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1.1 Ocular embryology
The development of the eye and its adnexa mark an important milestone in sensory organ embryology occurring from the twenty-ﬁrst day of gestation and extending into early adolescence.
The ﬁrst sign of human eye development occurs by 21 days of gestation when the optic pits
are noticed. This occurs during the period of embryogenesis that lasts until the end of the third
gestational week, marked by the formation of the optic grooves, the anlage of the eye on the
inner surface of the anterior neural folds. The optic sulci are seen as invaginations of the neural
ectoderm. At the junction of the neural and surface ectoderm are the neural crest cells, which
migrate below the ectoderm and spread into the optic sulci. These cells later form the corneal
stroma, iris stroma, choroid, sclera, ciliary muscle, orbital cartilage and bone. At this stage of
gestation, the neural tube is partially fused and segmentation occurs resulting in the formation
of the primitive prosencephalon, mesencephalon and rhombencephalon. Fibroblastic growth
factors (FGF), vascular–like growth factors (VGF), and neurotrophic, angiogenic growth factors
are involved in embryonic development at this stage (Tripathi et al 1991).
The period of organogenesis lasts until the eighth week of gestation when primary organ
rudiments form. The optic vesicles form as invaginations of the optic sulci towards the surface
ectoderm of the forebrain vesicle. Complete closure of the neural tube and the formation of the
optic vesicle occur by 25 days of gestation when the embryo measures 3 mm. The neural crest
cells around the optic vesicle form the connective tissue structures of the eye, while the expansion of the vesicle continues under the mechanical inﬂuence of the growing cytoskeleton and
extracellular matrix. The surface ectoderm in contact with the optic vesicle thickens to form the
lens placode, which later invaginates with the neural ectoderm forming the optic cup (Figure 1).
The inner and outer neuroblastic layers are established in the 12 mm stage at the posterior pole
and development proceeds radially through the optic cup. Expression of the homeobox genes
determines the development of specialised structures at this stage (Beebe 1994).
The period of differentiation starts at the beginning of the third month of gestation when the
primitive organs develop into deﬁnitive structures. This period continues after birth too in the
macular region. The invagination of the optic cup results in the formation of the optic ﬁssure

Figure 1: Early development of the eye
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as the mesenchymal tissue invades the area and the hyaloid artery develops. The optic stalk
connecting the eye to the ventricle gives rise to the optic nerve. The retina develops from the
optic vesicle. The double layer of folded neural ectoderm of the optic cup differentiates into
the inner neurosensory retina and outer retinal pigment epithelial (RPE) layer with the subretinal
space in between (Pei & Rhodin 1970). The RPE is attached to Bruchs membrane which is well
developed by the sixth month when the embryo measures between 14 and 18 cm. Vascularization of the retina begins in the sixteenth week of intrauterine life at the optic nerve head and
reaches the ora by birth.
Several ocular genes regulate the speciﬁc areas of development. RX and PAX6 are important
in the formation of the optic cup. Transcription factors like CRX bind to retinal gene promoters
which are speciﬁc DNA sites that regulate transcription of genes involved in ocular structure
and function.
Retinogenesis
Retinogenesis results in the formation of the three distinct cellular layers of the retina. These
layers consist of the outer nuclear layer of photoreceptor cells consisting of rods and cones,
the inner nuclear layer of Müller, amacrine, horizontal and bipolar cells and the neuronal layer of
ganglion cells. Retinal progenitor cells differentiate to give rise to the various retinal cell types in
a sequential pattern proceeding from the center to the periphery of the optic cup. The ﬁrst retinal
cells to develop are the ganglion cells followed by the cones, horizontal and amacrine cells. The
rod, bipolar and Müller cells develop last. The proliferation of cells is regulated by growth factors
through intracellular signaling. Cells leaving the cell cycle migrate to their speciﬁed locations
to differentiate. Cellular differentiation occurs earlier in the central retina than in the peripheral
retina, while proliferation of cells ceases in the central retina earlier than in the peripheral retina
(Young 1985). Cell migration and differentiation play a pivotal role in the development of the
retina.
The fovea develops by the eleventh embryonic week, while the foveal pit forms postnatally
between the eleventh and ﬁfteenth months. The cone density in the fovea increases after birth,
due to the centripetal migration of cone cells towards the center of the fovea. The retina continues to develop after birth, with peripheral rods, Müller cells and cone cells being formed until
the third postnatal month. bHLH and the homeobox proteins are transcription factors involved
in the differentiation of retinal cells while CHX10 and Mitf are associated with formation of the
sensorineural retina and the RPE cells.

1.2 Genetics of retinal disease
Hereditary retinal disease accounts for approximately 5% of blindness worldwide and Leber
congenital amaurosis accounts for 5% of all inherited retinal dystrophies (Kaplan et al 1990).
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Patterns of genetic inheritance for retinal disease may be chromosomal, monogenic or complex.
Single gene traits, often referred to as Mendelian (after Gregor Mendel 1822-1884) are listed
categorically in the Online Mendelian Inheritance of Man database (http://ncbi.nlm.nih.gov/
Omim). This database is a catalog of human genes and genetic disorders authored and edited
by Victor A. McKusick and his colleagues at Johns Hopkins University, and developed for the
World Wide Web (www) by the National Center for Biotechnology Information (NCBI). Complex
inheritance typically has an inheritance pattern which is non-Mendelian; polygenic when many
genes at different loci contribute small additive effects, and multifactorial when alleles at more
than one locus interact with environmental factors.
Retinal diseases are catalogued on-line at the RetNet site (http://www.sph.uth.tmc.edu/
RetNet) conceived by Stephen Daiger, which lists cloned and mapped genes with clinical associations, protein product (if known), primary references and links to other sites. Currently, 189
retinal genes and loci causing disease have been identiﬁed and 135 genes have been cloned
(RetNet last update May 2007). The list of mapped and cloned genes causing retinal disease has
steadily increased in the last two decades. Together with X-linked mental retardation (Ropers &
Hamel 2005) and sensorineural deafness (http://webhost.ua.ac.be/hhh/), retinitis pigmentosa
(RP) is among the most complex groups of Mendelian disorders affecting mankind.
Discovering the molecular basis of inherited retinal diseases is the ﬁrst step in understanding
pathogenesis and hence, developing therapeutic strategies.
Family history provides information about consanguinity and the pattern of transmission,
although it is essential to clinically examine all living relatives to deﬁne their phenotypes. Marked
intrafamilial clinical heterogeneity amongst members of the same family with the same mutation
is prevalent and well documented. Consanguinity describes closely related relatives from the
same population who are more likely to carry the same recessive gene defects.
Some retinal diseases appear to follow simple classical Mendelian inheritance and are
termed single gene or monogenic disorders, which are determined by alleles at a single locus. A
variant allele replaces the original wild type allele on either or both chromosomes. The presence
of identical alleles (homozygous) or different alleles, one being normal (heterozygous) or both
alleles being abnormal (compound heterozygous), deﬁne the genotype.
1.2.1 Autosomal dominant inheritance
The phenotype is described as autosomal dominant (AD) when only one chromosome of the
pair carries a mutant allele in a patient. Typically, a phenotype expressed in both homozygotes
and heterozygotes is dominant, while a phenotype expressed only in homozygotes is recessive.
The phenotype in AD disorders is usually observed in every generation. Occasionally a new
dominant mutation is detected in the gamete of a phenotypically normal parent. Rarely, due to
variable expressivity, an autosomal disorder may have mild clinical signs despite inheritance of
the abnormal gene. This provides a practical difﬁculty because these patients with mild phe-
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notypes and subtle clinical signs may not be detected, except on careful clinical examination,
leading to problems in assigning the inheritance pattern.
In a dominant condition the child of an affected parent has a 50% risk of inheriting the disorder. Males and females are equally affected, new mutations may be the cause of isolated cases
and phenotypically normal parents rarely transmit the phenotype to their offspring. Differences
in expression occur in AD retinal disease due to variable expression and pleiotropy. Penetrance
is the fraction of individuals with a genotype who exhibit signs of the disease. Heritable retinal
disease, like many other genetic diseases, is often not expressed in all genetically predisposed
persons (incomplete penetrance). Persons carrying the mutant gene but who do not express
the phenotype are considered non-penetrant. Expressivity is the extent to which a genetic
defect is manifest, the expression of the trait may be from mild to severe. For example, in Leber
congenital amaurosis (LCA), CRX mutations in a mother and son are associated with diverse
clinical features and ERG changes due to variable expressivity, despite having the same genotype (Koenekoop et al 2002). Individuals may have variable clinical expression or phenotype
with regard to the severity (variable expressivity) or age of onset (age-related penetrance) or
both. Intrafamilial variability in expression and incomplete penetrance has been documented in
many diseases including cone-rod dystrophy (CORD) mapping to chromosome 17p12, with sequence changes in retinal guanyl cyclase 2D (GUCY2D). Pleiotropy refers to multiple phenotypic
effects of a single gene or gene pair in several tissues.
Autosomal dominant disorders may arise from several pathogenic mechanisms. Haploinsufﬁciency occurs when loss of half the normal activity of a protein causes disease. This is often
seen in genes encoding transcriptions factors, structural proteins, and cell surface receptors
(Kedzierski et al 2001). A dominant negative effect is observed when an abnormal protein
interferes with the functional product of the normal allele. Gain of function occurs either when
the mutant protein acquires an enhanced or a novel function. In dominantly inherited cancers
(e.g. retinoblastoma) a random somatic mutation occurs as a “second hit” on a background
of a germline mutation (“ﬁrst hit”). Therefore, although the predisposition to retinoblastoma is
inherited as a dominant trait, the mutations that result in neoplasia are recessive at the cellular
level because both copies of the gene are affected. Thus, the distinction between dominant
and recessive mutant alleles depends on the concept of haploinsufﬁciency. If the mutant allele
causes disease despite a normal allele, that is, the normally functioning allele is not sufﬁcient to
carry out its designated function then the allele and the disorder is termed dominant. The mutant
allele may also be capable of blocking the function of the normal allele. Phenotypic or clinical
heterogeneity occurs when there are clinically different phenotypes arising from mutations in the
same gene (Sullivan & Daiger 1996). Variability of clinical expression may be dependent on the
genetic background and the environment and can even occur within the same pedigree (Ayuso
et al 1996).
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1.2.2 Autosomal recessive inheritance
When the disease is expressed only when both chromosomes carry a mutant allele, autosomal recessive (AR) transmission is described, as seen in congenital stationary night-blindness
(CSNB), RP, and LCA. In autosomal recessive inheritance the phenotype is usually observed
in the same sibship, males and females are equally affected and the parents are usually asymptomatic carriers of the mutant alleles. The recurrence risk for each affected sibling is 1 in
4. Consanguinity in the pedigree may be likely if the gene responsible is rare in the population.
In a European population 10% of patients with LCA had a history of parental consanguinity
(Grieshaber et al 1998).
Consanguinity in the parental generation is strong evidence for autosomal recessive inheritance, however if the gene frequency is high in the general population (e.g. cystic ﬁbrosis
in north-western Europe), then the incidence of AR disease in non-consanguineous matings
in that population is increased. The coefﬁcient of inbreeding is the probability that a homozygote procured both alleles at a locus from the same ancestral source. It is also the fraction of
chromosomal regions at which an individual is homozygous or identical by descent. In genetic
isolates the frequency of rare recessive genes may be higher than in the general population due
to inbreeding as observed in the achromats of Pingelap (Sundin et al 2000). A disorder is termed
recessive if in heterozygotes (one normal and one mutant allele) 50% of the gene product is
sufﬁcient to perform its normal function. Changes at the molecular, cellular and biochemical
level have been observed in heterozygotes (Tucker et al 2004).
1.2.3 X-linked Inheritance
X-linked (XL) dominant and recessive inheritance have been described in retinal disease. Since
males have only a single X chromosome, they are hemizygous, while in females due to random
X inactivation, most genes are expressed only on one X chromosome. Several retinal dystrophies including ~10% of RP have an X-linked pattern of inheritance (Breuer et al 2002). X-linked
inheritance however has not been reported in LCA.
1.2.4 Digenic Inheritance
Retinal disease may also be inherited due to disease-causing mutations in two different genes.
Digenic RP due to mutations in two different genes, ROM1 and peripherin/rds, located on
chromosomes 11 and 6 respectively, has been described. The encoded wildtype proteins are
related in structure and interact. Heterozygous ROM1 mutations alone do not lead to RP, unlike
some mutations in peripherin/rds that cause AD RP (Kajiwara et al 1994, Dryja et al 1997).
Offspring of patients with this type of digenic disease have a 25% chance of inheriting both
disease alleles and manifest disease. Reports of digenic disease have been documented in
Bardet-Biedl syndrome, a complex pleitropic autosomal recessive disease that manifests with
retinal degeneration, obesity and polydactyly, hypogonadism, renal malformations and learning
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disabilities (Fauser 2003). Some patients with Bardet-Biedl syndrome may carry three mutant
alleles; two in one gene and one in another. Therefore the chance of affected offspring is low.
1.2.5 Uniparental isodisomy (UPD)
Uniparental disomy occurs when two chromosomes are inherited from only one parent. In uniparental isodisomy an identical chromosome or chromosome segment is present in duplicate;
in uniparental heterodisomy, both homologs from one parent are inherited. Paternal uniparental
isodisomy (UPD) of chromosomes 1 and 2 respectively has been reported for RPE65 and
MERTK-associated retinal dystrophy (Thompson et al 2002).

