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Genetic eye disease is an important and common cause of blindness in the developed
World. The choroidoretinal dystrophies make up a significant proportion of this group
of conditions. Cone-rod retinal dystrophies are important examples and the term covers
a range of phenotypes with common, characteristic electrophysiologic abnormalities.
This phenotypic variation may reflect genetic heterogeneity. Working with one large
cone-rod dystrophy pedigree, a two part study was undertaken. Initial work was
directed at phenotypic characterisation using clinical, electrophysiological and
psychophysical techniques. Secondly, a molecular genetic study using the techniques of

linkage analysis was undertaken to locate the responsible gene.

An early onset, severe, progressive phenotype was identified with central then
peripheral areas of cone and rod functional deficit. Macular pigmentary abnormalities
with later-onset peripheral intraretinal pigmentation, progressed to extensive
chorioretinal atrophy. The phenotype had some features in common with previously
described subtypes of cone-rod dystrophy, but differences suggested that clinical
subclassifications had not identified different genotypes. Examination of the extended
pedigree revealed a segregation distortion superimposed upon the autosomal dominant
inheritance pattern. The likelihood of a person being affected was significantly
influenced by the sex of the affected parent. This phenomenon, meiotic drive, is rarely
observed in man. After exclusion from linkage to known candidate gene loci,
multipoint linkage and haplotype analysis localised the cone-rod dystrophy gene to a 5

centimorgan region bounded by genetic markers D/195219 and D195246. The disease



locus is therefore assigned to chromosome 19q13.3-q13.4 and is phenotypically and
physically distinct from two other retinal dystrophies (myotonic dystrophy-associated

retinopathy and autosomal dominant retinitis pigmentosa) also assigned to this region.

Tightly linked flanking markers are now available, sufficient to allow for prenatal
diagnosis if requested by family members. Also, the interval containing the disease
locus is sufficiently refined to undertake a positional cloning strategy to identify the

responsible retinal gene mutation.
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CHAPTER 1: INTRODUCTION
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1.1.1 Retinal anatomy

The exact anatomical focus of origin for many of the retinal dystrophies is poorly
understood. Also, little is known of the possible effects of other cell types in modifying
the disease process. A detailed knowledge of retinal anatomy is therefore required to

develop an understanding of the pathophysiologies of these conditions.

1.1.1.1 Macroscopic anatomy

The human retina is a thin, delicate, diaphanous tissue responsible for the conversion of
information contained in incident light within the eye, to a form suitable for
transmission to the brain. It is about 0.1mm thick at the ora, 0.2mm at the equator and
0.56mm around the optic nerve head. The inner surface is in contact with the vitreous
body and the outer surface is separated from the choriocapillaries by Bruch's
membrane. The sensory retina extends posteriorly to the optic nerve head and
anteriorly to the ora serrata where it is continuous with the non-pigmented ciliary
epithelium of the pars plana (ciliary body). The retina may be divided into the retinal
pigment epithelium (RPE) and neurosensory retina. These two layers are firmly
attached only at the optic nerve head and the ora serrata. Elsewhere they are separated

by the interphotoreceptor matrix (Blanks JC, 1989).

The neurosensory retina may be divided into the central or macular region and the

peripheral retina (Bell FC et al, 1983) (Figure 1.1). The macular area is defined

histologically as the region having at least two layers of nuclei in the ganglion cell layer

16
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and is approximately 4.5mm in diameter. Within the macula region, all retinal layers
from the outer nuclear layer inwards contain a yellow pigment (hence the name macula
lutea). The fovea is 1.5mm in diameter at the centre of the macular area, approximately
3mm temporal to the optic disk, and is about 0.25mm thick. The nerve fibre, ganglion
cell and inner plexiform layers are absent. The central 0.57mm is composed entirely of
cone photoreceptors. Within this is a region of approximately 0.4mm which is devoid
of retinal capillaries (the capillary free zone) the centre of which is called the foveola.
The parafoveal region surrounds the fovea and is about 0.5mm wide. It is distinguished
by the presence of numerous nuclei in the inner nuclear and ganglion cell layers. The
cone/rod ratio in this region is approximately 1:1. The most peripheral macular zone is
the perifoveal retina and is 1.5mm wide. The cone/rod ratio is approximately 1:2

(McDonnell JM, 1989).

The retina gradually becomes attenuated as it extends to the ora. Rod photoreceptors
predominate and the outer plexiform layer becomes vertically arranged. Ganglion cells
are larger and arranged into a single layer. The ora serrata is the anterior termination of
the retina consisting a dentate fringe adjacent to the pars plana. The equator is about 6

to 8mm posterior to the ora and 18 to 20mm in front of the macula.

Metabolic requirements are supplied by two vascular systems. Outer retina is supplied
mainly by the choriocapillaries of the choroid. The inner retina is supplied by branches
of the central retinal artery, the first branch of the ophthalmic artery. This bifurcates at

the optic disk into superior and inferior papillary branches which bifurcate once more

18



to form corresponding nasal and temporal arcades. These branches extend over the
retina within the nerve fibre layer, the nasal branches following a fairly direct course to
the periphery, the temporal vessels arch above and below the fovea to the periphery.
Two networks of capillaries are derived from these arterioles. One at the level of the
nerve fibre layer the other extending to the inner nuclear layer. Endothelial cells of
capillaries are joined by terminal bars and compose, with the tight junctions of the RPE
cells, the blood-retinal barrier. Retinal veins follow arteriolar distribution to form the
central retinal vein within the optic nerve and drain with other orbital veins into the

cavernous sinus (Alm A et al, 1987).

1.1.1.2 Microscopic anatomy and cell types

The neurosensory retina is laminated with three nuclear and three nerve fibre layers
(Figure 1.2). Apposed to the RPE cell layer are the photoreceptor outer segments in a
regular arrangement. This layer is separated from the outer nuclear layer which
contains the cell bodies of photoreceptor cells by the external limiting membrane. The
outer plexiform layer is composed of photoreceptor axons synapsing with the dendrites
of bipolar and horizontal cells whose cell bodies are found in the inner nuclear layer
with those of amacrine and Miiller cells. The inner plexiform layer is composed of
synapses between the axons of bipolar and amacrine cells and ganglion cell dendrites
whose cell bodies are found in the ganglion cell layer. The axons of ganglion cells
passing to the optic nerve head compose the nerve fibre layer which is separated from

the vitreous face by the inner limiting membrane (Blanks JC, 1989).
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Functionally, four cell types are represented in the neurosensory retina. Information
from photoreceptors (rods and cones) is delivered to intermediate cells (bipolar,
horizontal amacrine and interplexiform cells) via synapses which modulate the
response. These cells in turn synapse with ganglion cells which transmit this

information to the brain. A glial system (Miiller cells) is also present.

The human retina has been described as “ duplex ” in that two photoreceptor types,

rods and. Similarities and differences between these cell types are found
morphologically (Figure 1.3). All may be divided into an outer segment, embedded in
the microvilli of retinal pigment epithelial cells, a cilium, a tubular structure connecting
the outer with an inner segment, an outer fibre connecting inner segment with the cell
body containing the nucleus and an inner fibre that terminates in a specialised synaptic
vesicle (known as a pedicle in cones and a smaller spherule in rods) that synapses with
bipolar and horizontal cells (Dowling JE et al, 1966). The original light microscopic
classification of photoreceptors was based on the appearance of the outer segments.
Those of rods are cylindrical whereas those of cones outside the macular region taper
in width forming a cone pointing towards the retinal pigment epithelium. Photoreceptor
inner segments are subdivided into an ellipsoid region containing a dense aggregation
of mitochondria and myoid region containing the Golgi complex, scattered vesicles and
free and membrane bound ribosomes. The average human retina contains 4.6 million
cones with a average peak foveal density of 199,000 cones/mm?. There are on average
92 million rods with the highest density (150,000 rods/mm?) in a elliptical ring
approximately 20° from the fovea, at the eccentricity of the optic disk. The central

fovea defined by a radius of 0.35mm is rod-free (Curcio CA et al, 1990).
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The photoreceptor outer segment is the site of phototransduction, and both rod and
cone outer segments are composed of an elaborate system of stacked membranous
disks. In rods most outer segment disks are discontinuous with the outer plasma
membrane, whereas in cones all remain connected. There is a constant turnover of
photoreceptor outer segment disks which are removed by phagocytosis by adjacent
retinal pigment epithelial cells. The membrane of photoreceptor outer segment disks
contains the photopigments (Bok D, 1985). In the case of rods this constitutes the
visual pigment rhodopsin (Dratz EA et al, 1983). In cones there are three different

photopigments classified according to spectral tuning (Merbs SL et al, 1992).

Three morphological types of bipolar cell are found in humans (Blanks JC, 1989).
Invaginating bipolar cells have dendrites that invaginate into cone synaptic terminals
with axons terminating in the inner layer of the inner plexiform layer. Physiologically
they correspond to the depolarising centre bipolar cells. Flat bipolar cells are also cone
related and make more superficial contact with the base of cone synaptic terminals,
with their axons ending in the distal part of the inner plexiform layer. Flat bipolar cells
correspond to hyperpolarizing centre bipolar cells. Rod related bipolar cells have
dendrites extending into rod terminals. Their dendritic arbors are much larger than

those of cone bipolar cells and allow for contact with as many as 45 rods.

Horizontal cells are considered local-circuit neurons. In primate and human retinas

there are two morphological types (Boycott BB et al, 1987). Type I constitute cells

with stout dendrites that contact cones only and elaborate axons branches that contact
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only rods forming the lateral elements of rod synapses. Type II have slim dendrites and
short axons exclusively contacting cones. The other type of local-circuit neuron found
is the amacrine cell with their cell bodies in the proximal part of the inner nuclear layer
and processes (they have no axons) which extend into the inner plexiform layer to
contact bipolar, interplexiform and ganglion cell dendrites as well as other amacrine
cells. Recently amacrine cells have been classified according to the type of
neurotransmitter they contain (Masland RH, 1986). It has been shown that differently
shaped dendritic trees can be matched to particular neurotransmitters such as
acetylcholine, y-aminobutyric acid, glycine, dopamine, cholecystokinin and
somatostatin. Interplexiform cells have cell bodies located in the inner nuclear layer and
have pre- and post-synaptic connections in the inner plexiform layer but pre-synaptic
connections only with bipolar and horizontal cells in the outer plexiform layer. Tyrosine
hydroxylase-positive and y-aminobutyric acid-positive cell processes have been

identified.

Six morphological types of ganglion cell have been identified in humans. Midget,
parasol, shrub, small diffuse, garland and giant cells (Polyak SL, 1941) all of which
have their cell bodies in the innermost cellular layer of the retina. All types synapse
with the axons of bipolar and amacrine cells in the inner plexiform layer. Ganglion cell
axons constitute the nerve fibre layer of the retina and pass through the optic nerve to
synapse mainly in the lateral geniculate body (to subserve vision) or pre-tectal nuclei of
the midbrain (afferent pupillary reflex fibres). Ganglion cells projecting to the
magnocellular layers of the lateral geniculate body are termed M-cells and those

projecting to the parvocellular layers are known as P-cells.
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Miiller cells are large astrocytes which along with smaller glial cells mechanically
support the retina. Their cell bodies are located in the middle portion of the inner
nuclear layer. Outer processes extend superficially to compose the outer limiting
membrane, helping to orientate photoreceptor outer segments. Inner processes
constitute the inner limiting membrane. Miiller cells furnish the enzymes for glycolysis

and are involved in potassium movement in the retina (Blanks JC, 1989).

The retinal pigment epithelium (RPE) is a single layer of cells that extend from the
optic nerve head to the ora serrata. The cells of the RPE are generally flat and
hexagonal in shape, with a regular "cobblestone" arrangement and contain varying
amounts of melanin to give a granular appearance to the fundus. In the central retina
these cells are cuboidal. In the peripheral retina they are irregular in outline. The base
of each cell has a basement membrane firmly attached to Bruch's membrane,
characteristically has prominent plasma membrane infoldings, many mitochondria and
little pigment. The cell body contains the nucleus and other intracellular organelles. The
apex of each cell extends as microvillous elongations to surround photoreceptor outer
segments. Apical cytoplasm contains ovoid pigment granules and partially digested

photoreceptor outer segments (Clark VM, 1986).

1.1.2 Retinal Physiology

The recent identification of mutations in genes encoding proteins of phototransduction
(McLaughlin ME et al, 1993; al Maghtheh M et al, 1994; Gal A et al, 1994) highlights
the importance of this mechanism in the understanding of retinal dystrophies. It is a

process unique to the retina. Mutations of genes encoding such phototransduction
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proteins would therefore result in retina-specific disease. The consequence of
interactions between photoreceptors and the RPE have also become of great interest
since aberrations seem to play a central role in the pathophysiology of some of these
conditions. Functional studies in humans are usually indirect and often depend upon
measurement of electrical activity in normal and diseased retina. Therefore a

description of the origins of these electrical responses is also included here.

1.1.2.1 Phototransduction.

All photoreceptors respond to incident light (in the range 400-700nm of the
electromagnetic spectrum) by hyperpolarization. The complex mechanism by which this
is achieved is termed phototransduction. Both rods and cones can respond to single
quanta, with response graded according to the intensity and geometry of the incident
light. Most of our present knowledge is based on work in rod photoreceptors, but
similar mechanisms are believed to occur in cones. This response is modulated by the
circuitry of the neurosensory retina and transmitted along the axons of ganglion cells to

the brain.

1) The dark current. In the dark, prior to photic stimulation, there is a gradient of
potential in that the photoreceptor outer segment is negatively charged relative to the
photoreceptor synaptic region. This potential gradient is generated by an inward flow
of current across the cytoplasmic membrane of the rod outer segment due to influx of
positively charged sodium ions in association with an outward flow of current across
the rod inner segment due to efflux of potassium ions. The resultant ionic

concentration gradients across the plasma membrane are maintained by a Na" K"
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ATPase or Na" K' pump found within the inner segment cytoplasmic membrane. The

resultant current flow is termed the dark current (Steinberg RH, 1988).

2) Photoactivation. There are four light-absorbing conjugated proteins found in the
membranes of photoreceptor outer segment disks each covalently bound to the
aldehyde of vitamin Al, 11-cis-retinal (Dratz EA et al, 1983). Rhodopsin, the rod
photopigment optimally absorbs 507nm wavelength light (Bok D, 1985). The three
photopigments found in cone photoreceptors have maximum absorption at 440nm
(blue cones), 535nm (green cones) and 570nm (red cones) (Dartnall HJA et al 1983;
Nathans J et al, 1986a,b). Absorption of a photon of incident light induces
isomerisation of retinal and decay through a sequence of spectrally-defined
photoproducts until the final dissociation into opsin and all-trans retinal. These light-
induced changes result in a number of conformational changes in the opsin molecule
exposing sites on its cytoplasmic surface allowing GDP-associated transducin binding

to occur (Bitenski MN et al, 1981).

