 

Table G.2 shows the occurrence of each allele in affected and unaffected individuals.

Sample # Affected?
Rs2275132

|A|

Rs2275131

|G|

Rs2275140

(A]

Rs7024108

[A]

VNTR 

intron 16

1 No, spouse GG AA AG GG 3:3

2 No, spouse AG AG AA AA 3:3

3 Yes, mild AG GG GG GG 3:4

4 Yes GG AG AG AG 3:3

5 Yes, severe AG AG GG AG 3:3

6 No, spouse GG GG GG AA 3:3

7 Yes GG AG GG GG 3:3

8 No, spouse GG AA GG GG 3:3

9 Yes AA GG GG AA 3:3

10 Yes GG AG GG GG 3:4

Table G.l showing affected status, sequencing results from the four informative SNP markers found 

within the LAMC3 gene (Rs2275132, Rs2275131, Rs2275140 and Rs7024108) and genotyping results 

from a VNTR in intron 16.
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Status
Rs2275132 Rs2275131 Rs2275140 Rs7024108 VNTR 16

G A G A G A G A 3 4

Affected 8 4 8 4 11 1 8 4 11 1

Unaffected 7 1 5 3 5 3 4 4 7 1

Table G.2 showing the occurrence o f each allele in affected and unaffected individuals. None o f these 

data point to a digenic inheritance pattern for RP21 involving these polymorphisms.

The only other result o f note was the presence o f an deletion o f an adenosine 

residue at base pair -2537-254 in all ten individuals sequenced, compared to the 

published sequence. We believe this to be due to an error in the published sequence.
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