1.3 Tools and methods for gene identiﬁcation
1.3.1 Genetic markers
Molecular genetic techniques have accelerated the detection of genes, and the sequencing
of the human genome has aided in the mapping and identiﬁcation of retinal genes. Restriction
fragment length polymorphisms (RFLPs) were the ﬁrst generation of DNA markers. Restriction
enzymes and their role in molecular genetics were discovered by Werner Arber, Daniel Nathans
and Hamilton Smith who were awarded the Nobel Prize in 1978 (Nathans & Smith 1975). Detection of altered nucleotide sequences enables speciﬁc endonucleases to cleave DNA at that
speciﬁc site. Changes in the restriction site alter the length of the fragments generated following
enzymatic cleavage, which can be visualized on a polyacrylamide or agarose gel by electrophoresis. As RFLPs have only two alleles with a maximum heterozygosity of 0.5 they are not
always informative when used in disease mapping and their recent utilization in high throughput
techniques (single nucleotide polymphisms; see 1.3.2.2) has lead to their re-emergence as
genetic markers.
Polymerase chain reaction (PCR) has revolutionised molecular biology since it ampliﬁes small
amounts of speciﬁc DNA or RNA fragments and elevates the quantity to the detection level.
This method was developed by Kary Mullis who was awarded the Nobel Prize in 1993 (Mullis
K 1990a, 1990b). Molecular markers that are highly polymorphic show marked differences
among individuals. Single nucleotide polymorphisms (SNPs) occur at the rate of 1 in 500 nucleotides (Antonarakis et al 1985). Variations in short sequence repeats (SSR) serve as common
polymorphisms since they occur at an average of 1 in 50 kilo bases (kb) of DNA and may be
used as genetic markers (Saiki et al 1988, Weber et al 1989). SSRs consist of 10-20 copies of
di-, tri-, or tetranucleotide repeats and are amenable to analysis by PCR. DNA polymorphisms
are used to construct extensive linkage maps in genetic mapping studies and they also play
a central role in paternity and forensic studies, tracing genetic evolution, recombination of the
genome and distinguishing normal from mutant chromosomes. Other genetic markers include
variable number of tandem repeats (VNTRs or minisatellites) the repeat unit of which are 5-10
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bps long, and two-allele SNPs (Botstein et al 1980). VNTRs are used in forensic studies and
SSRs enables the unequivocal ﬁngerprinting of individuals (Jeffreys et al 1990). Minisatellites are
potentially more than 10,000 in number, consist of many alleles, and tend to cluster near the
ends of chromosomes. On the other hand SNPs are more than 4,000,000 in number, are less
informative than microsatellite markers, but can be typed using automated equipment without
gel or capillary electrophoresis. SNPs are exploited in ultra-high throughput genotyping and are
available on the worldwide web (SNP database). Short tandem repeats (STR) were used most
frequently in the studies described in this thesis. Primer software is available on the worldwide
web to design custom oligonucleotides and conduct virtual (e-PCR) experiments. The e-PCR
program has also been utilized in this study.
1.3.2 Cloning approaches
1.3.2.1 Functional cloning
Knowledge of the protein product leading to the identiﬁcation of the disease constitutes
functional cloning and was used successfully in for example the mapping of phenylketonuria,
hemophilia A, and gyrate atrophy (Valle et al 1977). This method involved the synthesis of short
oligonucleotide probes based on the relevant (deﬁcient) protein, which were used to screen a
cDNA library constructed from a cell line in which the relevant gene was known to be expressed.
Alternatively, antibodies were used raised against the target protein to screen a cDNA expression library and the identiﬁed cDNA clone was used to screen a genomic library to detect the
disease causing gene.
1.3.2.2 Positional cloning
Positional cloning on the other hand involves the use of molecular methods to initially map
and isolate the disease gene prior to the identiﬁcation of the protein product. The ﬁrst stage
consists of deﬁning the approximate gene location using linkage analysis, autozygosity mapping or physical mapping of chromosomal abnormalities, while the second stage consists of
identifying candidate genes using the genome browser, identiﬁcation of expressed sequences
and database mining from the human genome sequence databases.
Currently genetic mapping is based on high-resolution maps saturated with SNPs or STRs.
This provides effective strategies for discovering candidate genes involved in determining retinal
phenotypes. RP, the commonest retinal dystrophy, occurs in 1 in 3,000 live births worldwide.
The ﬁrst locus for this large group of retinal dystrophies was mapped to the short arm of chromosome X using molecular genetic techniques in 1984 (Bhattacharaya et al 1984). The RP2
and RP3 genes, RP2 and retinitis pigmentosa GTPase regulator (RPGR) were later identiﬁed
using positional cloning (Meindl et al 1996, Roepman et al 1996). Identiﬁcation of genes for
LCA and RP was achieved following the combined approach of linkage analysis and candidate
gene sequencing (Dryja et al 1990, Humphries et al 1990, Dryja et al 1991, Rosenfeld et al
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1992, Perrault et al 1996). Choroideremia, a progressive X-linked chorioretinal dystrophy was
mapped by cloning a large part of the gene, now known as the Rab escort protein (REP) by
deletion mapping (Cremers et al 1989, 1990). The gene for Norrie disease, which consists of
progressive atrophy of the eye, associated with microcephaly, deafness, mental retardation
and hypogonadism in one-third of the cases, was mapped to Xp11.3-p11.4 and subsequently
identiﬁed using the positional cloning approach taking advantage of microdeletions in the X
chromosome (Zhu et al 1989, Berger et al 1992, Chen et al 1992, 1993).
1.3.2.2.1 Mapping of the candidate region
Linkage analysis
Haldane, Fisher and Pierce were instrumental in laying the foundations of human genetic analysis
in the 1930s, using mathematical statistics and genetics. Haldane and Smith in 1947 developed the use of the likelihood ratio and the maximum likelihood estimation, which includes the
computation of likelihoods on extended pedigrees. Morton in 1955 introduced the LOD scores
of Barnard to linkage analysis. The advent of DNA markers based on the genetic sequence
revolutionized mapping (Botstein et al 1980). Mapping disease genes starts with identifying
and enrolling a sufﬁcient number of patients or families to establish linkage. The establishment
of the chromosomal location of a gene is possible through gene mapping. Peripheral venous
blood or cheek swabs are usually obtained following informed consent in accordance with
the declaration of Helsinki and the DNA extracted from these samples is used to genotype a
set of polymorphic markers across the whole genome. The localization of a disease gene to a
chromosome is analysed using linkage analysis.
Linkage analysis is the process by which genes or alleles are assigned their relative genetic
distances from other known genes or alleles. Using pedigrees for haplotype analysis the number of informative meiosis is analysed. Linkage analysis uses probability models and parametric
inference as its basis to compute the statistical signiﬁcance of genetic distances and recombination fractions (Kruglyak et al 1996). Successful genetic mapping is performed using highly
polymorphic genetic markers at regular intervals and genotyping pedigrees for linkage analysis
(Dib et al 1996). Genes and markers on the same chromosome are inherited together, unless
separated by crossing over, resulting in recombination. Genetic crosses are used to establish
the location of genetic markers and to determine the genetic distance between markers. The
genetic distance is obtained by the frequency of crossing over between markers. The closer
together the marker and the target genes are, the less likely it is for crossing over to take place
between them during meiosis and vice versa. The genetic distance expressed in centi-Morgans
(cM) can be thus computed using the recombination frequency. Alleles are inherited variations
in DNA sequence at any given locus and they cosegregate at a rate related to the distance
between them on a chromosome. This rate theta (θ) is the recombination fraction or probability
of recombination occurring between two loci. The recombination fraction ranges from θ = 0
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for loci close to each other to θ = 0.5 for loci far apart or on different chromosomes. A genetic
distance between loci of 1 cM corresponds to a recombination fraction of 1% possible on the
same chromosome. The number of recombinants divided by the total progeny and expressed
as a percentage provides the recombination frequency.
Loci are genetically linked when θ = <0.5. Using linkage analysis it is possible to estimate θ,
the recombinant frequency and test if it is less than 0.5 (Ott 1974). The statistical method known
as the LOD (logarithm of odds) score method is used to test for possible linkage between both
the speciﬁc marker and the disease gene. This method makes use of data obtained from a
large number of pedigrees, calculates, and compares the probability of two markers being
linked. It is possible to evaluate the likelihood of a pedigree under different assumptions of the
recombination between two loci using linkage analysis programs like LINKAGE. A LOD that
generates a score of 3 or higher (1 in 1,000 probability) is accepted as conclusive evidence of
linkage, while scores of –2 or lower is suggestive of non-linkage (Morton 1955). Theoretically a
LOD score of 3 in autosomal disease may be spurious in only 1 in 1000 times (Ott & Terwilliger
1991). The formula used to compute the LOD score is Z (θ) =log 10 L (θ) divided by L (0.5). The
log likelihood is calculated using linkage analysis programs. LINKAGE helps establish linkage
between the target gene and the marker. MAKEPED, MLINK, SIMLINK etc are used to compute
the LOD scores (Ploughman & Boehnke 1989). Standard LOD score determination is vulnerable
to errors and there are computational limitations to analysis. Locus heterogeneity is a drawback
and difﬁculties with specifying the genetic model, the mode of inheritance, the affectation status,
the penetrance and the gene frequencies further limit this method. Two-point mapping involves
the use of two loci at a time for analysis and this method is less efﬁcient as it does not take into
consideration informativeness of several markers simultaneously.
Linkage analysis aids in localising the target interval. The genetic size of the human genome
is 3000 cM with 1 cM corresponding to 1 Mb. As the human genome contains 30,000 genes
distributed over a physical distance of 3000 cM, narrowing the candidate region to 10 cM would
include ~100 genes. Candidate genes located in the interval may be sequenced in order to detect alterations. When linkage is established the proximity of the gene to the marker is measured
by the recombination frequency. Mapping of the disorder to the resolution of several million base
pairs, though still requiring a formidable effort in many cases, make it possible to identify and
isolate the disease gene. Multipoint linkage analysis is often used in combination with two-point
mapping to take into account the informativeness of markers and to establish the chromosomal
order of a set of linked loci. The Centre d’Etude du Polymorphisme Humain (CEPH) marker
framework map constructed from the data of the Cooperative Human Linkage Center (CHLC)
families may be used to provide a reliable starting point for disease-marker mapping (http://gai.
nci.nih.gov/CHLC). Computer software programs like LINKMAP and GENEHUNTER are able