3) Signal amplification. GDP-associated transducin consists of three subunits, o, 8 and
v. Photoexcited opsin binds to TaoGDP-Tfy and induces an opening of the nucleotide
site on Ta. GDP becomes rapidly exchangeable to be released and exchanged for a
GTP. This causes Ta.GTP to lose its photoexcited TRy affinity and TaoGTP and some
TPy complex are released into the cytoplasm. The photoexcited opsin is then free to
bind a new transducin molecule until inhibited (Wilden U et al, 1986). One rhodopsin
molecule can activate more than 500 transducin molecules producing a high degree of

amplification of signal. A similar but quantitatively less degree of amplification occurs
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in cones due to a shorter half-life of the reactive products. TaGTP diffuses freely to
interact with cGMP-phosphodiesterase (PDE) on the facing disk surface. PDE is
composed of o, B and two y subunits. The y subunits are replaced by TaGTP,
activating the PDEaf molecule which in turn hydrolyses cGMP to 5'-GMP at a rate of
10°s". The amplification of signal through this mechanism and transducin activation
leads to an increase of signal of approximately 10° (Chabre M et al, 1989). The
cytosolic cGMP concentration therefore decreases closing cGMP-dependant cation
channels which reduces Na" conductance inhibiting sodium influx across the outer
segment cytoplasmic membrane. The cGMP-dependent cation channels found in
photoreceptor outer segments belong to a superfamily of ion channels including
voltage gated Na’, K™ and Ca*" channels and are structurally related to cAMP-gated
ion channels of olfactory neurons (Jan LY et al, 1990, Saari JC, 1992). Only
approximately 1% of cation channels are open in the dark (Yau KW, 1994). This
declines on photoactivation (Saari JC, 1992) which shifts the transmembrane potential
towards the K* equilibrium potential (=-75mV), resulting in a relative transmembrane
hyperpolarisation. Thus, photoreceptors respond to light with a graded
hyperpolarisation. Passive transmittance to the synaptic terminal reduces

neurotransmitter release (Fasenco EE et al, 1985).

4) Recovery. Return to the dark condition and regeneration of photopigment completes
the visual cycle and involves a number of processes. Intrinsic GTPase activity leads to
the hydrolysis of TaGTP to ToGDP. PDEy affinity is reduced and ToGDP
reassociates with Ta3 and two PDEy subunits reassociate with PDEaf. Activated

rhodopsin undergoes phosphorylation catalysed by rhodopsin kinase (Kuhn H, 1981),
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preventing further conversion of TaGDP to TaGTP and is avidly bound by arrestin

inhibiting TaeGDP binding (Wilden U et al, 1986).

Calcium is believed to play a number of roles in the recovery of rod outer segments to
their dark state, although the mechanisms by which this occurs are incompletely
understood. Under dark conditions, cGMP levels allow for a small number of cation
channels to remain open producing an influx of Na and Ca’ ions. Guanylate cyclase
activity is maintained at a basal level and the concentration of Ca is relatively high.
Photoexcitation leads to an activation of PDE and a decrease in cGMP. Light induced
c¢GMP hydrolysis reduces cation channel activity reducing intracellular Ca”". This
activates guanylate cyclase limiting PDE activation. Calmodulin dissociates from the
ion channel complex increasing its affinity for cGMP and thus opening it to restore
Ca2+ levels to their dark state (Nagao S et al, 1987, Kawamura S et al, 1991).
Recoverin has been reported as inhibiting guanylate cyclase in a calcium-dependant
manner (Dizhoor AM et al, 1991). During illumination, the drop in Ca” levels increase
the concentration of free recoverin which binds to guanylate kinase which increases
cGMP levels back to dark levels. The Ca’ -recoverin complex may bind to disk
membrane, prolonging PDE activation. Illumination releases the complex, reducing
PDE activation efficiency as well as stimulating guanylate kinase. Therefore Ca”’
regulates photorecovery and light adaption by regulating guanylate kinase activity,
PDE activation via recoverin and by modulating cation channel affinity for cGMP via

calmodulin.
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Regeneration of 11-cis-retinal initially involves the release of all-trans-retinal from the
opsin and its reduction by NADPH all-trans-retinol oxi-reductase found in outer
segment disk membranes (Rando RR et al, 1991). The resultant all-trans-retinol
diffuses into the interphotoreceptor matrix and is carried to the RPE by
interphotoreceptor retinoid binding protein (IRBP) (Lai YL et al, 1982). It is then
imported into RPE cells with dietary all-trans-retinol by cellular retinol binding protein
(CRBP) (Bok et al, 1984). This is converted into all-trans-retinol esters which are
stored during periods of darkness or metabolised by NADH 11-cis-retinol oxi-
reductase to 11-cis-retinaldehyde (Rando RR et al, 1991). Cellular retinaldehyde
binding protein (CRALBP) acts as the substrate carrier for this reaction (Saari JC et al,
1982) and 11-cis-retinal is transported back to outer segments bound to IRBP for
regeneration of bleached rhodopsin. Similar enzymic conversion seems to occur in
Miiller cells where the 11-cis-retinol is destined to be bound to newly synthesized opsin
before it becomes membrane bound. Regenerated photopigment from Miiller cells is
thought to be available directly to rods but not cones. Miiller cells also act as a store of

photopigment (Saari JC, 1991).

5) Cone phototransduction. Recent work has identified some differences in rod and
cone transduction gain and kinetics apart from those due to differences in
photopigment. These have been attributed to biochemical rather than morphologic
differences. Cone-specific transducin, PDE and ¢cGMP-gated cation channel proteins
have been identified as well as visinin, a cone-specific recoverin protein (Yau K-W,

1994)
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1.1.2.2 The retinal pigment epithelium and photoreceptor disk shedding

The RPE plays a central part in normal retinal function. The single layer of cells with
tight junctions between, allows for selective transport of nutrients and so forms one
component of the blood-retina interface. The role of the RPE in the visual cycle with
regeneration of photopigment, has already been discussed. Also, the RPE is an
important contributor to the constituents of the interphotoreceptor matrix including

photoreceptor trophic factors (Hewitt AT et al 1989).

The role of the RPE in the metabolism of outer segment disks shed by photoreceptor is
well established (Bok D, 1989). Shedding and renewal of membrane disk of the rod
outer segment was first demonstrated in the mid-1960’s (Young RW, 1967). The same
phenomena were subsequently recorded with respect to cones (Hogan MJ, et al 1974).
Such shedding has been found to be rhythmical with rod disk shedding occurring at

light-onset and cone shedding at light-offset in most animals (Young RW, 1978).

Aberrations of this aspect of RPE function have been implicated in a number of retinal
diseases. In the dystrophic rat retina (rdy), a defect in phagocytosis leads to a build-up
of outer segment disk debris in the subretinal space (Mullen RJ et al, 1976). Overactive
disk shedding with resultant shortening of rod outer segments has also been implicated
in some types of human retinitis pigmentosa (Ripps H et al ,1978). The polyunsaturated
fats derived from disk digestion are susceptible to peroxidation by free radicals. A
number of mechanisms may lead to their accumulation e.g. build-up of free radicals in
the RPE has been seen in animals with diets deprived of vitamin E and other

antioxidants (Katz ML et al, 1978). Such mechanisms result in lipofuscin accumulation
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and therefore highlight the possible importance of the RPE in the pathophysiology of

such conditions as fundus flavimaculatus (Steinmetz RL et al, 1991).

1.1.2.3 Retinal circuitry

The graded hyperpolarization response of photoreceptors is modified by the
intervening retinal cells. Delayed hyperpolarizing responses are seen in horizontal cells,
but hyper- or depolarising responses or both may be seen in bipolar cells. Spike
potentials superimposed upon depolarising waves are seen in amacrine cells with a
frequency independent of light intensity. In ganglion cells, all-or-none depolarising
spike activity is proportional to stimulus intensity and degree of membrane
depolarisation. The flow of information in the retina from photoreceptors to ganglion
cells is not unidirectional but involves centripetal, centrifugal, lateral and reciprocal
pathways. The responses of bipolar cells are influenced by the spatial distribution of
light in their receptive field. This field may be subdivided into a central and peripheral
region. In response to the central region being stimulated a bipolar cell may depolarise
and hyperpolarise to surround illumination or vice versa. The anatomic basis for these
phenomena are thought to be direct synaptic contact with photoreceptors at the centre
of these receptive fields and indirect connection, via horizontal cells with peripheral
field photoreceptors. Such findings have lead to the idea that the visual system contains
“on ” and “ off ” pathways. Cells that depolarise in response to increase in light
stimulation are termed “on ” cells and those that depolarise in response to reduction in
illumination, ‘off ” cells (Cohen AlI, 1987). The phenomena are also seen in on-centre
and off-centre “tonic ” ganglion cells which are thought to be in direct contact with

«

bipolar cells as opposed to “ phasic ” ganglion cells responding to stimuli moving
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through the receptive field, whose main imput seems to be from amacrine cells
(Werblin FS et al, 1969), resolving visual information from single photoreceptors into

receptive fields (Miller RF, 1989).
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The genomic localisation, structure and protein product of many of the genes important

to retinal function have been identified. Genetic mutations in some have been
implicated in specific retinal diseases and all should be considered as potential

candidates for retinal dystrophies.

1.2.1 The Human Genome

Molecular genetics is based on the concept that DNA (deoxyribonucleic acid) is
transcribed into messenger RNA (mRNA) and is then translated into protein. DNA
therefore is the blueprint for protein synthesis. DNA is a double stranded helical
molecule composed of four nucleotide building blocks. These contain a purine or
pyrimidine base, a sugar (deoxyribose) and at least one phosphate group. The purines
adenine (A) and guanine (G) and pyrimidines cytosine (C) and thymine (T) code for the
self-replication of DNA. The double helix is held together by hydrogen bonds between
the A and T and G and C bases to form “base pairs ” (bp). It has a polarity, a 5' and a

3' end, and information is always read from the 5' to the 3' end. The exclusive pairing of
A with T and G with C results in the two strands of DNA being complementary which
allows for them to find each other in complex mixtures, a property central to many

techniques used in molecular biology (Thompson MW et al, 1991a).

RNA (ribonucleic acid) has a similar chemical composition and structure except that

each nucleotide in RNA contains a ribose sugar component instead of deoxyribose and

a uracil (U) instead of a thymine (T). Within the nucleus, a single-stranded RNA
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molecule is generated from a DNA template via a process known as transcription. The
vast majority of mammalian genes do not exist as continuous coding sequence. The
sequences that code for protein, called exons, are interrupted by non-coding introns
which are initially transcribed into nuclear RNA but are removed before RNA leaves
the nucleus as mRNA (messenger RNA). Exonic or coding DNA accounts for only 5%
of the entire genome. The functional value of the rest of the DNA found in the genome
composing introns, repeat sequence and unique gene flanking sequence remains to be
determined but is possibly related to controlling gene expression. The mature mRNA is
translated at rough endoplasmic reticulum, cytoplasmic assembly sites where groups of
three nucleotides (a codon) code for single amino acids of the resultant protein

sequence (Thompson MW et al, 1991b).

The diploid human genome is composed of 46 chromosomes, 22 pairs of autosomes
and two sex chromosomes (XY in males, XX in females) and is found within the
nucleus of each cell. Each chromosome contains a single continuous DNA molecule
composed of millions of nucleotide pairs. Approximately 1000 nucleotide pairs
compose a gene, the functional unit of DNA. This corresponds to the average protein
size of approximately 300 amino acids. Genes are arranged in a defined order along
each chromosome and on average each chromosome is thought to contain 2000 to
5000 genes depending partially upon its size (e.g. chromosome 1 is physically much
larger than chromosome 22). Cytogenetic staining reveals the microbands of each
chromosome (Figure 1.4), each microband containing about 3 to 5 million base pairs or
50 to 100 genes. Humans are thought to have between 50,000 and 100,000 genes in

total dispersed throughout the 24 chromosomes each of which contains coding
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(exonic) and non-coding (intronic) sequence. Therefore more than 100 million

nucleotide pairs of coding DNA must be present (Thompson MW et al, 1991b).

Extranuclear DNA exists in the mitochondria. Replication of DNA within these
cytoplasmic organelles occurs at random and out of phase with nuclear DNA. Normal
and mutant mtDNA may exist within an individual cell or even within a single
mitochondria (heteroplasmy). The pathologic phenotype expresses when sufficient
mutant mtDNA is expressed to cause a significant decline in mitochondrial energy
production. All mtDNA is considered to be of maternal origin since little paternal
mtDNA enters the egg during fertilisation. Therefore transmission is virtually always

maternal with a high proportion of offspring affected (Baraitser S et al, 1992).

1.2.2 Retinal genes

The sum of genes responsible for the structure, function and differentiation of ocular
tissue is unknown but undoubtedly a large number are required for the maintenance of
normal retinal integrity and the complex biochemistry of vision. Some of these will also
be found in other tissues (housekeeping genes) and some are special to the retina. In
addition are those genes involved especially in retinal development (e.g. homeobox
genes). Mutations in genes may be subdivided in missense (substitutions, deletions or

frameshifts) or nonsense (premature stop codons) (Thompson MW et al 1991a).
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1.2.2.1 Ubiquitous genes important to the retina

Many genes involved in basal metabolism and neural function will be found to express
in the retina. Of special interest are the genes encoding different types of calcium-
binding calmodulin mapped to chromosome 10 (CALM2) and 19 (CALM3)

(McPherson JD et al, 1991), the phosducin gene mapped to 1q24-q32 (Sparkes RS et

al, 1993) and the gene associated with the cGMP gated cation channel involved in

phototransduction and mapped to 4p14-q13 (Griffin CA et al, 1993).

1.2.2.2 Retina specific genes

1) Opsins.

Visual pigments consist of an opsin molecule covalently linked to a chromophore, 11-
cis retinal. The variation in absorption spectra in different pigments is due to
differences in the primary structure of the apoprotein producing a unique electrical
environment for the chromophore. Rhodopsin is the photopigment in all rod
photoreceptors outer segment disks and constitutes seven transmembrane helical
segments. The full genomic sequence has been described and the gene mapped to
human chromosome 3q21 (Nathans J et al, 1984). Each cone type (blue, red and green)

has its own unique photopigment. Each coding gene has also been sequenced. The blue

cone photopigment gene has been mapped to chromosome 7q31.3-q32 (Fitzgibbon J et

al, 1994) and the red and green cone photopigment genes to Xq22-q28 (Nathans J et

al, 1986a). There is significant homology between the four photopigment genes

suggesting that they are all derived from a single common ancestral gene.
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2) Genes encoding phototransduction proteins.