to place the disease locus under investigation across the marker framework and calculate the
likelihood of linkage at each point. The results can be plotted on a graph to generate a curve
of LOD scores against a map location, with the highest peak of the LOD scores favoring the
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location of the disease gene. Multipoint mapping has the advantage of linkage exclusion when
the curve is below the LOD score of -2 in that speciﬁc region.
Autozygosity mapping
Markers or genes at a particular locus are considered autozygous when they are identical
due to descent from a common ancestor. This allows a robust method of linkage mapping in
autosomal recessive disease. Consanguinity and inbreeding further contribute to the power
of analysis. Affected individuals are often autozygous by descent at the disease locus and
at adjacent loci thus identifying an autozygous region not shared by the unaffected individuals making it likely the disease harboring region. The gene NPHP3, involved in Senior-Løken
syndrome, was mapped using this method (Omran H et al 2000). The mathematical power of
this technique enables the mapping of rare autosomal disease loci in inbred pedigrees with just
three affected individuals (Dharmaraj et al 2000a). Identifying shared ancestral haplotypes allows
high resolution mapping for rare autosomal recessive disease. Nijmegen breakage syndrome,
which consists of microcephaly, growth retardation, immunodeﬁciency and predisposition to
cancer due to chromosomal instability, was mapped to the NBS gene, by identifying a common
ancestral haplotype of Slav origin, and mutations in the gene conﬁrmed the presence of the
same mutation in all the individuals (Cerosaletti et al 1998, Varon et al 1998).
Physical mapping of chromosomal abnormalities
Chromosomal abnormalities provide an alternative method to localise a disease gene. Apparently balanced translocations that result in an abnormal phenotype can be cause by the
disruption of a gene at one of the two breakpoints, or could be due to submicroscopic loss or
gain of DNA. The breakpoint, which can be identiﬁed by ﬂuorescent in situ hybridization (FISH),
provides a valuable clue to the location of the disease causing gene. Cloning breakpoints often
provide the quickest way to identify the disease gene. Breakpoints can also alter the function
of genes located several kilobases away by affecting the structure of large scale chromatin
domains leading to a position effect and haploinsufﬁciency. This was noted in aniridia with PAX6
mutations (Lauderdale 2000).
1.3.2.2.2 Identifying candidate genes
The Human Genome Project
The Human Genome Project started in 1990 and was completed in 2003. DNA sequences
were cloned into phages, cosmids, bacterial artiﬁcial chromosomes, and yeast artiﬁcial chromosomes that can harbour DNA fragments of between 35 and 1000 kb (Schlessinger et al 1990).
In the early phase of this project, contigs were constructed of these cloned DNA fragments.
Subsequently, a total of 3 billion base pairs were sequenced which led to the detection of
~30,000 protein-coding genes (IHGHC 2004). This was a combined venture conducted in large
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genome centers with high throughput sequencing capacity in several countries. The information
generated through this venture was coordinated by the human genome organization (HUGO)
and was made available electronically to smaller laboratories worldwide which were involved in
speciﬁc genetic projects. Automated ﬂuorescence labeling- and capillary-based DNA sequencing contributed to the rapid output. The accelerated pace of gene mapping and the discovery
of genes associated with disease is dependent on the advances in molecular biology and the
expansion of electronic genetic and biologic databases. The publication of the working drafts
of the sequence of the human genome was made possible by the International Human Gene
Sequencing Consortium (Venter et al 2001).
Identiﬁcation of expressed sequences
Web based databases make the process of identifying expressed sequences less laborious. One
of the laboratory methods that enhance database analysis for identifying expressed sequences
within genomic clones is transcript mapping. Transcript mapping is possible through cDNA
library screening using genomic clones from the candidate region as probes. Currently there are
over 37 million ESTs available in databases (Genbank) which have been produced by one-shot
sequencing of cloned mRNA. ESTs being about 500 to 800 nucleotides long represent portions
of genes and can be physically mapped using radiation hybrid mapping or FISH. DNA sequence
similairity searches between ESTs and localized regions of interest help identify genes and are
useful in designing probes for DNA microarrays.
Identiﬁcation of a candidate gene
Identifying the disease gene is based on its structure, function and expression pattern while
establishing its pathologic role is demonstrated by mutation detection. The genes identiﬁed
become good candidates for retinal disease when they are speciﬁcally expressed in the
retina. Candidate genes could be human homologs of genes responsible for similar disease
phenotypes in other organisms (comparative candidates; orthologous genes) or they could be
members of a gene family of which other members have been implicated in related disorders
(homologous genes).
There are various techniques to identify tissue-speciﬁcally expressed genes, for example, by
serial analysis of gene expression (SAGE) based on the sequencing of short DNA fragments from
a representative set of mRNA transcripts from cell or tissue samples (Velculescu et al 1995). This
extensive method of gene expression proﬁling is of use in identifying candidate genes for retinal
disease and the SAGE database is available on the worldwide web (Blackshaw et al 2001).
DNA micro-arrays based on either cDNA or oligonucleotides allow the study of simultaneous
expression assays of represented genes. Expressed sequence tag (EST) databases provide
large sources of information for gene discovery and expression (Strausberg et al 2003).
Screening of candidate genes in pedigrees may be performed initially using either single
stranded conformational polymorphism analysis (SSCP) or heteroduplex analysis (dHPLC).
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When aberrant migration patterns are noted, direct sequencing is undertaken in an effort to
identify the speciﬁc mutation.
1.3.3 Mutation Analysis
1.3.3.1 Mutations
Mutations result from different mechanisms. The commonest disease-causing mutations are
single nucleotide substitutions, termed transitions when a purine is substituted for a purine (A
to G, G to A) or when a pyrimidine is substituted for another pyrimidine (T to C, C to T) and
termed transversions when a purine is substituted for a pyrimidine or vice versa. Transitions
(approximately 2/3 of substitutions) are more common than transversions (approximately 1/3
of substitutions). CpG dinucleotides mutate to TpG, at a higher rate than mutations in other
dinucleotides. This transition of C to T occurs more often in the male germline than the female,
probably because of the greater number of cell divisions in spermatogenesis and the greater
chance of copy errors in DNA replication (Cooper & Gerber-Huber 1985, Cooper & Krawczak
1990).
Mutations of CpG nucleotides to TG or CA account for 90% of substitutions and methylationmediated deamination of 5-methylcytosine resulting in thymine is the mechanism (Cooper &
Schmidtke 1992, Cooper 1992). Point mutations, such as missense, nonsense, and splice site
mutations are the commonest gene alterations causing human pathology. Missense mutations
(substitutions) that occur in amino acid residues of functional signiﬁcance could potentially
eliminate or adversely alter the activity of the protein (non-conservative missense mutation). Deletions and insertions, including duplications, can alter the reading frame, causing a frameshift
resulting in a shortened (truncated) protein product. All types of mutation have been observed
in LCA (Perrault et al 1999, Dharmaraj et al 2000, Lotery et al 2000).
1.3.3.2 Polymorphisms
There exist a large number of normal variations in the DNA sequence in the general population
which do not necessarily alter gene expression. This wide variation in the human population can
present a problem with testing for nucleotide changes, which may be mutations (pathogenic
changes) or polymorphisms (non-pathogenetic changes). Strictly, a polymorphism is the occurrence in a population of two or more alternative genotypes, each at a frequency greater than
that which could be maintained by recurrent mutation alone. A locus is arbitrarily considered
to be polymorphic if the rare allele has a frequency of at least 0.01 so that the heterozygote
frequency is at least 0.02. Any allele rarer than this is termed a rare variant. This is in contrast
to the deﬁnition of a mutation, which is any permanent heritable change in the sequence of
genomic DNA causing pathology.
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1.3.3.3 Mutation detection
Southern blotting
Southern blotting may be used to detect rearrangements in the gene (Southern 1974,1975).
Genomic DNA is fragmented using restriction enzymes separated via gel electrophoresis, denatured and blotted on to a nylon ﬁlter ultra-violet light. A single stranded radio-labeled DNA probe
complementary to the target gene is added to the ﬁlter where it hybridizes to complementary
sequences. These bands are identiﬁed by autoradiography to detect insertions, deletions and
rearrangements. Mutations in restriction sites result in hybridization of the probe to a different
fragment making them amenable to detection. Southern blotting is time-consuming and since
the development of the polymerase chain reaction is used less often.
PCR-based scanning methods
Since the polymerase chain reaction enables target DNA fragments to be generated from
minute amounts of DNA obtained from peripheral venous leucocytes or cells from oral mucosa,
alterations in sequence can be studied. Sequencing of ampliﬁed PCR products enables identiﬁcation of alterations in mutant genes. PCRs do not involve the use of radiation and are easy
to undertake as the process is automated, technically undemanding and require only a small
amount of DNA. At least 90% of mutations are detected using this technique.
Single strand conformational polymorphism
Single strand conformational polymorphism (SSCP) involves the simultaneous labeling and
ampliﬁcation of target DNA sequences by PCR. The PCR products are denatured and the fragments of DNA are separated on a polyacrylamide gel by electrophoresis under non-denaturing
conditions to preserve the inherent secondary structure. Mutations are detected by the alteration in mobility of the separate strands (Orita et al 1989a, 1989b). The sensitivity of this test
is approximately 80% and is relatively cheap, making it a good screening method prior to
sequencing (Shefﬁeld et al 1993).
Heteroduplex analysis
Hereoduplexes are formed on heating the heterozygous test PCR product to promote denaturing and then subjecting it to slow cooling. A heteroduplex consists of a hybrid strand of doublestranded DNA made up of two mismatched strands. Heteroduplexes have an abnormal mobility
on nondenaturing polyacrlyamide gel. This feature is exploited when subjecting PCR products
from suspected carriers to denaturing and reannealing, facilitating the normal and mutant single
strands to form heteroduplexes, which can then be detected on a gel. The relevant target area
may be sequenced to detect the mutation. This is a simple method when sequences less than
200 bps are employed and is useful in detecting insertions, deletions and most base substitutions (Keen et al 1991).
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Can detect nearly 100% of
mutations

Size limit up to 800 bp

Combination of heteroduplex analysis and SSCP

Sequence analysis required
for determining nucleotide
change.

Glavac and Dean
1995
Sequences < 200bps only
(up to 700 bp)
Sequence analysis required
for determining nucleotide
change.

Single strand conformational
polymorphism + Heteroduplex
analysis (SSCP + HA)

Smith 2000

Wallace 2002

Sarkar 1992

Shefﬁeld 1993
Limited sensitivity

Low cost

When two single stranded DNA molecules with a
variant nucleotide form a heteroduplex, they have an
altered conformation and reduced electrophoretic
mobility in comparison to the corresponding
homoduplex with no mismatch.
PCR products are left to form heteroduplex
by denaturation followed by slow cooling.
Electrophoresis under non-denaturing conditions

Heteroduplex Analysis (HA)

Orita 1989

Sensitivity decreases with
increasing fragment length.
Low detection rate of G->
C transitions which may be
missed easily.
Sequence analysis required
for determining nucleotide
change.

Simple.
Moderate sensitivity (~
80%) for DNA fragments up
to 200 bps.
Low cost
Requires no special
equipment.

Single-stranded DNA when placed in a nondenaturing solution folds into a speciﬁc secondary
structure determined by its sequence. Strands
differing by even one base may occupy a different
conformation which is visualised by a difference in
electrophoretic mobilities of the two strands.
Bands with altered migration patterns are sequenced
to ﬁnd speciﬁc location and nature of mutation.

Single strand conformational
polymorphism (SSCP)
analysis

References
Southern 1974,
1975

Disadvantages

Advantages
Laborious
Expensive
Requires large amounts of
DNA
Use of radiation

Fragments of DNA are transferred onto a nylon ﬁlter,
to be hybridised with P32 -labelled cDNA or genomic
DNA.

Southern blotting
Detects large insertions,
deletions, and inversions
Detects repeat expansions,
e.g. trinucleotide repeats,
etc.

Method and principle

Methods

Table 1: Methods for mutation identiﬁcation
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Uses radiolabelling for electrophoresis followed by
autoradiography

Manual sequencing

Sanger 1977

Maxam 1977

Hardy 2002
Detection of chain
terminating mutations only
Expensive
Technically difﬁcult procedure
RNA needs to be available
High sensitivity for chain
termination mutations
Shows position of change

Coding region is screened for the presence of
terminating mutations using de novo protein
synthesis from ampliﬁed copies

Protein truncation test (PTT)

Only ~300 nucleotide
sequence from each
template is obtained
Room for hand typed errors
Gel failure
Use of radioactive material
Labour- intensive

Cotton 1999
Use of toxic chemicals like
osmium tetroxide
Technically difﬁcult procedure

High sensitivity
Large fragments (>1 kb)
may be analysed
Shows position of change

Based on the chemical modiﬁcation and cleavage
at the site of mismatched C or T in heteroduplexes
using osmium based chemical probes

Chemical cleavage
mismatch
(CCM)

High sensitivity

Shefﬁeld 1993
Choice of primers is crucial
Mismatches at higher melting
Fodde 1994
domains may be missed
High cost of GC clamped
primers.
Shiraishi 2004
Limitation of maximum
fragment size to ~500bps.
GC rich genes difﬁcult to
analyse by DGGE.
Uses formamide.
Sequence analysis required
for determining nucleotide
change.

High sensitivity and
detection of 99% with GC
clamp for fragments up to
500 bps.
Simple, non-radioactive
detection.
PCR fragments can be
isolated from gel and used
in sequencing reaction.