Recoverin is a calcium-binding protein which may be involved in the regulation of
guanylate cyclase in rod outer segments. The recoverin gene is expressed in the retina
and pineal gland and has been mapped to 17p13.1 (McGinnis JF et al, 1993). The
genes encoding the three components of transducin have been localised to different

genomic loci. Rod specific a-subunit transducin maps to 3p21 (Blatt CC et al, 1988),

cone specific_a-subunit transducin to 1p13 (Morris TA et al, 1993) and -subunit

transducin to 1p31.2-pter (Blatt CC et al, 1988). Rod and cone specific PDE subunit

genes have also been identified. The rod-specific a-subunit PDE gene maps to 5q31.2-

q34 (Pittler SJ et al, 1990), whilst rod B-subunit and y-subunit PDE genes map to

4p16.3 and 17q21.1 respectively (Altherr MR et al, 1992). The arrestin gene, found to

express in retina and pinealocytes is mapped to 2q24-q37 (Ngo JT et al, 1990).

3) Transport protein genes.

The gene encoding for cellular retinol-binding protein (CRBP) expressed in
sensorineural retina, the RPE and certain other tissues has been mapped to 3q21-q22
(Nilsson MHL et al, 1988). Interphotoreceptor retinoid-binding protein gene (IRBP)
also expressed in the sensorineural retina and RPE is located on chromosome 10p11.2-

ql1.2 (Liou GI et al, 1989). Another transport protein, cellular retinaldehyde-binding

protein (CRALBP gene) expressed in similar tissues maps to 15q26 (Sparkes RS et al,

1992).

37



4) Genes encoding structural proteins.

Peripherin/RDS is an abundant transmembrane protein found in both rod and cone
outer segments. It has been found to localise to outer segment disk rims suggesting
that it may anchor the disks to the cytoskeleton of the cell or be important in
maintaining rim curvature. Initial studies on the bovine peripherin/rds gene sequence
noted a 92% homology to mouse rds sequence. This lead to the identification of the

human peripherin/RDS gene and its localisation to chromosome 6p12 (Travis GH et al,

1991). Another structural protein rod outer segment protein 1 found only in rod
photoreceptors, is derived from a gene ROM-1 which has a 55% identical nucleotide
sequence to peripherin/RDS. 1t is thought be covalently linked with peripherin/RDS in
the rims of rod disks to maintain outer segment disk integrity by connecting the rims of
adjacent disks to the plasma membrane. The genomic sequence has been mapped to
chromosome 11q13 (Bascom RA et al, 1993). It has been suggested that there may be

a cone-specific equivalent.

5) Unmapped genes.

A number of genes important in retinal function have been cloned but as yet have no
chromosomal assignment (Bowes-Rickman C et al, 1994) e.g. the rhodopsin kinase and
guanylate kinase genes and the genes encoding the transducin y-subunit and cone
specific PDE o-subunit. A number of RPE, cDNA’s have also been isolated, and
mapped to regions of the genome. However the genomic sequences (Gieser L et al
1992), protein products and significance to retinal dystrophies awaits further study

(Redmond TM et al, 1994; Tombran-Tink J et al 1994).
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1.2.2.3 Developmental genes

Ocular development requires the co-ordination of a number of tissue and cell
interactions to conclude in the assembly of a fully functioning eye. Little is known
about the genetic mechanisms that control the development of the eye. However a few
genes involved in ocular differentiation have been identified. Homeobox genes encode
DNA-binding regulatory proteins and have been implicated in regional specialisation in
the developing brain and eye (Beebe DC, 1994). Such a homeobox gene is human
PAX-6, localised to chromosome 11 and recently shown to be involved in anterior
segment development. Abnormalities have been associated with aniridia and
mesodermal dysgenesis syndromes such as Peters' anomaly (Hanson IM et al, 1994). A
gene mapping to Xpll.2-p11.3, containing sequence homologous to cysteine-rich
protein-binding domains of immediate-early genes has been identified as associated
with neural cell differentiation and proliferation during development (Chen Z-Y et al,
1993). Mutations of this gene have been implicated in Norrie’s disease suggesting an
important role in ocular development. Other genes identified as important in
mammalian retinal development include Hox-8, expressed in the developing optic cup
vesicle marking the domain of the corneal epithelium and neural retina and Hox-7,

expressed later, marking the ciliary body domain (Monaghan AP, 1990).

1.2.3 Choroidoretinal dystrophies

1.2.3.1 Relevance to World blindness

It has been estimated that there are 31 million people blind world-wide , 1.5 million of
which are children (Foster A et al, 1993). In Great Britain there are 959,000 adults

considered legally blind or partially sighted and between 10,000 and 25,000 children
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under 16 years of age considered to have ‘4 severe seeing disability”. In two Royal

National Institute for the Blind (RNIB) surveys of blindness in the UK (Bruce I et al,
1991; Walker E et al, 1992), disability due to choroidoretinal dystrophy was not
individually categorised. However, 24% of adults gave genetic causes for their
blindness such as ‘heredity” and ‘fetinitis pigmentosa”. Eight percent of blind adults

reported blindness from birth and 30% of adults below 60 years of age dated onset to
birth suggesting that heredity was an important factor in younger adults. The parents of
23% of British children blind or partially sighted reported ‘heredity” or ‘parents

incompatible” as a cause for their visual deficit. A review of a number of studies in
Europe, Australia and the USA (Elston J, 1992) has suggested that approximately 50%

of blindness in children in the developed world is genetic.

There are few published details on the incidence or prevalence of choroidoretinal
dystrophies. Retinitis pigmentosa is thought to affect approximately 1.5 million people
world-wide. Prevalence figures from the developed countries consistently report
figures of approximately 1:5000 births (Bunker CH et al, 1984; Grondahl J, 1987,
Rosner M et al, 1993). Figures from British studies suggest a similar prevalence rate of
1:4869 (Bundey S et al, 1984a, Bundey S et al, 1984b). There are approximately
25,000 retinitis pigmentosa sufferers in Great Britain, with a total of 100,000 sufferers
in Europe and a similar number in the USA (Pawlowitzki IH et al, 1986). Adding these
statistics to the unknown number with other retinal dystrophies suggests that
choroidoretinal dystrophies significantly contribute to the prevalence of blindness in

developed countries.
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1.2.3.2 Subtypes

Dyétrophies are defined as primary aberrations of mature tissue which undergoes
atrophy or regression because of an inherited defect. These are also sometimes termed
abiotrophies and are distinguished from dysplasias where an embryonic abnormality
results in failure of maturation and degenerations where deterioration of mature tissue
is secondary to an acquired influence such as trauma, toxicity, vascular disease or

inflammation (Valle O et al, 1981).

More than 3000 inherited disorders are known to affect human beings. Amongst these,
372 distinct entities are associated with choroidoretinal dystrophies, 104 of which are
solely ocular (McKusick VA, 1988). These may be classified anatomically according to
which layer of the retina or choroid is thought to be the site of the primary abnormality
(Jiménez-Sierra JM et al, 1989), although future research will undoubtedly modify this
as the cell biology and molecular genetics of these disorders become better understood.
Many examples of autosomal dominant, recessive and X-linked inheritance patterns are
seen forming the basis of a genetic classification. However for most, no information is
as yet available on the underlying genetic deficit. Advances in molecular genetic
techniques especially in the last decade have however improved this situation for
certain groups of dystrophies (Figure 1.4 and Table 1.1). Most notably there have been
great advances in the understanding of genetics of retinitis pigmentosa, X-linked

diseases and those dystrophies principally affecting the macula.
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Fig. 1.4 Retinal Dystrophy

Chromosome

Reference

1. Stargardt’s disease
2. Usher’s syndrome (2)

3. Choroideremia-like dystrophy

4. adRP
5. arRP
6. CSNB

7. adRP/macular dystrophy

8. NCMD
9. “Cone dystrophy”
10.  adRP

11.  Cystoid macular dystrophy

12. adRP
13. adRP
14. AVMD

15.  Usher’s syndrome (1)
16. FEVR

17.  Best’s disease

18.  Usher’s syndrome (1)
19.  Inflam. vitreoretinopathy
20.  Bardet-Biedl syndrome
21.  Usher’s syndrome (1)

22.  Bardet-Biedl syndrome

1p21-p13
1q32-q41
1q42-qter
3q
4p16.3
4pl16.3
6pl2
6ql6
6q25-q26
p
Tpl5-p21
1q

8cen
8q24
11p13-pl5
11q13
11q13
11q13
11q13
11q13
14q32

16q

(Kaplan J et al, 1993)
(Kimberling WJ et al, 1990)
(vanBokhoven H et al 1994)
(Farrar GJ et al, 1992)
(McLaughlin M et al,1993)
(Gal A et al, 1994)

(Travis GH et al, 1993)
(Small KW et al, 1992)
(Milosevic J et al, 1975)
(Inglehearn CF et al, 1993)
(Kremer H et al, 1994)
(Jordan SA et al, 1993)
(Blanton SH et al, 1991)
(Ferrell RE et al, 1983)
(Smith RTH et al, 1992)
(Yun L et al, 1992)
(Nichols BE et al, 1994)
(Kimberling W1J et al, 1992)
(Stone EM. et al, 1992)
(Leppert M. et al, 1994)
(Kaplan J. et al, 1992)

(Kwitek-Black A et al 1993)

43



Fig. 1.4 Retinal Dystrophy Chromosome Reference

23.  adRP 17p13.1 (Greenberg J et al 1994)

24. CRD 17q11 (Kylstra JA et al, 1993)

25.  CRD 18q21 (Warburg M et al, 1991)
26. adRP 19q (al Maghtheh M et al, 1994)
27. Sorsby’s fundus dystrophy 22ql13-qter (Weber BHF et al 1994)

a. Ocular albinism Xp22 (Schnur RE. et al, 1991)

b. Retinoschisis Xp22 (Gellart G. et al, 1988)

c. RP3 Xp21 (Musarella MA et al, 1988)
d. Progressive cone dystrophy Xp21.1-p11.3  (Meire FM et al, 1994)

e. Norrie’s disease Xpll.4 (Zhu D et al, 1989)

f Exudative vitreoretinopathy Xpll (Xq21.3) (Fullwood P et al, 1994)

g. RP2 Xpl11.3-11.2 (Bhattacharya SS et al 1984)
h. Incontinentia pigmenti (sporadic)  Xp11.2 (Hodgson SV et al, 1985)

i Aland eye disease Xpll-qll (Pillers DAM et al, 1990)

j. Choroderemia Xq22 (Nussbaum RL et al, 1985)
k. Albinism/deafness Xq26.3-q27.1  (Shiloh Y et al, 1990)

1. Incontinentia pigmenti Xq27-q28 (Sefiani A et al, 1989)

m. Colour blindness Xq28 (Nathans J et al, 1986)

correspond to Figure 1.4
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1.2.3.2.a Retinitis pigmentosa

A family history of retinitis pigmentosa (RP) can be demonstrated in approximately
50% of new cases and all three mendelian inheritance patterns are seen. Associations
with systemic abnormalities are also well established (Jiménez-Sierra JM et al, 1989).
Autosomal dominant inheritance (adRP) accounts for approximately 17-25% of these
cases (Jay MR, 1982, Bundey S et al, 1984b, Heckenlively JR, 1988a) and the
condition has been found to be genetically heterogeneous. Over 60 different mutations
of the rhodopsin gene on chromosome 3q (al Maghtheh M et al, 1993) and 18
peripherin/RDS gene mutations (Farrar GJ et al, 1994) have been found in different
adRP pedigrees. Five other loci for disease genes have been localised to chromosomes
7p, 7q, 8cen, 17p and 19q by genetic linkage analysis (Figure 1.4 and Table 1.1). A
number of families are not linked to any of these loci suggesting that even more exist

(Farrar GJ et al, 1994).

An autosomal recessive inheritance pattern (arRP) has been recorded for between 16-
65% of retinitis pigmentosa cases with a family history (Heckenlively JR, 1988a) and is
thought to account for about two thirds of simplex cases (Jay MR, 1982). A null
mutation within the rhodopsin gene (Rosenfeld PJ et al, 1992) and four mutations in
the B subunit of rod cGMP phosphodiesterase (PDEB) have been found to segregate
with arRP in selected pedigrees (McLaughlin ME et al, 1993). Usher syndrome is an
autosomal recessive condition in which retinitis pigmentosa is associated with profound
(type 1 USH1) or mild (type 2, USH2) deafness. Linkage analysis in groups of families
have identified a number of gene loci. Three have been identified for USH1, two on

chromosome 11 and one on chromosome 14. Type 2 Usher syndrome (USH2) has
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been mapped to chromosome 1 (Figure 1.4 and Table 1.1). The Usher syndrome
localisation on chromosome 11q encompasses a region containing the photoreceptor-
specific gene ROMI. Familial exudative vitreoretinopathy, autosomal dominant
neovascular inflammatory vitreoretinopathy and Best’s vitelliform macular dystrophy
have also been linked to this region (Figure 3 and Table 1), suggesting either an allelic
association between these conditions or identifying a cluster of genes important in
retinal integrity. Bardet-Biedl syndrome is another autosomal recessive condition in
which retinitis pigmentosa is associated with variable mental retardation, obesity,
polydactyly and hypogonadism. Linkages to chromosome 16q (Kwitek-Black AE et al,

1993) and 11q13 (Leppert M et al, 1994) have recently been reported.

Approximately 1:20,000 people suffer from X-linked retinitis pigmentosa (XLRP), 7-
20% of RP cases (Heckenlively JR, 1988). Two established chromosomal localisations
have been identified, Xp11.3 (RP2) (Bhattacharya SS et al, 1984) and Xp21 (RP3)
(Musarella MA et al, 1988) although the causative genes have not yet been cloned. A
third locus distal to the Duchenne muscular dystrophy locus (RP6) is also thought to

exist (Davies KE et al, 1990).

1.2.3.2.b X-chromosomal gene assignments

Two retinopathy associated genes mapping to the X chromosome have now been
cloned. A number of studies had previously assigned choroideremia (CHM) to Xq21
(Nussbaum RL et al, 1985). The responsible gene has been identified and functional
cloning work in the rat homologue suggests a protein product that is part of a multi-

subunit enzyme which attaches geranylgeranyl groups to Rab proteins (small GTP-
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binding sites) (Seabra MC et al, 1993). A number of deletions, point mutations and
aberrant splicing at the exon/intron junction have been found to segregate with the

phenotype (Sankila EM et al, 1992).