When double stranded DNA is electrophoresed
in increasing temperatures and concentrations
of chemical denaturant, the 2 strands separate
dependent on the nucleotide sequence.
Mismatch at lowest temperature results in a shift in
mobility.

Denaturing gradient gel
electrophoresis
(DGGE)

Kosaki 2005

Expensive instrumentation
Sequence analysis required
for determining nucleotide
change.
Excess of toxic waste

Quick
Automated
High throughput
Quantitative

Ampliﬁcation of multiple exons that use the same
PCR conditions is used, followed by serial DHPLC
analysis of multiple amplicons under individually
speciﬁc conditions for each amplicon

Denaturing high performance
liquid chromatography
(DHPLC)
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Uses automated capillary electrophoresis by
heteroduplex analysis

Uses arrayed primer extension technology (APEX)
combined with microarrays

Arrayed primer extension
microarray analysis

Different ﬂuorescent labels attached to each of the
four dideoxy nucleotides (ddA, ddC, ddG and ddT)
are used to determine the terminal base in each
fragment of DNA.

Capillary heteroduplex analysis

Automated sequencing

Cheaper for screening

Detects almost all known
sequence changes

High throughput

Quick

Short time
High throughput
Useful in screening large
genes
Simplicity
Low cost
High sensitivity

Less error-prone and
makes assembly easier
Processing of more
samples in a short period
Detects most changes
Mutations well
characterised
Detects 100% of nucleotide
substitutions and small
insertions and deletions

Zernant 2005

Expensive set up

Available for a limited range
of genes

Kozlowski 2005

Wallace 2004

Requires careful optimization
of conditions

Cheaper core facility options

Computerised reading and
entry of sequencing data.

Expensive instrumentation

Reduces primer walking
and the number of shotgun
clones needed

At least 800 nucleotide
sequence

Denaturing gradient gel electrophoresis (DGGE)
Heteroduplexes have abnormal denaturing proﬁles resulting in varying mobility of the fragments
on gel. The PCR products are run on a special denaturing gel that contains increasing concentrations of denaturing material like urea. As the double stranded DNA denatures to form single
strands, the mutant strands migrate differently in the gel. These are then sequenced to identify
the underlying mutation. This method has a sensitivity of 90% once the method is optimized, as
special primers and conditions are necessary for maximal results.
Denaturing high performance liquid chromatography (DHPLC)
This method also exploits the fact that heteroduplexes have abnormal denaturing proﬁles and
that the fragment mobility changes with denaturing. This WAVEMAKER technology may be
used for high throughput analysis as it is extremely sensitive and is useful in the detection of
base substitutions, small deletions and insertions. Differential separation of mismatched heteroduplexes form normal and mutant DNA strands on reannealing. PCR products are placed
in a column containing an increasing gradient of acetonitrite and the elution of homo- and
heteroduplexes is dependent on the size and sequence of the fragments and the concentration
of acetonitrite. This method also is reported to have a sensitivity of over 90%.
Sequencing
Sequencing involves the process of determining the order of nucleotide bases along DNA
strands and this is possible using the chain determination or degradation methods. Since the
late 1970s the more commonly used method of chain termination made use of the fact that
single-stranded DNA molecules differed in length by just a single nucleotide and could be separated from one another by polyacrylamide gel electrophoresis (Sanger et al 1977). Sequencing
using chemical decomposition of Maxam & Gilbert is based on the occurrence of base-speciﬁc
ﬁssion (Maxam & Gilbert 1977).
Microarray
This new technology makes use of several hybridizations on a single slide. The gene chip
consists of a small device in the form of a coated glass microscopic slide on which hundreds of
different DNA sequences (oligonucleotides) are produced by in situ synthesis (e.g. resequencing
chip Affymetrix) or spotted onto the microarray (e.g. APEX technology Asper Biotech). PCR
products from target samples to be analysed are hybridized to the array. For APEX this in
essence involves several simultaneous mini-sequencing reactions. The pattern of binding at
each pair of spots gives a visual record of the genotype. This method may be also be used to
study the expression pattern of genes.
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1.3.4 Bioinformatics
The two most important events in recent times have been the discovery of the structure of
DNA and the completion of the Human Genome Project. Bioinformatics is deﬁned as the use
of computers for the acquisition, management and analysis of biological information (Brown
et al 2000). It has now become easier to understand heredity at the chemical level, delve into
the chemical structure, expression and function of genes. Most of this is possible because of
free information sharing on the Internet and the existence of numerous well managed biological
databases. It has become as important to navigate through the maze of bioinformatics, as
it is to work at the bench. Computing, data gathering and analysis have become an integral
part of genomics which is the application of high throughput automated technology to biology.
Integrating data from diverse biological ﬁelds and using the Web browser to gain information
have become an integral part of genetics.
Many of the web sites used in this study have been listed in the reference section of this
chapter. The http://genome.ucsc.edu web tool, with rapid and reliable display of the genome
with aligned annotation tracks, was used extensively. The browser displays assembly contigs
and gaps, mRNA and expressed sequence tag alignments, multiple gene predictions, crossspecies homologies, SNPs, STSs, radiation hybrid data and transposon repeats. Text and
sequence-based searches provide quick and precise access to any region of speciﬁc interest.
Secondary links from the individual features lead to sequence details and supplementary off-site
databases making the database a very valuable resource. Databases are used to obtain marker
information, gene positions, functions and expression. The databases and the software for
comparing and analysing data provide ample integration of genomic and cDNA sequences,
physical and genetic maps, structure and function of genes.
Extensive catalogs of gene mutations, phenotypic descriptions and copious amounts of
literature have made it possible to understand and study heritable retinal disease in an integrated fashion. A major portion of gene identiﬁcation and characterization can now be done
in silico which may give a ﬁrst indication of the tissue distribution of a gene. For example,
the NCBI UniSTS website (http://www.ncbi.nlm.nih.gov/genome/sts/epcr.cgi) electronic-PCR
feature allows the testing of a DNA sequence for the presence of sequence tagged sites: e-PCR
looks for STSs in DNA sequences by searching for subsequences that closely match the PCR
primers and have the correct order, orientation, and spacing that they could plausibly prime
the ampliﬁcation of a PCR product of the correct molecular weight (Schuler et al 1997). Most
databases are accessible through the National Center for Biotechnology of the National Library
of Medicine (http://www.ncbi.nlm.nih.gov) and its numerous links. Information hyperlinked over
proteins (iHOP) includes information on genes and proteins and aids in text and data mining
interlinking medical and biological concepts in a few short steps (Hoffmann & Valencia 2004).
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1.4 Retinal anatomy
The retina is the innermost layer of the eye and is derived from the neuroectoderm. It is 42 mm
in diameter and lines the back of the eye (Figures 2 & 3). The optic disc represents the axons
of the ganglion cells with the central retinal artery and vein in the center, and is about 2 mm in
diameter. From the center of the disc to the center of the retina (the anatomic fovea) is usually 5

Figure 2: Cross section of the eye

Figure 3: Cross section of the retina
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mm, or 17° or 2.5 disc diameters. The macula surrounds the central fovea and has a diameter
of 6 mm (Van Buren 1963, Kolb 1991). There are two main layers: the outer retinal pigment
epithelium (RPE) and the inner sensorineural retina which varies in thickness from 0.4 mm
near the optic nerve to approximately 0.15 mm anteriorly at the ora serata, i.e. the area where
the RPE is continuous with the pigment epithelium of the ciliary body. The retina comprises of
10 histological layers: the RPE, the photoreceptor cells (rods and cones), the external limiting
membrane, the outer nuclear layer, the outer plexiform layer, the inner nuclear layer, the inner
plexiform layer, the ganglion cell layer, the nerve ﬁber layer and the inner limiting membrane
(Figure 3).
The rods and cones transduce light signals into electric impulses, which are ampliﬁed and
integrated through circuitry involving bipolar, horizontal, amacrine and ganglion cells; the signal
is transmitted to the optic nerve via the nerve ﬁber layer.
1.4.1 Retinal structure
The sensory retina is a laminated structure and has three layers of nuclei. The retina is a highly
specialized tissue composed of six main cell types, namely the cone and rod photoreceptors, bipolar, horizontal, amacrine, Müller and ganglion cells. The rods and cones are the two
major classes of photoreceptor cells in the retina, and together they make up the outer nuclear
layer. The photoreceptor cells synapse in the outer plexiform layer between the outer and inner
nuclear layers (Bok et al 1985).
The inner nuclear layer is composed of the cell bodies of the horizontal, bipolar and amacrine
cells that are interconnected, and also synapse with the ganglion cells in the inner plexiform
layer. On and off bipolar cells act as second messengers in the retina. The amacrine cells
form a rich synapsing network in the inner retina and are divided into several classes based
on the neuropeptides and neurotransmitters involved in transmission. The innermost ganglion
cell layer forms the inner nuclear layer of cell nuclei that is thin in the retinal periphery and thick
in the macula. The axons of the ganglion cells pass through the optic disc, forming the optic
nerve. The periphery of the retina is rod-dominated while the human macula contains a conedominated, avascular fovea, surrounded by a rod-dominated parafovea. The macula is 3 mm
in diameter and the fovea is 0.5 mm in diameter situated in the center of the macular region.
The avascular foveola located in the center of the fovea measures 0.3 mm and is composed of
~100,000 cones.
The retina is a highly metabolic layer and receives dual blood supply. The inner retina has its
own capillary network situated at the level of the internal nuclear layer. The larger arterioles and
venules of the retinal circulation travel in the nerve ﬁber layer and ganglion cell layer. The capillaries extend to the inner nuclear layer close to the foveal avascular zone where the capillaries form
a single layer but elsewhere they form two or more distinct layers. The outer half of the retina has
a high metabolic requirement and derives oxygen and nutrients from the choriocapillaris that is
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Figure 4: Rod structure