Norrie's disease pseudoglioma (NDP) is a rare disorder associated with retinal
dysplasia and detachment, cataract, secondary glaucoma associated with corneal
opacification, mental and growth retardation, deafness and hypogonadism. Mutations
within a gene mapping to Xp11.2-p11.3 have been identified. The NDP gene seems to

be important during retinal development (Chen Z-Y et al, 1993).

1.2.3.2.c Macular dystrophies

A number of loci have been identified as associated with retinal dystrophies that
principally affect the posterior pole including Stargardt's disease, North Carolina
macular dystrophy, congenital cystoid macular dystrophy, atypical (adult) vitelliform
macular dystrophy, Best's vitelliform macular dystrophy and progressive X-linked cone
dystrophy (Figure 1.4 and Table 1.1). Genes involved in retinal function within these

localisations have yet to be identified.

The peripherin/RDS gene on chromosome 6p12 has been identified as involved in the
maintenance of photoreceptor outer segment integrity. To date, 28 mutations of the
gene have been associated with retinal disease (Figure 1.5). A number of sequence
polymorphisms not associated with disease have also been identified in the terminal

sequence (Farrar GJ et al, 1991). A wide range of phenotypes have been associated
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Mutation

Phenotype

Reference

Try 25 del

Leu 45 Phe
Arg 46 stop
Arg 46 non

Met 67 del

Cys 118/119 del

Leu 126 Arg

Tyr 140 ins

Lys 153/154 del

Gly 167 Asp
Arg 172 Gly
Arg 172 Try
Asp 173 Val
Leu 185 Pro
Lys 193 del

Pro 210 Ser
Ser 212 Gly
Cys 214 Ser
Pro 216 Leu
Pro 216 del

Pro 216 Ser

Pro 219 del

Retinitis punctata albescens

adRP

adRP

adRP

CRD

adRP

adRP

Pattern dystrophy
adRP/Pattern dystrophy/FF
Butterfly macular dystrophy

Macular dystrophy

Macular dystrophy

adRP

adRP

CRD

adRP

adRP

adRP

adRP

adRP

adRP

adRP

(Kajiwara K et al 1993)
(Stone EM et al, 1993)
(Stone EM et al, 1993
(Meins M et al, 1993)
(Jacobson SG et al, 1994)
(Farrar GJ et al, 1991)
(Kajiwara K et al, 1992)
(Keen TJ et al, 1994)
(Weleber RG et al 1993)
(Nichols BE et al,1993b)
(Wells J et al, 1993)
(Wells J et al, 1993)
(Gal A, 1993)
(Kajiwara K et al, 1991)
(Jacobson SG et al 1994)
(Small KW, 1993)
(Farrar GJ et al, 1992)
(Saga M et al, 1993)
(Kajiwara K et al, 1991)
(Kajiwara K et al, 1991)
(Stone EM et al, 1993)

(Kajiwara K et al, 1991)
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Mutation Phenotype Reference
Asn 244 His CRD (Nakazawa M, 1994)
Asn 244 Lys adRP (Kikawa E et al, 1994)
Tyr 258 stop AVMD (Wells J et al, 1993)
Gly 266 Asp adRP (Kajiwara K et al, 1992)
Ser 299/300 del Butterfly macular dystrophy (Nichols BE et al, 1993a)
Leu 307 del adRP (Gal A, 1993)

Table 1.2. Peripherin/RDS gene mutations.
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with peripherin/RDS mutations (Table 1.2). It has been suggested that retinal
dystrophies associated with these mutations may be subdivided into those that result in
peripheral retinal dystrophies (rods mainly affected), those that result in posterior pole
disease (cones mainly affected) and those that result in the deposition of subretinal
deposits with little functional deficit. (Wells J et al, 1993; Keen J et al, 1994).
Phenotypic variation with individual mutations has also been described, the
identification of a known mutation cannot therefore be used to predict phenotype

(Weleber RG et al 1993).

1.2.3.2.d Mitochondrial inheritance

Respiratory metabolism is particularly prominent in photoreceptors with large
requirements for ATP to fuel cation pumps, resulting in high oxygen consumption. This
is reflected in cell morphology. Large mitochondria, clustering within inner segments
are a characteristic feature of rod photoreceptors (Steinberg RH, 1987). A number of
ophthalmic conditions have been associated with a mitochondrial inheritance pattern.
Mitochondrial cytopathy is a multi-system disorder in which ragged red fibres are seen
in skeletal muscle and abnormal mitochondria identified on electron microscopy.
Clinical manifestations include anaemia, myopathy, neurological abnormalities such as
deafness and cardiac conduction defects. Ophthalmic manifestations include chronic
external ophthalmoplegia and a retinopathy described as similar to that seen in retinitis
pigmentosa (Moore A, 1992). Leber's hereditary optic neuroretinopathy (LHON) is
most commonly associated with mtDNA mutations at position 11778 in a region
coding for subunit 4 of the enzyme NADH dehydrogenase. Other mutations associated

with LHON include those at 3460 in the ND1 gene, at 14484 in the ND6 gene and at
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15257 (Diamond G, 1994). Most cases occur in young men suggesting an X-linked
factor modifying mutation expression (Vilkki J et al, 1991). Bilateral acute loss of
colour vision and visual acuity is associated in the early stages with a peripapillary
telangectatic microangiopathy which does not leak on fluorescein angiography. In the
acute stage there is circumpapillary nerve-fibre swelling and later optic atrophy

(Diamond G, 1994).
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1.3.1 Clinical characteristics

Cone-rod dystrophies (CRD) have been recognised as distinct clinical entities for
approximately 50 years (Sorsby A, 1940; Sorsby A, 1941, Sorsby A, 1955; Goodman
G et al, 1960; Goodman G et al, 1963) and can be severe causes of visual dysfunction.
Individual cases usually present with early loss of visual acuity, colour vision
abnormalites and progressive peripheral visual field restriction. The fundus shows
macular pigmentation and atrophy preceding variable degrees of peripheral pigmentary
abnormality which can resemble the phenotype seen in classical retinitis pigmentosa.
Early cases, before peripheral field deficits or peripheral retinal abnormalities are
apparent, may be confused with cases of macular or cone dystrophy and more
advanced cases may be mistaken for conventional rod-cone dystrophy (retinitis
pigmentosa). An electrophysiological study has been suggested as the basis for
diagnosis (Berson EL et al, 1968) characterised by markedly reduced or absent cone
electroretinographic responses in the presence of quantitatively less reduction in rod

responses.

However this definition covers a wide range of phenotypes for example, cases in which
scotopic abnormalities may or may not progress with time are included. Heckenlively
(Heckenlively JR, 1988a) has therefore subdivided the group identified by
electroretinography into those that are stable, i.e. where peripheral fields remain fairly
full or CRD of the general class of cone dystrophy (also called retinitis pigmentosa

inversa) and those with progressive field loss - CRD with an RP process. Another sub-
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classification may be based on the association with other diseases. Many reports exist
of associations between CRD and other ocular abnormalities, e.g. optic nerve head
atrophy and telangectasia (Heckenlively JR et al, 1981), high myopia (Mantyjarvi M et
al, 1989) and macular coloboma (Heckenlively JR et al, 1988b). Also, there have been
associations with systemic disorders including hereditary ataxia (Bjork A et al, 1956),
dental ameliogenesis imperfecta (Jalili IK et al, 1988), alopecia (Samra D et al, 1988),
neurofibromatosis (Kylstra JA et al, 1993) hypertrichosis (Jalili IK, 1989) and sickle
cell trait (Gorgone G et al, 1986). A cone-rod type retinal dysfunction is seen in

patients with Bardet-Beidl syndrome (Rizzo JF et al, 1986).

There is little literature on the incidence or prevalence of CRD although it has been
suggested that the disease may be relatively common since many cases of cone
dystrophy may in fact be early cases of CRD (Krill AE et al, 1973). One reported study
of 278 retinal dystrophy patients with recordable electroretinograms and fields large
enough for rod threshold measurements found that 41% had a cone-rod type deficit

(Heckenlively JR et al, 1988c).

1.3.2 Clinical classification

Even though the CRD phenotype can be differentiated from other retinal dystrophies,
the description still seems to cover a range of phenotypes (Fishman GA, 1976). Many
groups have attempted to subclassify the condition on the basis of fundal appearance,
visual field deficits, differences in electroretinographic responses and dark adapted
static threshold profiles. Two studies have been undertaken to subclassify the CRD

phenotype into groups that may be genetically homogeneous. Yagasaki and Jacobson
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(Yagasaki K et al, 1989) tested 14 autosomal recessive and simplex CRD cases using
full field electroretinograms, dark adaptometry and modified perimetric techniques and
suggested that a sub-classification could be based on three distinct patterns of visual
field loss. Type 1 cases had central cone/rod scotomas, eccentric fixation, mild
peripheral photoreceptor dysfunction and slow progression. Type 2 was described as
more severe with a central cone/rod scotoma, eccentric fixation, more cone than rod
dysfunction in the periphery and relatively normal mid-peripheral fields. Subjects
classified as type 3 had central fixation, no measurable cone function and patchy rod
function loss. Szlyk and co-workers (Szlyk JP et al, 1993) in a prospective study of 33
CRD patients and a review of the records of a further 150, identified four functionally
distinct subtypes. Subjects were subdivided into type 1 (less rod than cone dysfunction)
and type 2 (equal cone and rod dysfunction) on the basis of quantitative
eletroretinographic responses. These groups were further subdivided into type ‘@”
(cone thresholds more elevated centrally, rod thresholds elevated peripherally ) or ‘b”
(matching areas of cone and rod threshold elevation mostly peripherally) on the basis of

pattern of field loss and threshold elevation.

1.3.3 Histopathologic features

Early histopathologic studies in CRD showed extensive, widespread chorioretinal
atrophy (Vail D et al, 1965). A more informative histologic and electron microscopy
study, in a less advanced case of a 29 year old individual (Rabb MF et al, 1986), was
reported as showing loss of cone and rod photoreceptors in peripheral and macular
regions with relative preservation of equatorial photoreceptors, contrary to that seen in

retinitis pigmentosa. This implies that in CRD there are two focal points of disease, one
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centrally and one peripherally with a mid-peripheral region relatively spared until late in
the disease process. Deposits of lipofuscin-like material and atrophy were also seen in
the retinal pigment epithelium with normal phagocytic activity suggesting that the

underlying biochemical abnormality was not centred in the RPE.

1.3.4 Genetics

Classification according to mode of inheritance is also possible. Autosomal dominant,
recessive and X-linked inheritance patterns have been described as well as simplex
cases (Moore AT, 1992). Recent studies have raised the prospect of a molecular
genetic classification. Two studies based on individual case reports have suggested that
there may be loci for CRD-causing genes on chromosomes 18q and 17q. The
phenotype associated with the chromosome 18q locus (Warburg M et al, 1991) was
described as an early optic and peripapillary atrophy with a pale tigroid fundus and no
abnormal retinal pigmentation from early childhood suggestive of a stationary disorder.
The patient described with the chromosome 17q locus (Kylstra JA et al, 1993) had
macular pigmentation and atrophy a fine pendular nystagmus and lack of peripheral

retinal pigmentation.

In addition, three missense mutations of the peripherin/RDS gene on chromosome 6q12
have been reported as causing CRD. One disc membrane domain, Met67del (Jacobson
SG et al, 1994) and two intradiscal domain mutations, Lys193del (Jacobson SG et al,
1994) and Asn244His (Nakazawa M et al, 1994) have been identified as segregating
with CRD phenotypes in small pedigrees. Clinical details however, are as yet

unpublished. It has been suggested that this genetic heterogeneity may reflect the
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phenotypic diversity that has been found. However to date no study has attempted to

correlate the phenotypic sub-classifications with genotypes.
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1.4.1 Forward and reverse genetics

The identification of disease-associated genes can be achieved using ‘forward” or
‘teverse” genetic techniques. Forward genetics requires that a protein product such as
a defective enzyme associated with the disease be known. From the protein sequence,
the cDNA sequence can be determined and the chromosomal location of the
corresponding genomic DNA sequence may be identified for example by screening a
somatic cell hybrid panel (Hahn LB et al 1994). A variation on this is the candidate
gene approach. Genes known to be expressed in the tissue of interest or produce
proteins of importance to the target organ are screened for mutations which cause
sequence changes in the derived proteins and alter their function. Such an approach has
proved fruitful in ophthalmic molecular genetics and is of particular advantage when
there is genetic heterogeneity in a condition (Dryja TP, 1992). Analysis can be
successful even in single cases. However if the condition under study is due to a
mutation in an as yet uncharacterised gene the technique will fail (Davies KE et al,

1992).

Reverse genetics, or postional cloning does not have these restraints and is therefore of
particular use when little is known about the pathogenesis of a condition. The
technique, via the methods of genetic mapping and DNA sequence variation detection,
can identify directly a previously unknown gene and establish its causative association.
Such techniques were used to identify the choroideremia gene (Nussbaum et al 1985;

Seabra MC et al, 1993). From this, a likely associated protein product can be predicted
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which may suggest alternative therapies. The techniques of linkage analysis plays an

important, central role in reverse genetic strategies.

1.4.2 Human genomic DNA sequence variation

On average, a polymorphism or sequence variation occurs once in every 1000bp of
DNA sequence (Cooper DN et al, 1985). Many of these (30-40%) occur as single base
changes at CG sequences (Barker D et al, 1984). Such point mutations along with
deletions and duplications which occur in at least 1% of the population are known as
polymorphisms (Bodmer WF et al, 1976). Stretches of DNA that encode for genes are
generally well conserved and show relatively few polymorphisms. However when they
do occur, changes in codons can result in amino acid changes in resultant protein which
can affect their function. Such changes or mutations if detrimental are selected against
during evolution. However polymorphisms in non-coding sequence are less likely to be
deleterious and therefore tend to persist in the population. Two alternative sequence
variations may therefore be found at a particular locus on a chromosome and are then
known as alleles (allelomorphs). If alleles are found less frequently than 1% in the
general population they are known as rare variants or new mutations. Such sequence
polymorphisms have been useful tools in molecular genetics and have played a central

role in linkage analysis.