supplied by the choroidal circulation through diffusion. The two circulations do not overlap and
constitute the blood retinal barrier (Cunha-Vaz et al 1979).
Retinal cells communicate with one another via synaptic interactions and gap junctions.
Neurotrophic factors, retinoids, growth factors and ions inﬂuence retinal cell interactions. The
interphotoreceptor matrix that extends from the outer limiting membrane to the surface of the
RPE cells provides a rich background of nutrients and proteins, among which is IRBP that aids
in the transport of retinoids from the photoreceptor cells to the retinal pigment epithelium.
1.4.1.1 Photoreceptor cells and function
Rod and cone photoreceptor cells are specialised cells involved in phototransduction converting
photons of light into nerve signals. The rods are responsible for vision in dim light and the cones
provide high speed color vision in bright light. Ninety two million rod cells are responsible for
scotopic vision under low illumination, while 5 million cone cells are used for vision in photopic
conditions (Curcio et al 1990). Cones are 100-fold less sensitive to light than rods but the
photoresponse of cones is several fold faster than rods (Baylor et al 1979, Kefalov et al 2005,
Travis et al 2005,). These cells are arranged in hexagonal mosaics. The outer segments of the
rods and cones differ in size, with the cone outer segments being shorter and the distal ends
being broader than their rod counterparts (Figure 4).
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Each photoreceptor has a cell body, an inner and an outer segment with an intermediary
cilium that is in constant communication between the two segments. The outer segment of
the photoreceptor cells consist of ﬂat lipid bilayer discs while the inner segment is ﬁlled with
mitochondria and other cell organelles (Figure 4). The cilium which is a microtubular structure
in these cells plays a prominent role in molecular transport and disk morphogenesis (Schmitt
et al 2001). The inner segment, in which protein synthesis occurs, and the rod outer segment
where disc turnover occurs, are dependent on the connecting cilium for transport. The cilium is
composed of a membrane bound axoneme which has a 9+0 conﬁguration of microtubules that
are connected by dynein arms. The cilium is non-motile and myosin VIIa that localizes here is
mutated in patients with Usher syndrome type I which is characterized by retinal degeneration
and sensorineural deafness (El-Amraoui et al 1996). The entry of active metabolites into the
inner segment facilitates cellular renewal and newly formed proteins are transported through the
connecting cilium to the outer segment (Young 1968, Young & Droz 1968).
The estimated 5 million cones in the retina each carry one of three visual pigments (Curcio
1990). Humans have three cone pigments, unlike rodents that have two and chickens that have
four. Using microspherophotometry the wavelength of maximum absorption of the blue, green
and red photoreceptors were measured to be 420, 530 and 560 nm respectively (Dartnall et
al 1983). The human retina has more red cones than green or blue cones. The red and green
cones are concentrated in the fovea, which contains very few blue cones. The cone cell pigment
is located within the membrane of the transverse discs of the outer segment of the cones.
Each cone cell has 1000-2000 disks and 109 photopigment molecules. The cone cells make
contact with the bipolar cells that in turn contact ganglion cells, forming only a 3-neuron chain
in comparison to the 4-neuron chain of the rod cells. The cone cells elicit either hyperpolarizing
or depolarizing effects on the bipolar cells. The outer segments of rods are made up of ~600 to
1000 discs delicately arranged one on top of the other. The discs are sac-like structures made
up of bilipid membranes and are separate from the plasma membrane of the inner segment
in rods, unlike in cones where they are continuous. The discs are formed by evagination of
the plasma membrane at the junction between the outer and inner segments of the plasma
membrane near the connecting cilium. The lamellar regions in the rod discs are rich in rhodopsin
while the rim region is abundant in RDS/peripherin. Rhodopsin, which is necessary for the
conversion of light energy into an electrical impulse, is found in high concentration in the disc
membrane and accounts for up to 95% of protein in the rod outer segments. Rhodopsin is
synthesized in the rough endoplasmic reticulum of the inner segment. It is transported to the
outer segment past the connecting cilium and inserted into the plasma membrane of the outer
segment, with the carboxyterminal on the cytoplasmic surface of the disc bilayer (Hargrave &
Fong 1977, Papermaster et al 1980, Hargrave et al 2001). Rhodopsin consists of a vitamin
A derivative, 11-cis retinal, which is a chromophore, and opsin, a polypeptide of 349 amino
acids. Mutations in rhodopsin affect phototransduction and cause autosomal dominant RP
(Dryja et al 1990, Humphries et al 1990), ARRP (Rosenfeld et al 1992), and autosomal dominant
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CSNB (Dryja et al 1993). Mutations in both rhodopsin and peripherin are known to cause retinal
dystrophies (Sohocki et al 2001). The retinal proteins phosphodiesterase, transducin and cyclic
GMP are also associated with the disc membrane.
Arrestin, transducin, rhodopsin kinase and phosphodiesterase are peripheral retinal proteins
involved in phototransduction. Photoreceptor proteins include integral membrane proteins like
ROM1, ABCA4, guanylate cyclase and retinal dehydrogenase among others. ROM1 and RDS/
peripherin are essential for outer segment morphogenesis. Prominin is another outer segment
disc protein when mutated causes recessive retinal degeneration in mice (Maw et al 2000).
The rod photoreceptor pathway is concerned with scotopic vision and ~75,000 rod cells drive
5000 bipolar cells and then 250 amacrine cells converge to a ganglion cell (Gartner et al 1981,
Sterling et al 1988, Kolb & Nelson 1993).
1.4.1.2 Function and structure of the retinal pigment epithelium
The retinal pigment epithelium (RPE) is a monolayer of 4-6 million cells with their apical microvilli
in apposition to the photoreceptor cells and the basal infoldings towards the choroid. It forms
the blood-retinal barrier and is involved in the bi-directional transport of metabolites between
the retinal cells and the choriocapillaris. It is also involved in photoreceptor cell renewal, maintenance and survival. The RPE is responsible for uptake, storage and metabolism of vitamin A
and retinoids. Vitamin A deﬁciency resulting in dysfunctional retinoid metabolism is reﬂected as
night blindness (Somner et al 1980, Thompson et al 2003).
Recycling of 11-cis retinal occurs in the RPE making it vital for photorecovery. 11-cis retinal
is converted to all-trans retinal during phototransduction and the regeneration of 11-cis retinal
from all-trans retinal is possible only in the RPE where retinal isomerase is present. IRBP transports the retinoids between the photoreceptor cell and the RPE. The RPE is also involved in
free radical scavenging, interphotoreceptor matrix production and the transport of metabolites.
Phagocytosis of rod and cone cell discs occurs in the RPE.
The RPE is involved in retinal attachment as it pumps ﬂuid from the subretinal space creating a negative pressure to maintain photoreceptor cell apposition (Duvall et al 1987). Most
genes expressed in the RPE are involved in protein degradation or retinoid metabolism and
dysfunction of these processes leads to retinal dystrophies. Mutations in the gene encoding
cellular retinaldehyde-binding protein (CRALBP1) cause autosomal recessive RP (Maw et al
1997), retinitis punctata albescens (Morimura et al 1999), and fundus albipunctatus (Katsanis
et al 2001). CRALBP binds 11-cis retinol and 11-cis retinaldehyde in the RPE, both essential
components in the regeneration of rhodopsin. Müller cells too are involved in the recycling of
chromophore and contain CRALBP (Saari & Bredberg 1987, Das et al 1992, Limb et al 2002).
The RPE is also responsible for the generation of the c-wave of the ERG. Light causes
a decrease in the dark current and hence a decrease in the rate of pumping of the Na+/ K+
channels in the photoreceptor cells. This is followed by a decrease in the K+ concentration in the
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extracellular subretinal space, leading to hyperpolarisation of the retinal membrane of the RPE,
which is reﬂected as a c-wave in the ERG (Oakely & Green 1976).
1.4.2 Retinal physiology
The scotopic sensitivity of the retina is mediated by the rods while the photopic sensitivity is
mediated by cones. Colour discrimination is a function of the photopic retina. Photoreceptor
outer segments damaged by light are renewed in a diurnal manner. The outer segments of the
photoreceptor cell are subject to rapid metabolic turnover and hence are susceptible to damage
either at the level of synthesis of new outer disc membranes or at the level of phagocytosis and
removal of the spent outer segment discs. Complete removal of rod outer segments takes 9-10
days. The tips of the rod outer segments are shed every morning, while new ones are generated
by invaginations at the base of the outer segment and the cellular components are synthesized
in the inner segment and transported via the cilium. The cone cell outer segment discs are
renewed in the evening. Photoreceptor outer segment shedding and phagocytosis have important implications for retinal degeneration. Defects in phagocytosis leading to retinal dystrophy
have been noted due to mutations in Mertk in the Royal College of Surgeons (RCS) rat, the mer
receptor tyrosine kinase knockout mouse and in humans with mutations in the MERTK gene
(Gal et al 2000, Duncan et al 2003). The retina is also susceptible to light induced damage from
free radicals and is actively involved in phototransduction and retinoid metabolism. More than
80% of retinal glucose is utilized by the photoreceptor cells due to its high metabolic turnover.