1.4.3 Genetic markers
A genetic marker is an inherited attribute that is used to track the inheritance of a
particular segment of chromosome through a family. To be useful in genetic research, it

usually needs to be identifiable in available material (e.g. blood), inherited in a simple
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pattern, and be polymorphic between individuals. Blood groups and serum proteins
were early genetic markers. However, DNA sequence variants are generally more
polymorphic and thus informative. This may be quantified as the ‘polymorphism
information content” or PIC value and quantifies the ability of a marker to identify
which of a subjects two alleles at a particular locus is passed on to his or her child. The

PIC value is defined by the equation -

n

PIC=1- 2pi2- 2 2 2pi2pj?

i i j=itl

where p; is the gene frequency of the ith allele (Botsein D et al, 1980). Markers are
most informative when there are more than two alleles and when each is relatively

common in the population.

Two types of DNA polymorphism are seen. The first of these describes a single
nucleotide base change at a specific locus. This may create or destroy a restriction site,
a DNA location that is recognised and cut by a specific restriction endonuclease giving
remnants of variable size. The resultant restriction map of DNA fragments will be
different from that known and will therefore identify polymorphisms. Markers that
exploit this phenomena are termed restriction fragment length polymorphisms
(RFLP's). There are generally only two alleles corresponding to the presence or
absence of the restriction site (Davies KE et al, 1992). The second type of marker

identifies polymorphisms of simple runs of tandemly repeated sequence. The repeating
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unit may be 10 or so nucleotides long (minisatellites) (Jeffreys AJ et al, 1985;
Nakamura Y et al, 1987) or only two or three nucleotides (microsatellites) (Weber JL

et al, 1989). Occasionally runs of a single nucleotide are polymorphic.

In the human genome there are approximately 50,00-100,000 interspersed (dC-dA)n
and (dG-dT)n tandemly repeated blocks, where ‘h” varies from 6 to 30. Since
previously identified repeat sequences had been found to be multi-allelic or
polymorphic (i.e. to vary in respect of the number of repeat elements in different
individuals), it was theorised that these CA repeat sequences would also be
polymorphic (Weber JL et al, 1989; Weber JL, 1990). The alleles of poly CA repeats
differ by multiples of two base pairs and probably arise as a result of slippage or
unequal cross-overs during meiosis. Over 100 of these poly CA repeat sequences
whose flanking sequence was known have been subdivided into those whose runs of
CA and GT dinucleotides occur without interruption (64%), those with one or more
interruptions (25%) and those with adjacent tandem simple repeats of different
sequence(11%). The informativeness of the CA repeat in the first category was found
to increase with the number of repeats. Poly CA repeats in the imperfect categories
were less informative, but this did increase as the number of uninterrupted CA and GT
repeats increased. From this work it was estimated that about 12,000 poly CA
sequences would be found in the human genome with a polymorphic information
content (PIC) value of >0.5 and a further 7000 CA repeats with a PIC value of >7.0.
If one assumes that the haploid genome is approximately 3,000 million base pairs and
these CA repeat sequences are evenly distributed, a usefully informative poly CA

marker should be found every 300 to 500kbp (Schnur RE et al, 1991). In addition to
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these there are other 2, 3 and 4 base pair repeat sequences which are similarly highly

polymorphic (Economou EP et al, 1990).

1.4.4 Genetic linkage analysis

Everyone carries two alleles at each genetic locus and with a probability of 0.5 will
transmit a particular one of the two to an offspring. If one considers two gene loci,
there are four possible selections of two non-allelic genes, one from each of the two
loci, are transmitted in an approximate 1:1:1:1 ratio. If for specific pairs of loci, one
observes a deviation from this ratio in the sense that the two non-allelic genes received
from one parent of an individual are transmitted together to the offspring of this
individual then they are close in the genome. This phenomena is called genetic linkage,

and loci showing this effect are termed genetically linked (Ott J, 1985, 1986).

Usually, genetic linkage is not complete so that even for such “linked loci”, non-allelic

genes received from two parents recombine such that an individual may transmit to an
offspring one gene at one locus received from the mother and one gene at another,
linked locus received from the father. Therefore it is not usually meaningful to speak of
linked alleles but linked loci. The proportion of such recombinations out of all
opportunities to recombine is called the recombination fraction. For unlinked gene loci
this fraction is 0.5, for linked loci it is less. Based on determinations of the
recombination fraction in other organisms, geneticists have been able to calculate that
all gene loci can be grouped into a smaller number of linkage groups where one group

comprises all the loci that are genetically linked to at least one other locus in the group.
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The chromosome is the cytological equivalent of a linkage group. Loci far apart on a
chromosome, or located on different chromosomes are unlinked. Linked loci are
always located on the same chromosome with a small intervening genetic distance
when the recombination fraction is small and greater as the recombination fraction
increases. The recombination fraction can therefore be looked upon as a measure of
genetic distance and the aim of the type of linkage analysis used in humans to detect
disease-associated genes is called the lod score method. This technique involves the
estimation of the recombination fraction between a marker and disease locus, with a
recombination fraction of smaller than 0.5 suggesting linkage or close approximation of
the two loci. Since a recombination fraction of 0.5 represents an infinite genetic

distance between two loci, the relationship between recombination fraction and genetic

distance is not linear. Therefore a mapping function is used to translate & values (in
percent) to genetic distance (in centimorgans, cM), e.g. the Kosambi mapping function

(Kosambi, 1944).

Interference is a phenomena where recombinations in adjacent intervals do not occur
independently. Usually this is negative, i.e. a recombination reduces the probability of
another recombination. Interference is not thought to be a significant influence in
human molecular genetics over small distances, but when examining large genetic

distances, is accounted for in such mapping functions.

1.4.4.1 Two-point linkage analysis

Linkage analysis requires observations in related individuals. Also, to reveal which of

the two alleles at each of the two loci an individual has transmitted to their offspring,

63



they must be doubly heterozygous, in other words have two different alleles at each
locus. Then they are informative for linkage. For many marker loci the typing result
does not unequivocally exhibit the two alleles that are present. For example, an
individual with blood group type A may carry AA or AO alleles. The phenotype does
not necessarily exhibit the genotype. Another problem that may arise refers to disease
loci. While at a marker locus the mode of inheritance is generally known, this may not
be true at the disease locus, it may be unclear which genotype gives rise to the affected
status, or whether a single gene is actually responsible for the disease. In the likelihood

method of linkage analysis the mode of inheritance has to be specified.

The likelihood or lod score method of linkage analysis consists of estimating the

recombination fraction, 6, and testing whether an observed estimate, 6 is significantly

smaller than 0.5. The calculation of the recombination fraction is achieved by the

maximum likelihood (ML) method which involves calculating the likelihood L(<9 ), of

the observations i.e. the probability of occurrence of the phenotypes of all individuals.
By definition, L(& ) will be between zero and one. For a given set of observations,
L(0) changes with the value of 8 assumed. The value of @ in the range zero to 0.5 at

which L(0) is largest is the ML estimate, 6 of the recombination fraction. 0

In linkage analysis the statistic of interest is the odds ratio or odds for linkage defined
as L(@ )/L(0.5). For simplicity, this is converted to the decimal logarithm of the odds

ratio or the lod score Z(8), calculated by -
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Z(0) = log;o[L(6)/L(0.5)]

Z(@ ) is calculated for a sequence of 0@ values and identifies that value of @ at which
Z(0) is largest. Negative evidence of linkage is obtained when Z(6 ) is highest at &

=0.5. If the data are actually uninformative then Z(6) will be to zero for all values of

6.

If the disease under scrutiny is investigated in more than one family, the results of two-

point linkage analysis from these different sources may be combined by simply adding

the lod scores for given values of 0 The larger the maximum of the resulting total lod
score, Z(6), the more faith one may have that linkage exists between the two loci. Z(6)

is therefore taken as the relevant statistic in the null hypothesis test of free

recombination (€ =0.5) against the alternative null hypothesis (& <0.5). Linkage is

significant when Z(6)>3 equivalent to an odds of linkage of 1000:1. A value of Z(6)<-

2 is considered significant exclusion of linkage at that value of @ .

1.4.4.2 Multipoint linkage analysis
Multipoint linkage analysis involves calculations from data derived from more than two

loci. When two marker loci and a disease locus are compared, recombination fractions
6,7 between disease and the first locus, )3 between each marker and 0,3 between

the disease second marker locus are obtained. Between n gene loci, n(n-1)/2
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recombination fractions are calculated. When a large number of loci are analysed
calculations are also complicated by the need to know loci order. This is because 7 loci
can be ordered in n!/2=n(n-1)(n-2).../2 ways, when each two symmetric orders are
counted as one gene order. Another potentially important influence in multipoint
analysis is meiotic interference. Calculated distances between markers can vary
according to the population calculations have been based on (Weber JL et al, 1993).
Apt suppositions on interference are usually made to reduce the complexity of

calculations.

Multipoint analysis therefore for a given locus order involves estimating a number of
recombination fractions and an appropriate interference parameter. These calculations
are repeated to find the best order with the largest likelihood. In the linkage analysis of
human genetic disease, multipoint analysis usually involves calculations on a number of
marker loci with known localisation and established genetic distances between, along
with a single (disease) locus of unknown location. In this situation calculations are
simplified since a likelihood analysis with a relatively small number of parameters may

be all that is required.

1.4.4.3 Computer analysis

Despite assumptions and simplifications the calculations in linkage analysis, especially
multipoint calculations are monumental. To reduce this and improve accuracy, a
number of computer software packages have become available containing a number of

relevant programs.
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LINKSYS (Attwood J et al, 1988) is a data management package, a database,
specifically designed to convert data into a form suitable for linkage calculation
programs. Family files are generated giving pedigree and disease status information.
Locuslib is a locus library storing data on disease and marker loci and phenolib is a
phenotype library containing details on all possible phenotypes for each locus stored in

locuslib.

LINKAGE (Lathrop GM et al, 1984) is a suite of programs: MLINK calculates
likelihoods for given parameter values, ILINK is an iterative version of MLINK for
estimating maximum likelihood estimates of parameters and LINKMAP calculates
likelihoods for the localisation of one locus of unknown position relative to a known

map of several marker loci.

Despite advances in computer technology, memory limits are often exceeded especially
in multipoint analysis. Desktop personal computers then need to be replaced with
larger mainframe machines such as that available at the Human Genome Mapping
Project Resource Centre (HGMP-RC, Harrow, MIDDX) accessible via TELNET
running under operating systems such as UNIX that can access more memory. Even
then computations can take days. FASTMAP (Curtis D et al, 1993) is a program which
estimates the result of a multipoint analysis based on the results of each two-point
analysis. It is much faster than LINKMAP but less precise although in practical terms

this is often not a problem.
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To generate a FASTMARP file, pedigree data information of disease status (phenotype)
is required as well as genotype at each locus. In addition gene frequencies and mode of
inheritance at each gene locus is required. Mode of inheritance is also termed
_penetrance which is the conditional probability that the phenotype is expressed for a
given genotype. By modifying the stated penetrance one can compensate for example
for errors due to delayed age of onset. Another potential source of error is that
recombination events in females are generally higher than in males and lod scores

calculated for autosomal data needs to be calculated bearing this in mind.
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Cone-rod retinal dystrophy is an important cause of early blindness, however little is
known of the underlying cell biology of the condition or whether phenotypic sub-
classifications identify different genotypes. A project was therefore undertaken to study
the molecular genetics of the disease as a step towards an understanding sufficient to
consider therapeutic intervention. Previous molecular genetic studies in retinitis
pigmentosa have suggested that if genetic heterogeneity in a condition is likely, studies
on individual, large families would be the most successful at identifying causative

genes. A two-part investigation was designed -

1) Initial work on the project would be directed at identifying and characterising one
large family which would express genetic homogeneity. So that the phenotype could be
compared with published sub-classifications of CRD, detailed clinical, psychophysical

and electrophysiological investigations would be undertaken.

2) To locate the gene responsible for the retinal dystrophy within the family a
molecular genetic study was proposed. This would involve using the mathematics of
linkage analysis, the laboratory techniques of the polymerase chain reaction and

genotyping using radioactively labelled microsatellite DNA markers.

Localisation of the retinal disease locus within the pedigree would identify a region

containing a gene that may also be important in the pathophysiology of other retinal

dystrophies. Therefore the study would also be an initial step in generating information
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on the characterisation and functional analysis of a gene that would be useful to
research into other genetic eye disorders and therefore in general provide a greater

insight into the biochemical, molecular and developmental processes within the retina.
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CHAPTER 2: METHODS
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2.1.1 Patients

Local ethical committee approval for clinical, electrophysiological, psychophysical and
molecular genetic study was obtained before investigations were undertaken. A family
of North Welsh decent expressing an autosomal dominant cone-rod retinal dystrophy
was known to reside in the north-western region of Great Britain. Members were
contacted by post and telephone and asked to enrol into the study. Signed, informed

consent was obtained from each subject studied.

2.1.2 Clinical history and examination

Details of each patients’ medical history, clinical examination and investigations were
kept in individual folders with signed consent forms. An extensive ophthalmic history
was recorded including details of past and present ocular problems and past ocular
injuries. Those who complained of visual problems were asked for details of age of
onset of visual field and acuity loss, colour vision deficits and age of onset and severity
of nyctalopia. To identify as many family members as possible, patients were asked for

details of relatives not already contacted.

Ophthalmic examinations were undertaken at St. Paul’s Eye Hospital, Liverpool (later
St. Paul’s Eye Unit, Royal Liverpool University Hospital, Liverpool). A standard
Snellen chart was used at a distance of 6 metres to assess of visual acuity (British
Standards Institution, 1968). If values less than 3/60 were obtained, acuity was

b 19

recorded as “counting fingers ”, “hand movements ”, “perception of light ” or “no
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perception of light ” as appropriate. Conventional objective and subjective refraction
was undertaken to assess refractive error. Anterior segment examinations were
undertaken using a slit lamp biomicroscope (Haag-Streit Ltd., Bern, Switzerland). A
Goldmann tonometer was used to assess intraocular pressure. Direct and indirect
fundal examinations were performed after pupil dilatation with 1% cyclopentolate
hydrochloride using a direct (Welch Allyn), and indirect (Keeler Ltd., Windsor, Berks)
ophthalmoscope. A double aspheric 90 dioptre lens (Volk) and a slit-lamp
biomicroscope were used for detailed binocular fundoscopy. To assess whether or not
a systemic abnormality was segregating with ocular disease, a detailed general medical

history and a brief physical examination was undertaken.

Visual field deficits in each eye separately were recorded with a Goldmann perimeter
using the I/4e and IV/4e targets (Anderson DR, 1987). Deficits were quantified by
subtracting the results from corresponding values in age matched normal controls along
the same radial isopters using the same target stimuli. The average number of degrees

of field loss per quadrant was recorded.