Figure 5: Phototransduction cascade (© Bart P. Leroy)
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1.4.2.1 Phototransduction
The conversion of photic stimulation to an electrical signal constitutes phototransduction and
forms the basis of normal vertebrate vision (Figure 5). The most important ocular function being
that of phototransduction, more than 15 major interacting retinal proteins are involved to amplify
the signal from photoactivated visual pigment. Rhodopsin is an integral cell membrane protein
in the rod outer segments and in the dark resting state, the sodium channels are maintained in
the open position by cGMP which is the second messenger and is synthesized by guanylate
cyclase (Pepe et al 1989, Pepe 1999, 2001). The absorption of a single photon of light by the
visual pigment rhodopsin isomerizes the retinal chromophore from the 11-cis to the all-trans
form of retinal (Fung et al 1981, Stryer 1991) the activated intermediate that triggers phototransduction. 11-cis retinal is re-synthesised from all-trans retinol (vitamin A) in the RPE.
The ﬁrst step in the phototransduction cascade is the conﬁgurational change in rhodopsin
to a catalytically active form that activates several molecules of transducin via a (GDP) guanine
diphosphate to (GTP) exchange. The beta and gamma subunits dissociate from the alpha subunit
of GTP-alpha transducin which activates the crucial retinal enzyme cGMP phosphodiesterase
(PDE) which in turn hydrolyses cGMP that is bound to the rod photoreceptor cGMP-gated
channel protein. This results in lowering of the cytoplasmic cGMP concentration. The decrease
in cGMP levels causes the closure of the cGMP-dependent cation gated channels in the plasma
membrane of the rod outer segments. Closure of these channels prevents the inﬂux of calcium
and sodium leading to the hyperpolarisation of the rod cell plasma membrane and the initiation
of the visual transduction signal. This causes the release of glutamate at the synaptic terminal
of the rods generating a nerve signal.
Photorecovery is slower than photoactivation by a few hundred milliseconds and is initiated
by decreased intracellular calcium, leading to the opening of the channels in the rod outer
segment and the inactivation of transducin (Jindrova et al 1998). A decrease in calcium levels
stimulates recoverin which activates retinal guanylate cyclase (RETGC). A rise in the cGMP level
occurs, reopening the cGMP gated channels.
Rhodopsin is inactivated by phosphorylation induced by rhodopsin kinase and the phosphorylated rhodopsin is then bound to arrestin, which causes the release of all-trans retinal from
rhodopsin, and the replacement of 11-cis retinal occurs (Hofman et al 1992). Increased levels
of calcium prevent the phosphorylation of rhodopsin by promoting the interaction of S-modulin
to rhodopsin kinase. The phosphorylation of activated rhodopsin increases its arrestin afﬁnity,
preventing further transducin activation and thus speeding rhodopsin recovery and restoring the
rod cells to the ground state (Palczewski & Rispoli 1992).
Arrestin is involved in the dissociation of all-trans retinal from opsin. In the rods all-trans retinal
is reduced enzymatically to all-trans retinol and is transported to the RPE where it is isomerized
to 11-cis retinol and oxidised to 11-cis retinal (McBee et al 2001). This prevents the continuing
activation of transducin, thus terminating the stimulation of cGMP phosphodiesterase (Polans
et al 1996, Yang & Garbers 1997). The level of intracellular GMP is restored by the increased
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synthesis of cGMP from GTP by retinal guanylate cyclase (RETGC) 1 & 2. The decrease in
intracellular calcium is mediated by guanylate cyclase activating protein (GCAP 1, 2 & 3) and
recoverin (Klenchin et al 1995).
Activation of RETGC by recoverin increases intracellular cGMP that leads to the opening of
cGMP-gated channels (Yau et al 1994). Increase in intracellular calcium activates GCAP and
stimulates cGMP synthesis by RETGC. The increase in cytosolic cGMP causes an increase in
the number of open GMP-gated channels. Calcium-dependent modulation of RETGC activity restores the rod outer segment cAMP level (Rispoli et al 1998). Calcium-bound recoverin
inhibits rhodopsin kinase. In photoactivation the decrease in calcium inhibits calcium binding
to recoverin and releases the inhibition of rhodopsin kinase. 11-cis retinal is returned to the rod
outer segment (ROS) where it binds to opsin to regenerate rhodopsin (Saari 2000).
Sustained vision in daylight is subserved by cones and an alternate visual cycle in cones
that augments pigment regeneration is essential to maintain this 200-fold higher regeneration
in comparision to rods (Arshvarsky et al 2002, Mata et al 2002). Cones regenerate their opsins
through an alternate retinoid cycle based on the interaction between cones and Müller cells. In
cone-dominated retinas of ground squirrels and chickens three novel catalytic enzymes present
in cones and Müller cells provide an alternate pathway for cone regeneration. All-trans retinol
leaving the outer segment of the photoreceptor cells is absorbed by Müller cells where conversion to 11-cis retinol occurs by a novel enzyme, all-trans retinol isomerase. The 11-cis retinol
is released by the Müller cells to be oxidized to 11-cis retinal by another novel cone speciﬁc
dehydogenase in the cones (Mata et al 2000). This allows faster regeneration of cone pigment
in conditions of bright light and precludes utilization of 11-cis retinal by the rods (Mata et al
2000).
1.4.2.2 Retinoid metabolism
The RPE is involved in retinoid metabolism (Figure 6). Activation and regeneration of visual
pigment takes approximately 400 seconds for rhodopsin and about 100 seconds for cone
visual pigments. Retinol gains entry into the retinal pigment epithelium via the choroidal and
retinal circulations as it is bound to retinal binding protein (RPB) in plasma.
In the RPE, the all-trans form of retinol from the choroidal circulation is bound to cellular
retinal binding protein (CRBP). All-trans retinol is converted to all-trans retinylester by lecithin/
retinol acyltransferase (LRAT), and isomerized to 11-cis retinol by isomerohydrolase. 11-cis
retinol is bound to cellular retinaldehyde-binding protein (CRALBP) and may be either reesteriﬁed by LRAT and stored in the RPE as 11-cis retinyl ester or oxidized to 11-cis retinal by
11-cis retinoldehydrogenase. All-trans retinol generated in the rod outer segment by conversion
from all-trans retinal is bound to IRBP in the subretinal space to enter the RPE from the apical
surface.
Mutations in RPE65 disrupt the synthesis of the opsin chromophore ligand 11-cis retinal and
this results in elevated levels of all-trans retinyl esters. The constitutive activation of sensory
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Figure 6: Retinoid metabolism

transduction by unliganded opsin causes a constant turnon of the phototransduction cascade,
which results in the lowering of cGMP and the abnormal closure of the cGMP gated channels,
a situation similar to constant light expore. This is hypothesized to represent light-independent
retinal degeneration in LCA (Woodruff et al 2003). Palmitoylated membrane-associated RPE65
(mRPE65) acts as a chaperone for all-trans retinyl esters and facilitates conversion to 11-cis
retinol. 11-cis retinol in the RPE is further converted to 11-cis retinal. The soluble RPE65 is not
palmitoylated and is a chaperone for all-trans retinol. Lecithin acyl transferase acts a palmitoylated transferase and converts mRPE65 to sRPE65, effectively blocking the synthesis of
11-cis retinal (Xue et al 2004). In the light 11-cis retinol is generated in the RPE and in the dark
isomerisation is switched off (Winston and Rando 1998). Mutations in RPE65 cause early-onset
RP or LCA in humans (Gu et al 1997, Morimura et al 1998, Simovich et al 2001). Autosomal
recessive retinal dystrophy is noted in Briard dogs (Veske et al 1999).
Proteins involved in retinoid metabolism are necessary for photoreceptor cell survival. Defects in the gene RLBP1 that encodes CRALBP lead to autosomal recessive retinitis punctata
albescens (Morimura et al 1999), while mutations in IRBP cause ARRP in humans (Valverde et
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al 1998). 11-cis retinol in the photoreceptor cell is converted to 11-cis retinal by RDH12. 11-cis
retinal is converted to all-trans retinal in the presence of light. LRAT plays a role in the conversion
of all-trans retinal to all-trans retinyl ester which accumulates in the absence of RPE65. In the
absence of RPE65 there is no formation of 11-cis retinal necessary for the regeneration of
rhodopsin.