To improve the accuracy of information obtained, only patients with visual acuities
6/60 or better underwent Farnsworth-Munsell 100-hue colour vision tests (Jiménez-
Sierra JM et al, 1989). This subjective test involves the patient arranging a series of
coloured caps into a graded colour order under a manufacturers supplied light source
in order to obtain comparable results. The test consists of caps of 85 hues divided into
4 boxes. A reference cap is situated at each end of each box. The object of the test is to

arrange the caps in colour order between the reference caps. The caps are of equal
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lightness, approximately equal hue distance from one another and represent a modified

version of a full colour spectrum.

Each cap is numbered to correspond with its correct position and is an indication of its
ideal relationship to its neighbours. An error rate of greater than 100 in an adult or
greater than 200 in a child would suggest an abnormality. The score recorded for each
cap is the absolute difference between the number on the cap and those of the two to
either side. If the caps appear in the correct order, each will score a value of 2, a score
greater than 2 implies imperfect ordering. The scores for each cap can be plotted on a
circular chart. Areas with the greatest deviations from normal will correspond to the

patient's axis of colour confusion.

2.1.3 Colour contrast sensitivity

To further characterise colour vision deficits, a high-definition ‘multisync” colour
monitor driven by a personal computer containing a graphics card and software
program specifically designed for colour contrast sensitivity testing was used (Arden
GB et al, 1988; Yu TC et al, 1991). A central white fixation spot and a uniform
background of 16 cd/m” was generated on the screen. Patients were positioned at a
modified slit-lamp with a chin rest and the monitor placed 45 cm from the cornea of the
test eye. Patients were asked to fixate on the centre of the screen. A simple TV camera
was placed under the screen to monitor fixation. A colour-contrasting annulus
concentric with the fixation spot was generated. The machine was calibrated to
produce an annulus equiluminous with the background by the patient adjusting a red-

green and blue-green patch until there was minimal flicker. A series of annuli with 45°
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removed from one of the four quadrants was displayed. Patients were asked for the
position of the break in the annulus and the colour difference between annulus and
background adjusted to obtain threshold values. Annuli were slowly increased in
diameter from an angle of 2° to 12° as subtended at the cornea and colours adjusted to

determine protan, deutan and tritan thresholds.

2.1.4 Psychophysics

For psychophysical studies, pupils were dilated with 1% cyclopentolate hydrochloride
and 2.5% phenylephrine hydrochloride, and subjects dark adapted for 40 minutes.
Dark-adapted static perimetry was initially undertaken (Massof RW et al, 1979,
Jacobson SG et al, 1986; Chen JC et al, 1992). With dark-adapted “two-colour ” static
perimetry it is possible to determine at each test locus whether rods, cones or both
photoreceptor types are being used for vision and whether they are functionally
impaired. A pattern of rod and cone loss can therefore be drawn for the area of field
tested which has for example been used to subtype retinal dystrophies such as retinitis
pigmentosa (Massof RW, 1985; Lyness AL et al, 1985). In the present study, the eye
with better visual acuity was tested. Scotopic thresholds were determined for the
posterior central 60° of visual field at 6° intervals using a modified Humphrey
automated perimeter (Allergan Humphrey, San Leandro, California, USA). Cone and
rod sensitivities were assessed using a standard Humphrey 30-2 program with the
background illumination turned off. Size V red and blue test stimuli were used with a
dichroic blue interference filter (OCLI, USA) to increase the range of stimuli thresholds
that could be measured. An infrared source illuminated the bowl and an infrared

camera (Philips, Eivhoven, Holland) was used to monitor eye movements. The
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standard Humphrey perimeter print-out (grey-scale numeric depth defect report) was
modified externally so that a print-out of thresholds at all field loci compared with

normal values was also obtained.

After dark-adapted static perimetry measurements had been recorded, dark-
adaptometry was performed (Ernst W et al, 1983; Steinmetz RL et al, 1992; Moore
AT et al, 1992). Pre-bleach thresholds were first determined at selected positions.
Patients were then exposed to bright white light using a bleaching lamp installed within
the Humphrey perimeter, for two minutes sufficient to bleach 95% of rhodopsin (7.8
log scotopic troland-sec delivered over 45 seconds). Recovery of sensitivity with time
was assessed using a size V blue-green (450 nm) test stimulus. For each patient, dark-
adaption curves were measured at two retinal loci, one affected and one relatively
unaffected by the disease process as identified by dark-adapted static perimetry. Results
were recorded as an ASCII file on a dedicated personal computer as X-Y co-ordinates,

and exported to a spreadsheet/graphing program for graphical presentation.

2.1.5 Electrophysiology

2.1.5.1 Electroretinography

The electroretinogram (ERG) is an electrical potential or voltage change originating in
the retina in response to a brief flash of light. This can be recorded outside the eye at
the cornea with a contact lens electrode. According to Ohm's law, a measurable
voltage is generated when electrical current flows through a resistor. The ERG current
is generated by the retina and the resistor the extracellular fluid around retinal cells the

vitreous and the cornea. The earliest ERG recording from the eye was made in 1865
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(Holmgren F, 1865) but is was not until 1945 that it became an established diagnostic

tool (Karpe G, 1945).

When a patch of retina is illuminated the current generated by each cell type is mixed
together in the extracellular space. Current generated in cells with radially orientated
processes, €.g. photoreceptors, bipolar and Miiller cells tends to flow into the vitreous
and are thus prominent components of the ERG. Cells with tangentially orientated
processes such as horizontal, amacrine and ganglion cells tend to produce current that
stays within the retina therefore are not represented in the ERG. The current flowing in
the vitreous “leaks ” out at the cornea and it is this that is measured. The clinical ERG

represents the summation of three retinal potentials -

1) A-wave. Photoreceptors generate a cornea-negative (downward) receptor potential.
The receptor potential from rods falls slowly and recovers slowly, whilst that from
cones falls and recovers rapidly. In addition, hyperpolarising bipolar cells are also

thought to contribute to the a-wave (Sieving PA, 1994).

2) B-wave. The Miiller and bipolar cell currents combine to form a cornea-positive

potential that starts after the late receptor potential (a-wave).

3) Oscillatory waves. Processes of the inner plexiform layer generate small rippling

currents that sum to form the oscillatory potentials and are most apparent with stimuli

that trigger both rod and cone photoreceptors.
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The characteristics of an ERG that identify its relative normality are its amplitude,
waveform and implicit time. A-wave amplitude is measured from the baseline to the a-
wave trough, the b-wave amplitude from the a-wave trough to the b-wave peak and the
b-wave implicit time from the onset of the flash to the wave peak. By changing test
conditions however these can be modified such that rod and cone photoreceptor
systems can be stimulated preferentially. Diseases preferentially affecting one or the
other can therefore be characterised. Rods are more sensitive than cones to white light.
The ratio of sensitivity between rods and cones can be modified by light-adaption. Rod
sensitivity is depressed by light-adaption and increased by dark-adaption (Hart WM,
1992). Also rod photoreceptors are most sensitive to blue-green light and least to red,
whereas red and green cones will respond optimally to red light. Such differences form
the basis of these differential tests where conditions are optimised to produce rod
dominated (scotopic), cone dominated (photopic) or mixed photoreceptor (mesopic)

responses.

Because ERG responses are so easily influenced by test conditions it soon became clear
that a standard protocol was needed. For example the amplitude of ERG response can
be modified by varying the area of retina stimulated. To ensure that results would be
quantitatively as well as qualitatively reproducible an International Standard for Clinical
Electroretinography has been established (International Standardisation Committee,
1989). Disease progression can therefore be quantified and results obtained at different
times and places be compared. All patients identified as affected in the study underwent
clinical electroretinography using a “ short protocol ” in accord with this standard

(Arden GB et al, 1981).
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1) Equipment.

A gold foil electrode was used after the ocular surface had been anaesthetised with
amethocaine drops. A reference electrode was placed above the eyebrow, and a
separate skin electrode attached centrally on the forehead and connected to ground.

Both these were standard 10 mm silver-silver chloride EEG electrodes.

Full-field (Ganzfeld) stimulation was used without background illumination. Flash
stimuli were generated using a modified stroboscope (Grass PS22). In front of the light
source a filter holder was fitted into which coloured filters could be inserted.
Electroretinograms were recorded with a Medelec MS6 polygraph system. Large

voltage changes due to eye movement were automatically rejected.

2) Patient preparation.
Pupils were maximally dilated with 1% cyclopentolate hydrochloride and 2.5%
phenylephrine hydrochloride and patients dark-adapted for 30 minutes. The eye with

better visual acuity was measured in each case.

3) Measurement protocol

After dark adaption, a sequence of flashes were generated to evoke ERG's with various
stimuli. The time between stimuli varied between 1 and 10 seconds. Rod responses
were assessed first with a blue (480 nm wavelength) flash stimulus of increasing
intensity until a maximal response (Vmax) was produced. ERG traces at 0.2, 0.6 and 1.0

V__ were recorded. Stimulus flashes were calibrated to a standard flash (SF) defined as
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a flash sufficient to produce a stimulus intensity at the surface of the Ganzfeld screen of
at least 1.5-3.0 cd m? s, where 3.43 ¢cd m? =1 fL (International Standardisation
Committee, 1989). To assess cone responses, a weak red flash stimuli was then used.
Flash intensity was increased until a maximal ERG response was obtained using the
standard SF. Mesopic responses were then elicited using white flashes. By modifying
the ERG amplifier bandpass to attenuate all frequencies below 100 Hz, an oscillatory
potential was measured since b-waves are greatly reduced producing a “ wavelet ”
response. Cone-dominated flicker responses were finally generated with white SF

stimuli at a rate of 30 stimuli per second.

2.1.5.2 Electro-oculography

The electro-oculogram (EOG) (Arden GB et al, 1962) arises from a depolarisation of
the retinal pigment epithelium and is an assessment of the RPE integrity consequent
upon photoreceptor potential changes and extracellular K*. It is a measure of the
voltage difference between the front and the back of the eye under different conditions
of illumination. The light-rise represents the largest difference in voltage measured in
illumination divided by the smallest voltage difference measured in darkness. Standard
10 mm EEG electrodes covered with electrode gel to improve conduction were
attached with tape just to one side of the inner and outer canthus. A forehead electrode
served as ground. The subject was asked to alternate gaze between two red light-
emitting diodes positioned at 30° either side of the straight ahead position in a Ganzfeld
screen. Recordings were taken first in the dark for 12 minutes and then with the dome

illuminated with white background light for 8 to 10 minutes. The light-peak (maximal
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voltage in light) and dark-trough (minimal voltage in the dark) ratio was calculated

(normally between 1.6 and 2.4).

2.1.6 Fundal photography and fluorescein angiography
Colour fundal photographs were taken in affected individuals to document retinal
pathology using a 20-45°-field fundus camera (model RCXV, Kowa, Japan) with ISO

64 Ectachrome colour-slide film (Kodak).

Fluorescein angiography was first used to study ocular circulation in the 1950’s
(Schatz H et al, 1978). In selected patients, sodium fluorescein dye (5 ml of 1g in Sml,
20% w/v, Martindale Pharmaceuticals, Romford) was injected into a peripheral vein,
usually in the antecubital fossa. Approximately 80% is loosely bound to serum albumin,
the rest is unbound and free for equilibration with the extravascular, extracellular
space. As dye entered the ocular circulation the retina was illuminated with blue light
(465-490 nm) by placing an exciter filter between the eye and an illumination
stroboscope. This excites the fluorescein molecules to fluoresce producing a yellow-
green light which peaks between wavelengths 520 and 530 nm. The fluorescence is
detected by placing a barrier filter in the optical path between the fundus and
photographic film. A series of timed photographic images were taken with a 20-50°-
field retinal camera (model TRC S50IA, Topcon, Japan). Images within the early
arterial, arterio-venous, peak and late phases were recorded on Ilford FP4 black and

white negative film (Ilford, Essex).
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2.2.1 Preparation of DNA from whole blood

Twenty millilitres of whole blood was collected from each patient and stored at -80°C
in sterile tubes containing 1 ml, 0.5M EDTA (ethylenediaminetetraacetic acid). Ten
millilitre aliquots were thawed slowly at room temperature for DNA extraction using a

Nucleon II DNA Extraction Kit (Scotlab, Strathclyde, Scotland).

1) Cell preparation. The 10mls blood sample was added to 40 mls of reagent A in a
falcon tube, mixed gently and centrifuged for five minutes at 1300 x g. The supernatant

was discarded leaving a lymphocyte cell pellet.

2) Cell lysis. This was achieved by adding 2mls of reagent B to the pellet which was
resuspended using a plastic pipette. The lysate was transferred to a Sml screw-capped

polypropylene tube.

3) Deproteination. Sodium perchlorate (500ul of a SM solution) was added to the
lysate and the solution gently mixed at room temperature for 15 minutes. The mixture

was then incubated at 65°C for 25 minutes in a shaking water bath.

4) DNA extraction. The tube containing the mixture was cooled on ice for 2 minutes

and then 2 ml of chloroform (-20°C) and 300pul of nucleon silica suspension was added.

The mixture was gently shaken for 10 minutes on a rotary mixer at room temperature.
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Separation of the aqueous and organic phases was achieved by centrifuging at 1400 x g

for 5 minutes.

5) DNA precipitation. The top aqueous layer (the DNA containing phase) was then
transferred to a universal tube by aspiration. Two equal volumes of ethanol was added

in turn to the universal tube and mixed to precipitate the DNA.

6) DNA resuspension. The precipitated DNA was lifted out with a sterile needle and
placed in a 1.5ml Eppendorf tube labelled with the patients identification number and
washed with 70% ethanol. The pellet was resuspended with 400ul of distilled water
and the DNA allowed to dissolve at 4°C over several days. DNA concentration after
resuspension was determined by electrophoresis of an aliquot in an agarose gel and
comparing the resultant band intensity with aliquots of known concentration. The

samples were then stored long-term at -80°C.

Nucleon II DNA Extraction Kit solutions.

Reagent A --- 10mM Tris-HCl Reagent B --- 400mM Tris-HCl
320mM sucrose pH to 8 using 2M NaOH
5mM MgCl, 60mM EDTA
1% Triton X-100 150mM NaCl
pH 8 using 2M NaOH 1% SDS
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2.2.2 PCR amplification of genomic DNA

2.2.2.1 The Polymerase Chain Reaction

In 1985 Saiki and co-workers (Saiki RK et al, 1985) described an in vitro DNA
enzymic amplification technique known as the polymerase chain reaction. In a matter
of hours this technique can isolate and amplify a specific segment of DNA by as much
as 10°-fold. Its ability to amplify small amounts of DNA even from single cells, has
revolutionised the analysis of clinical and forensic biological material. PCR has been
applied to the high-efficiency cloning of genomic sequence, the direct sequencing of
mitochondrial and genomic DNA, the analysis of nucleotide sequence variation and the

rapid detection of viral pathogens.

PCR amplification involves two oligonucleotide primers that flank the DNA segment of
interest and repeated cycles of heat denaturation of the DNA, annealing of the primers
to their complementary sequences and extension of the annealed primers with DNA
polymerase I. The primers are designed to hybridise to opposite strands of the target
sequence and are orientated so that DNA synthesis by the polymerase proceeds across
the region between the primers, effectively doubling the amount of that DNA segment.
Since the extension products are also complimentary to and capable of binding primers,
successive cycles of amplification continue to double the amount of DNA synthesized
in the previous cycle. This results in an exponential accumulation of the DNA
fragment, approximately 2”7 where # in the number of cycles of amplification. Because
the primers are physically incorporated into the ends of the extension product, they
define the primary product of the reaction, a discrete fragment whose length is the

distance between the 5' termini of the primers on the target sequence. A recent
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technological development involving a thermostable DNA polymerase isolated from the
bacterium Thermus aquaticus (Taq) (Saiki RK et al, 1988) has substantially improved
the performance of the procedure. Unlike the thermolabile Klenow fragment of E. coli
DNA polymerase I used previously. Taq polymerase retains its activity after heat
denaturation of the DNA and does not need to be replaced during each cycle. In
addition to simplify the reaction, the higher temperature optimum of this enzyme (70-
75°C) significantly increase the specificity, yield and length of DNA fragments that can

be amplified.

However, the technique is limited by the fact that the sequences flanking the DNA
section of interest has to be known and be unique and the method only amplifies
efficiently up to 3kb although some workers have been able to amplify up to 6kb
(Ponce MR et al, 1992) and even up to 35kb (Barnes WM, 1994) but with less
efficiency. PCR amplification of microsatellite repeat sequences is now the method of
choice in linkage analysis. Several microsatellite products can be amplified together in
one reaction and visualised as distinct allele systems on one polyacrylamide gel

allowing for rapid linkage analysis using a number of systems simultaneously.

2.2.2.2 Radioactive primer labelling

Specific oligomers were synthesised from published sequence information using a
Cyclone plus DNA synthesiser (MilliGen/Biosearch). Alternatively selected pre-
synthesized oligomers were used (MapPairsTM, Research Genetics, Huntsville, USA).
For details on physical and genetic mapping and allele frequencies of specific

microsatellites, the Human Genome Mapping Project Databases (HGMP-RC, Harrow,
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Middx) was referenced to. Radioactive 5' end-labelling (Woodhead JL et al, 1985) of
one of the pair of primers was achieved by incubating at 37°C for 45 minutes in the

following mixture sufficient for 80 PCR reactions -

2 pmol of oligomer

10 ul double distilled H,O

2 pl OnePhorAll buffer (Pharmacia)

1 ul T4 Polynucleotide kinase (Pharmacia)

3 ul y-P*2 dATP (10mCi/ml, 370MBq/ml, Amersham)

2.2.2.3 Genomic DNA amplification

Approximately 100ng of extracted genomic DNA from each patient was transferred
from the thawed stock solutions to a 0.5 ul Eppendorf tube and used as the template
for the PCR reaction (Fishman GA et al, 1992). A PCR reaction mixture sufficient for

80 individual, 10 ul PCR reactions was made up as follows -

532 ul double distilled HyO

80 ul 2mM dNTP (deoxyribonucleotide triphosphate mixture of
dATP, dCTP,dTTP and dGTP) (Pharmacia)

80 ul 10x 7aq buffer (Northumbria Biologicals)

20 pl kinased primer mixture

2 pmol of the complimentary primer

30 units 7aq polymerase (Northumbria Biologicals)
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A 9 pl aliquot of this mixture was added to each genomic DNA sample, mixed and the

overlaid with 50 pl of mineral oil.

2.2.2.4 Thermal cycling parameters

PCR involves incubation in three cyclical steps, denaturation, annealing and extension
(Fishman GA et al, 1992). This was undertaken on an Omnigene Thermal Cycler
(Hybaid, Middx). The regimen used for all PCR reactions consisted of 30 cycles of the

following sequence-

94°C 1 minute denaturation
50-65°C 1 minute annealing

72°C 1 minute extension

The optimum annealing temperature depends on the length and GC content of the
primers. Most reactions were undertaken initially at an annealing temperature of 55°C.
If the reaction was unsuccessful, the PCR protocol was repeated at a different

annealing temperature.

At the end of the procedure 3 ul of blue loading buffer (95% formamide, 0.5% EDTA,

0.005% xylene cyanol, 0.005% bromophenol blue) was added to each reaction mix.
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2.2.3 Polyacrylamide denaturing gel electrophoresis

2.2.3.1 Gel preparation

To separate PCR amplified DNA fragments, 0.4 mm thick, 6% denaturing
polyacylamide sequencing gels were utilised. A 38x50 cm sequencing gel apparatus
(Bio-rad Laboratories Ltd., Hertfordshire) were thoroughly cleaned immediately prior
to use with “ pyroneg ” detergent. The inner glass-plate surfaces were then cleaned
with alcohol and one surface coated with a siliconising agent (Sigmacote, Sigma
Chemical Co., St. Louis) to facilitate removal of the gel. Glass plates were separated by
0.4 mm spacers, clamped together and vertically fixed onto filter paper in a plug

pouring tray. The 6% polyacrylamide solution was composed of the following -

132mls  8.3M Urea
20 mls 10x TBE (in one litre, 109g Tris base, 55g Boric acid,
40 ml 0.SM EDTA)

48 mls 25% acrylamide (Sequagel, Natl. Diagnostics, Atlanta)

To prevent gel solution leakage from the bottom of the plates, the base of the
apparatus was sealed with 50 mls of this mixture to which 300ul of 25% ammonium
persulphate (Sigma Chemical Co., St. Louis) and 300ul of tetremethylethylenediamine
(TEMED, Sigma Chemical Co., St. Louis) were added and poured into the plug
pouring tray. After 20 minutes, 600ul of 25% ammonium persulphate and 66ul of
tetremethylethylenediamine were added to the remaining 150 mls of mixture and the
solution poured between the tops of the glass plates using a “squeezy ”bottle. An 80-

slot square-toothed comb was inserted into the top of the gel to form the sample wells.
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The gel was left to set overnight at an angle of 10° and covered with clingfilm to

prevent drying out.

2.2.3.2 Gel electrophoresis

Solidified polyacrylamide: gels were -vertically - fixed vertically by clamping in ‘a
watertight bath, The bath and reservoir fixed to the back glass plate were filled with 2.
litres of pre-heated (55°C) 1x TBE. The square-tooth comb was removed and the
apparatus plugged into a high voltage power pack (Bio-rad Laboratories Ltd.,

Hertfordshire) and run at 120 watts to pre-heat the gel to approximately 55°C.

Individual samples were pre-heated to 90°C for 2 minutes to produce single stranded
DNA solutions. 3 pl aliquots were added to each polyacrylamide gel well. Gels
electrophoresis was performed at 90 watts for 3 to 6 hours dependant upon the

expected allele sizes.

2.2.4 Autoradiography

On completion of electrophoresis the sequencing gel kit was dismantled. The glass
plates were carefully separated and the DNA fragments fixed within the gel by
immersing the gel lying on the glass plate into a solution of 10% glacial acetic acid and
10% methanol for 5 minutes. The gel was transferred to a sheet of Whatman 3 mm
filter paper, covered with “ clingfilm ” and dried at 70°C under a vacuum for

approximately 2 hours.
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The dried gel was transferred to a light tight cassette and covered with photographic
film (Kodak XARS Scientific Imaging Film, IBI Ltd., Cambridge). Autoradiography
typically required 2-14 hours. The exposed film was processed using an automated X-

ray film processor (model RG II, Fugi Photo Film Co. Ltd., London).

2.2.5 Computer-aided analysis

2.2.5.1 Genotyping

Processed X-ray film was assessed using a light box and allele assignments made for
each individual. All information was stored on a 486 DX2 (66MHz) IBM compatible
personal computer. Linkage programs were run on the same instrument under a "DOS"
operating system. Multipoint analysis required greater memory access therefore was
undertaken on a SUN Microsystems mainframe computer under a UNIX operating

system via a local area network (HGMP-RC, Harrow, Middx).

2.2.5.2 LINKSYS

A number of family files containing identical pedigree and disease allocations were
made for the CRD kindred because information on only 9 marker loci could be added
to each family file. Analogous family files for each autosomal chromosome were made.
Genotype information for each individual for each marker was then added. Locuslib
and phenolib files containing phenotype and microsatellite marker characteristics were

constructed as previously described (refer to page 67) (Attwood J et al, 1988).

90



A utility to generate plain text files in the LINKAGE format within LINKSYS was
used to format data. The .PED and .DAT files created were exported to the LINKAGE

sub-directory.

2.2.5.3 LINKAGE

Pedigree data was converted to the correct format using the MAKEPED subprogram.
Two-point lod scores were calculated with the MLINK subprogram (Lathrop GM et
al, 1984). The CRD phenotype in this family was analysed as an autosomal dominant
trait with complete penetrance, infantile onset and a gene frequency of 0.0001. Allele
frequencies used were as published. When more than 10 alleles had previously been
identified or the number of alleles observed in the study was different from that
published, allele frequencies were re-calculated using values obtained from unrelated
spouses in the family. Significant exclusion from linkage close to the marker locus was
calculated at a Lod score of -2. The corresponding 6 value was converted to a genetic
distance in centimorgans of exclusion using the Kosambi mapping function with the

subprogram MAPFUN.

Multipoint linkage analysis required genotype data on two or more marker loci and
genetic distances given as recombination values (B) between the marker loci. The

subprogram LINKMAP was used.

2.2.5.4 FASTMAP

When a number of markers were linked to the disease locus, a genetic linkage map was

constructed using the program FASTMAP (Curtis D et al, 1993) since computer
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memory boundaries limit multipoint calculations to within 132 haplotypes. A file was
created containing information on two-point lod scores at specified recombination
values for each marker locus and the genetic distances between each marker locus.
This was exported to the program (refer to page 68). A table was generated with lod
scores at specified points covering the region mapped by the markers. The maximum
lod score value calculated identified the most likely site of the disease locus and the 2-
lod score interval surrounding this identified the region containing the locus with 95%

confidence.

2.2.6 Linkage strategy

The genomic location of a number of genes implicated in retinal dystrophy
pathogenesis are already known (refer to pages 42-44) including 3 regions (6p12, 17q,
18q21.1) recognised as contain genes involved in CRD. A strategy was devised to use
markers mapping close to these regions. If this failed to identify linkage, a systematic

search would be undertaken to examine each chromosome in turn.
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CHAPTER 3: RESULTS
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3.1.1 Subject Enrolment.

Seventy one family members were contacted and enrolled into the clinical and
molecular genetic study including subjects known to be affected, those whose
phenotypic status was previously unknown and spouses of affected individuals who had
conceived children. To avoid errors of non-paternity, all adults were asked to confirm
their children’s’ parentage. Based on information obtained from three senior family
members a seven generation family tree was constructed. All members enrolled were
residents of the Merseyside region of North West England. The family tree was
extended to include pedigree information from records at Moorfields Eye Hospital,
London, on descendants who now live in Southern England. The final pedigree
constituted 277 members in seven generations originating in North Wales (Figure 3.1).
Males and females were affected in approximately equal proportion and with male to
male transmission, a typical autosomal dominant mendelian inheritance pattern was

established.

3.1.2 Clinical examination and fluorescein angiography.

Of the 71 patients examined, 34 affected, 22 unaffected and 15 spouses were identified
on the basis of ophthalmic history, clinical examination and electrophysiologic and
psychophysical investigations. A seven generation pedigree adapted from the extended
family tree to illustrate the relationships between the patients examined is presented in

Figure 3.2. Patients were allocated study numbers as shown.
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Figure 3.1 Autosomal dominant cone-rod retinal dystrophy extended pedigree.

e affected female, o unaffected male.

Bar above symbol identifies examined patients.

95



96

m "

7 5 .

\% IZTEQ(BJ)

VI o_l O_IE

7Y  Ag 5 NOYDRS WY
Lféﬁ w5 e Zwbe ;jﬁgﬁ bttt
(X113 gmﬂfﬂsp

Figure 3.2. Family tree of patients enrolled into the study.




Table 3.1 presents the results of clinical evaluation of 34 individuals identified as
affected, with an age range from 8-84 years. All subjects identified as affected had been
aware of reduced central vision by the age of 10 years, and many (19 of 34) before five
years of age. The onset of nyctalopia occurred between the third and fifth decades of
life; nystagmus (5 subjects) and photophobia (3) were infrequent findings. The best
recorded visual acuity was 6/36. Past ophthalmic records revealed best acuities of 6/18
in two subjects at 3 years of age. Acuity had declined to bare perception of light in all
subjects over the age of 45 years and to no perception of light in four of five subjects
over 67 years of age. All subjects studied had spherical equivalent refractive errors
between +1.5 and -4 diopters with eccentric viewing, high astigmatism not being a
feature segregating with retinal disease. The severity of visual deficit was related to age

suggesting a progressive disease. No obligate carriers were identified.

Colour fundus photographs of subjects VII-2, VI-16, VI-11 and V-21 are represented
in order of ascending age in Figures 3.3-6 illustrating the progressive nature of the
condition. Obvious macular pigmentation and RPE depigmentation was evident even in
the youngest affected individual (Figure 3.3-4) progressing to chorioretinal atrophy in
15 of 17 silbjects over 40 years of age coinciding in most cases with the decline in
acuity to light perception only. Most subjects had developed some degree of peripheral
intraretinal pigmentation by 29 years, initially in the inferior retina (Figure 3.5), This
had progressed to chorioretinal atrophy confluent with macular atrophy in nine of the

13 subjects over 40 years of age (Figure 3.6).
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Pt. Age Acuity Onset Onset of Anterior Fundal
yrs Acuity  Nyctalopia Segment pathology
Right Left loss, yrs yrs pathology Macula Periph.
Iv-2 84 Lp LP 5§ 32 DS CRA CRA
IV-6 70 LP LP <4 34 DS CRA CRA
IV-13 74 NLP NLP <4 35 N CRA PC 360°
IV-14 76 NLP NLP <4 30 NY CRA CRA
IV-17 67 NLP NLP <4 30 LO CRA PC 360°
IV-18 65 LP LP <4 30 DS,NY CRA CRA
V-2 53 LP LP <4 40 DS CRA PC 360°
V-3 41 1/60 1/60 5 35 DS CRA CRA
V-7 40 1/60 1/60 5 36 DS CRA PC 360°
V-11 44 LP LP <4 21 DS,NY CRA PC 360°
V-13 38 3/60 3/60 6 30 N CRA PC 360°
V-15 36 3/60 3/60 10 32 DS PC PC 360°
V-17 61 LP LP <4 44 N CRA CRA
V-19 66 LP LP <4 35 DS CRA CRA
V-21 59 Lp LP 10 35 S,LO,NY. CRA CRA
V-23 62 LP LP <4 38 LO CRA CRA
V-25 29 6/60 3/60 4 N DS PC PC 360°
V-26 28 " 3/60 6/60 4 N N PC N
V-31 39 Lp LP 7 N DS,NY PC PC 360°
VI-2 25 3/60 3/60 5 N N PC N
VI-3 22 3/60 3/60 5 N N PC N
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Pt. Age Acuity Onset Onset of Anterior Fundal
yrs Acuity  Nyctalopia  Segment pathology
Right Left loss, yrs yrs pathology Macula Periph.
VI-5 15 .6/36 6/60 <4 N N PC N
VI-8 8 6/60 6/60 3 N N PC N
VI-9 14 6/60 2/60 2 N DS PC N
VI-10 8 6/60 6/60 <4 N DS PC N
VI-11 39 2/60 2/60 3 32 DS,LO PC PC 360°
VI-13 37 6/60 6/60 5 N N PC PC 15°
VI-15 33 6/60 6/60 10 N N PC N
VI-16 30 6/60 6/60 7 32 N PC PC 30°
VI-19 37 6/60 6/60 <4 22 N PC N
VII-1 8 6/36 6/36 4 N N PC N
VII-2 16 '6/60 6/60 5 N N PC PC 15°
VII-7 14 6/60 6/60 5 N N PC N
VII-8 18 6/60 6/60 5 N N PC N

Table 3.1. Results of clinical examination in 34 affected individuals. N=normal,

LP=light perception, NLP=no light perception, LO=lens opacities, DS=divergent

squint, NY=nystagmus, PC=pigment clumping, CRA=chorioretinal atrophy.
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~ All subjects assessed as unaffected were 12 years of age or older. All but three of these
individuals (VI-14, VII-3 and VII-4) had had no ophthalmic problems in the past and
had normai visual acuities and ocular examinations. Subject VI-14 was an affected
member of an X-linked ocular albinism pedigree. His daughters had typical carrier

status features on fundal examination and had normal visual acuities..

Fundus fluorescein angiograms from patients VI-16 and VI-11, representative of the
study group are presented in Figures 3.4-5. Optic nerve head telangectasia, a known
characteristic of CRD were not seen in the angiograms of affected subjects
(Heckenlively JR et al, 1981). A “ dark choroid ” was not identified suggesting that
widespread subretinal deposits were not an early feature of the disease. Macular
oedema, a common feature of some retinal dystrophies, was not seen suggesting that
reduced acuity was due primarily to degeneration of retinal tissue and not a secondary
phenomena. Mid-peripheral and upper retinal angiographic abnormalities preceded

clinical and psychophysical signs of disease in these areas (Figure 3.4).

General medical histories and a basic general physical examination failed to identify
other medical conditions or physical abnormalities segregating with the retinal

dystrophy

3.1.3 Segregation distortion.
Examination of the extended pedigree (Figure 3.1) revealed a segregation distortion
superimposed upon the autosomal dominant inheritance pattern. Twenty five affected

fathers produced 71 children, 31 (44%) of which were affected, giving an approximate
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1:1 ratio as would be expected. However 63 of 101 children (63%) born to 26 affected
mothers inherited the dystrophic gene giving an excess of affected children. The
cumulative binomial distribution calculation for this finding in ‘the progeny of affected
mothers gave p=0.008 suggesting that the distortion was significant. This cannot be
accounted for by a restriction in family size after birth of an affected child since the
average farﬁily of affected mothers was larger than that of affected fathers. The gender
of the affected parent seems to influence significantly the likelihood of a particular child
having the disorder. This may be an example of meiotic drive, a phenomenon rarely

observed in man.

3.1.4 Goldmann perimetry and colour vision assessment
By 33 years of age all subjects had significant restriction of peripheral visual field
detectable by Goldmann perimetry. The earliest deficits were seen in the superior field

(Table 3.2) coincidental with corresponding pigmentation in the inferior retina.

Farnsworth-Munsell 100-hue colour vision assessment demonstrated severe non-
specific, global deficits indicative of poor colour discrimination even in the youngest
affected individual. Colour contrast sensitivities were also severely abnormal even in
the youngest subjects tested. However a significant differential loss was identified in
one subject (VII-1). A 60% reduction in tritan sensitivity compared with a 96% and
99% reduction respectively in protan and deutan sensitivities. This suggests a possible

selective preservation in the tritan axis and of blue cone function.

107



Subjects Age, Goldmann visual field loss, IV4e (degrees).

yrs.  Sup. Temp. Sup. Nasal Inf. Temp. Inf. Nasal

R L R L R L R L

VI-10 g 11 17 11 10 7 11 10 9
VII-1 8 16 19 21 13 12 14 10 4
VI-9 14 4 7 2 2 3 6 5 5
V-15 36 15 11 5 9 15 7 4 11
VI-19 37 23 23 10 17 8 24 9 9
VI-13 37 23 23 11 17 9 25 Y 9
VI-11 39 53 60 38 28 20 5 20 9

Table 3.2. Mean loss of radial peripheral field in each quadrant. Subjects recorded in
ascending order of age. Mean values for radial degrees of field in each quadrant were
recorded using the IV/4e target and subtracted from corresponding normal values.

R=right eye, L=left eye.
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3.1.5 Dark adapted static perimetry.

The results. of dark adapted perimetry are presented in Figure 3.7 for subjects VI-5,
VI-2 and V-26. Abnormal areas of cone response were mirrored by corresponding
areas of loss of rod responsiveness suggestive of a patchy rather than diffuse visual
function deficit. Superior quadrants seemed to be the first and most severely affected,

other areas having near normal rod and cone function.

3.1.6 Dark adaptometry.

Figure 3.8 illustrates the results of dark adaptometry typically seen in younger affected
individuals. All dark adaption curves were abnormal. A typical biphasic curve and close
to normal rate of recovery was seen when measurements were taken in regions
assessed as. relatively normal by dark adapted perimetry. A more monophasic curve,
due to a reduction in the cone component giving a less pronounced rod-cone break was
seen in affected areas. This was associated with a normal rate of rod threshold recovery
and an elevation of final rod thresholds. This confirmed that loss of photoreceptor
function was regional and that in mildly affected areas loss of cone function may be

quantitatively greater than function loss in rod photoreceptors.
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Figure 3.8. Dark adaptometry.

Subject VI-2. orelatively unaffected area, locus -9°,-9°. @ abnormal area, locus +9°,+9°. v Age matched normal responses.



3.1.7 Electrodiagnostics.

Electroretir;ographic responses were undetectable in all subjects tested at >37 years of
age. Electroretinographic recordings from four younger individuals with recordable
ERG’s (VI-10, VII-1, VI-5 and VII-2) are compared with normal responses in Figure
3.9. These individuals represented an age range from 8 to 16 years. Abnormalities
typical of CRD were seen. The amplitudes of the rod-isolated b-wave responses in
“run 7 ” and cone responses in “ run 31 ” (30Hz flicker) were compared with normal
values. For subject VI-10, a “ run 7 ” rod-isolated amplitude of 1261V compared with
a normal mean amplitude value of 207uV (Arden GB et al, 1962) indicating a 39%
reduction in response. This contrasted with a “ run 31 ” amplitude of 10uV compared
with a normal mean amplitude value of 43uV(Arden GB et al, 1981) indicating a 77%
amplitude reduction in cone response. Similarly for subject VI-5, a rod isolated
response amplitude of 84V, a 59% reduction compared with a 84% reduction in cone
dominant response (15uV). The cone b-wave amplitudes were therefore severely
depressed (with prolonged implicit times) in younger affected subjects, while the rod
responses were relatively less affected. Significantly reduced electro-oculographic
responses, with light rise to dark-trough (Arden) ratios of <1.0 were obtained from all

affected subjects tested.
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Figure 3.9. Flash electroretinography. Results for subjects VI-10, VII-1, VI-5 and VII-
2 in ascending order of age. Runs correspond to those described in reference 13. Runs
4-12 are rod isolated responses, 17 and 18 are cone dominant and 19 and 20 are rod
dominant, 22 corresponds to oscillatory potentials and 31 generated by a 30Hz flicker
stimulus. The horizontal calibration bar corresponds to 20msec for runs 4 to 18 and
10msec. for 19 to 31. The vertical calibration bar corresponds to 25uV for runs 4, 17
and 18; S0uV for runs 7, 11, 12, 19 and 20; 10uV for run 22; 25uV for run 31. The
first set of records are from a normal individual for comparison. Y indicates the time of

the stimulus flash.
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Whole blood samples from two affected individuals were sent for high resolution

cytogenetic chromosomal analysis (Regional Cytogenetics Department, Royal
Liverpool University Hospital, Liverpool). Metaphase spreads and G-band staining
(Thompson MW et al, 1991) revealed normal 46 XX (subject IV-13) and 46 XY

(subject V-31) karyotypes with no microdeletions.

3.3 Molecular Genetic Analysis

3.3.1 Linkage exclusion.

Forty seven highly polymorphic microsatellite markers were used in a systematic search
of the genome. Initially markers linked to known retina-specific genes or retinal disease
loci were used. Autoradiographs for markers mapping close to the CRD candidate loci
on 6p (the .peripherin/rds gene) 17q and 18q are presented in Figures 3.10-12. None
resulted in significant linkage (i.e. a lod score >3). Table 3.3 presents the two-point
linkage data for all forty seven markers. Each gave significant exclusion results (i.e. a
lod score < -2). Using the Kosambi mapping function the genetic distance excluded
around each marker was calculated. A total of approximately 740cM was excluded

from linkage to the CRD phenotype.
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Retinal Recombination Fraction
Marker Locus Candidate 0.1 0.2 0.3 0.4  Exclusion
D1S116 1p31.2 - -28 -13 -0.5 0.2 11
D1S102 1q32-qter USH2 -26 -09 -0.2 0.02 13.7
D1S103 1q32-qter CLD -44 -171 -0.62 -0.15 18
D25206 2q22-qter Arrestin -2.5 -1.0 -0.4 0.1 11
GCG 2q36-37 ! -6.4 -4.1 -2.6 -1.0 38
D3S1289  3p21 RTA 28 -13 -0.5 0.2 11
MFD2 3q21-24 Rhodopsin  -0.4  -03 -0.1 0.0 3
D4S425 4p PDEB -4.3 -2.7 -1.6 -0.5 26
GABRBI | 4p12-13 cGMPCC. -86 -5.1 -3.1 -0.8 39
D4S395 4q13-21 " -18 -09 -0.4 0.1 9
IL9 5q22-32 PDEA -06 -04 -0.3 -0.2 3
CSFS1IR  5q33-34 " -6  -09 -0.4 -0.1 7
15a15b 6p24-23 RDS -48 -222 -1.09 -042 22
TCTE 6p21-21. " 72 -3.11 -128 -0.34 26
RDS 6pl2 " -39 -162 -0.61 -0.14 21
MFD171  6q13-21 NCMD -34 -126 -04 -0.09 18.5
D7S484 Tp adRP -46 -159 -036 008 19
D7S460 . 7p " -32  -078 0.04 0.16 16.4
D8S87 8pl2 " -74 31 -1.04 -0.14 25
PLAT 8pl2-qll " 29  -1.7 -09 -0.1 13
D8S256 8 " -1.7  -10 -05 0.1 9
DoS168 9p23-22 - 06 -04 -0.3 -0.1 3
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Retinal Recombination Fraction

Marker Locus Candidate 0.1 0.2 0.3 0.4  Exclusion
D10S109 10q IRBP -66 29 -1.1 0.0 24
D10S197 10 " -18 -08 -05 0.2 8
D10S249 10 CALM 2 -0.7 -04 -02 -0.1 3
D11S860  11pl5 USH1 -66 -36 -1.8 -0.1 31
D11S533  11ql3 ROM1 -1.1 089 147 1.05 6
D11S436  11pl2-11 " -06 -03 -0.1 0.0 3
INT2 11q13 " 34 -12 -04 -001 18
D11S527 11ql3.5 " -06 -03 -01 0.0 3
D11S35 11q22 " 41 27 -19 -0.8 30
D12S87 12p13-q24 - -60 -34 -1.7 -0.1 28
D12S89 12pter-p13 - -1.2 0.8 1.4 1.0 6
D13S160 | 13q21-31 - 06 -03 -0.1 0.0 3
D13S152 13 - 32 -16 -06 -0.1 18
D17S513  17pl3 Recoverin -1.5 -05 -0.1 -0.08 5
D178250  17qll1-12 NE/CRD -16 -09 -04 -0.1 7
D17S8789  17q21.1 PDEG -47 23  -1.0 -04 26
D17S8798 17 " -1.2 0.8 1.4 1.0 6
MEFD26 18q12-21 CRD -50 22 -09 -028 272
MEFD32 18q21-21 " 3.1 -14 -065 -024 17.8
D20S100 20 - 29 -13  -05 0.2 11
D20S170 . 20 - 25 -09 -019 0.02 13.7
SRC 20ql11.2 - -44 -17 -062 -0.15 22
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Retinal Recombination Fraction

Marker Locus Candidate 0.1 0.2 0.3 0.4 Exclusion

D21§261  21q22.1 - 27 -10 -02 0.1 15
D21S265  21q21-22 - -6.5 -41 -2.6 -1.0 37
D228282 22 SFD 22 -11 -0.5 0.2 11

Table 3.3. Linkage exclusion results. Locus=chromosomal location,
CLD=choroideremia-like dystrophy, RTA=rod specific transducin o subunit, cGMP
CC=gated cation channel, NF=neurofibromatosis, SFD=Sorsby’s fundus dystrophy.
For marker symbols refer to HGMP-RC (Human Genome Mapping Project, Harrow,

Middx). Exclusion distances in centimorgans.
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