1.5 Retinal disease
The diagnosis of heritable retinal disease is currently based on the clinical features. With the
advent of molecular techniques conﬁrmation of diseases and the effect of the mutant genes
is being established. Correlation of the retinal morphology with the electrophysiology is key
to the diagnosis if molecular diagnosis is unavailable. In the presence of molecular information however, a more accurate diagnosis is possible. Molecular genetics has brought better
understanding to the inheritance of retinal dystrophies.
The classiﬁcation of hereditary retinal disorders into various subtypes is based on phenotypic
differences. Disorders that affect the central retina ﬁrst include macular dystrophies, like agerelated macular degeneration (ARMD) and cone-rod degeneration (CORD) leading to loss of
central vision, while those affecting the peripheral retina early include RP and congenital stationary nightblindness (CSNB) wherein loss of peripheral vision occurs earlier (Musarella 2001). LCA
includes both peripheral and central retinal disease leading to profound loss of vision.
Most hereditary retinal disorders are bilateral and the mode of inheritance can either be autosomal dominant, recessive, X-linked or mitochondrial in nature. The retina is made up of several
cell types and has the highest metabolic rate of any histological layer, hence it is possible for
mutations in any of the proteins involved in the numerous functions to lead to retinal degeneration. Outer (RPE, rods & cones) retinal disorders are characterized by slow retinal degeneration
and include not only RP, and rod and cone dystrophies, but also macular dystrophy. In several
inherited retinal disorders photoreceptor cell death occurs as a result of apoptosis (Chang et al
1993, Rattner et al 1999). RP, the commonest retinal dystrophy, is characterized by progressive cell death of rods and cones. Mutations involving rod cell structure and function lead to
apoptosis, which have an indirect effect on the cones, causing further cone dysfunction and
loss. Cone cell loss occurs when rod outer segment degenerate to more than 75% as observed
by electroretinography (Cideciyan et al 1998). Cone loss correlates spatially and temporally with
rod loss (Milam et al 1998, Mohand-Said et al 2001, Sahel et al 2001).
Loss of rod photoreceptors causes loss of peripheral vision, motion detection, and decreased
vision in scotopic conditions (nyctalopia). Night blindness and loss of peripheral visual ﬁelds are
noted. Loss of cone photoreceptor cells results in loss of central vision (acuity loss), trichromatic
colour discrimination (dyschromatopsia), vision loss in photopic conditions (hemerelopia) and
ocular discomfort under photopic conditions (photoaversion or photophobia). In many retinal de-
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generations apoptosis of the photoreceptor cells leads to decreased oxygen need. This altered
oxygen tension stimulates auto regulation in the retinal vasculature causing attenuation of the
blood vessels as a secondary effect noted ophthalmoscopically along with optic disc pallor.
LCA like RP, is also observed in conjunction with other systemic and syndromic disorders,
like cerebellar disease (Joubert syndrome), epiphyseal disease (Saldino-Mainzer syndrome) and
renal disease (Senior–Løken syndrome). Currently more than 135 retinal disease genes have
been mapped and identiﬁed and for another 54 retinal diseases, the chromosomal locus but not
the underlying gene has been identiﬁed (OMIM URL, RetNet URL May 2007).
1.5.1 Clinical diagnosis of retinal disorders
Decreased visual acuity as a result of heritable retinal disease occurs in 1 in 3000 humans
(Inglehearn et al 1998). Retinal dystrophies could present in early infancy, whereby the arrested
development of the photoreceptors is followed by degeneration. When dystrophies present in
later life, the degeneration occurs after the photoreceptors have developed but their survival is
not sustained.
The diagnosis of heritable retinal disease is possible following the elucidation of a detailed
family history and thorough clinical investigations. Examination includes not only the affected
individuals, but also potential carriers and other family members who may have subtle clinical ﬁndings. Family history and examination will elucidate the inheritance pattern. The clinical
examination consists of assessing best-corrected visual acuity, optical assessment (under
cycloplegia in children) slit-lamp bio-microscopy and dilated fundoscopy. Other relevant investigations include electrophysiological (ERG, dark adaptation curves and EOG) and psychophysical testing (static or kinetic visual ﬁeld tests), imaging and molecular studies.Imaging includes
fundus photography, optical coherence tomography, scanning laser ophthalmoscopy fundus
ﬂuorescein angiography and retinal autoﬂuorescence (if available). It is also important to perform
a thorough medical and genetic examination in an effort to identify other clinical features suggestive of a syndromic form of retinal degeneration.
1.5.1.1 Imaging
High resolution photography provides good documentation of both the anterior segment and
the fundus. Serial photography in patients with heritable retinal disease gives greater insight into
the progression of these disorders.
Fluorescein angiography is useful in understanding the pathophysiologic process that occurs,
clearly showing transit time of dye in ocular vasculature, deﬁning areas of hyper-, hypo- and
blocked ﬂuorescence. In patients with retinal degeneration due to RP, the retinal arteries are
narrowed and irregular ﬁlling may be observed. During the venous phase of the ﬂuorescein
angiography, abnormal dilation of the perifoveal capillaries may be observed. Early transit of the
dye shows increase in choroidal background hyperﬂuorescence due to depigmentation of the
RPE. Mottling of ﬂuorescence due to diffuse RPE degeneration is noted as patchy hyper- and
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hypoﬂuorescence, seen in the mid-transit phase. Mottled ﬂuorescence of the posterior pole
suggests extensive degeneration of the RPE. Leakage of ﬂuorescein suggestive of impaired
vascular permeability may be observed in the macular, peripapillary and optic disc areas in the
late transit phase. Hypoﬂuorescent patches represent areas of RPE and choroidal atrophy.
Increased hyperﬂuorescence from the choroid along the vascular arcades may be seen. Late
angiographic features include diffuse hyperﬂuorescence extending from the superior and inferior
poles of the optic nerve and along the temporal arcades. This is secondary to RPE atrophy giving the appearance of a window defect. Typical cystoid macular edema with leakage in the late
phases may be seen. Mid-peripheral diffuse areas of hyperﬂuorescence deep into the sensory
retina, secondary to RPE atrophy, are observed in the late phase while blockage of background
ﬂuorescence is due to pigment migration and clumping.
The confocal scanning laser ophthalmoscope is used to image autoﬂuorescence in the RPE
and this is noted as a homogenous pattern on the retina (von Ruckmann et al 1995, Bellman
et al 2003, Trieschmann et al 2003). Areas of increased autoﬂuorescence result in the accumulation of metabolic products from the photoreceptor cells. Later atrophy of the RPE and
the photoreceptor cells follow (von Ruckmann et al 1997, 1999). Autoﬂuorescence results from
lipofuscin breakdown obtained from the phagocytosis of the photoreceptor cell outer segment
and is not visualised during normal ophthalmoscopy, but is seen using a confocal scanning
laser ophthalmoscope (Kennedy et al 1995). Fundus autoﬂuorescence is preserved in several
patients with LCA despite poor visual function (Scholl et al 2004).
Using optical coherence tomography (OCT) the thickness of the retina can be measured.
Evaluation of the structural and the pathological changes leading to altered retinal thickness
may be assessed by laser interferometry (Hamada et al 2000). Retinal morphology using microscopy and OCT correlate well as studied in animal retinas (Toth et al 1997). Visualisation of
the photoreceptor layer is possible using a modiﬁed high resolution confocal scanning laser
ophthalmoscope (Fitzke 2000).
1.5.1.2 Electrophysiology
The electro-retinogram (ERG) is the recording of the diffuse electrical response generated by
retinal cells, following photic stimulation in both light and dark adapted states. The ERGs are
recorded using Burien-Allen electrodes. The pupils are dilated for this procedure. The photopic
ERGs can be obtained using either a single ﬂash or 30 Hz ﬂicker stimulus, while the scotopic
recordings can be obtained using either a single ﬂash or ﬂicker at 10 Hz in a dark adapted retina.
The ERG represents the activity of the outer retinal layers namely the photoreceptors and the
bipolar cells (Figure 7). The full-ﬁeld ERG measures the retinal response to a ﬂash of light. A
contact lens electrode is placed on the patient’s eye and the recordings of electrical responses
from various parts of the retina to external stimulation by light of varying intensity are made.
As per the ISCEV (International Society for Clinical Electrophysiology of Vision) guidelines the
standard responses include recordings using a bright light ﬂash that measures the mixed rod-
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Figure 7: Normal ERG

cone activity. The scotopic rod responses are recorded following dark adaptation. Light adapted
photopic responses to transient and 30 Hz ﬂicker inform the operator about the patient’s cone
function. The ERG is evaluated in both light and dark adapted conditions and this includes the
measurement of the latency and amplitude. The amplitudes of the responses are measured in
microvolts while the implicit times in microseconds. Obtaining an ERG involves adequate light
stimulation of varying intensity of the retina to cause signal phototransduction and then record
the ensuing electrical potentials according to the ICSEV guidelines.
Decreased ERG recordings are due to retinal disease alone but patients with relatively reasonable visual acuity may present with unrecordable ERGs due to retinal dystrophies (Denier van
der Gon et al 1956, Armington et al 1961). The diminution of ERG potential in the presence of
normal latent implies a decrease in the population of normal photoreceptors, while a prolonged
implicit time implies widespread photoreceptor dysfunction (Berson et al 1969).
The ERG is a combined recording of the electrical potentials of the retinal cells generated
when a photon of light strikes the retina, converting light energy to electrochemical energy. The
response occurs due to the transretinal movement of sodium and potassium in the extracellular
space following light-induced stimulation. The initial deﬂection is a negative a wave generated
by the photoreceptors. The positive b wave is generated by the bipolar and Müller cells. The
positive c wave is generated by the RPE. The absorption of light by the pigment in the outer
segment of the photoreceptors, initiates the photo-transduction cascade.
The early receptor potential generated from the photochemical reaction induced by photons
striking the outer segment has a short latent period and is dependent on the concentration of
visual pigment, rhodopsin in the rod cells (Brown & Murukami 1964, Cone 1964, Cone 1967).
The early receptor potential is reduced in early XLRP and in ADRP, due to the reduction of
visual pigment in the photoreceptors (Goldstein & Berson 1969, Berson & Goldstein 1970).
The resultant decrease in the cGMP levels leads to the closure of the sodium channels pres-

Introduction 49

Sharola BW.indd 49

29-May-07 10:45:36 AM

ent in the outer segment membrane of the photoreceptors, which are normally permeable to
sodium in the dark. The ensuing hyperpolarisation due to the decrease in sodium conductance
is measured as a corneal negative a wave.
This hyperpolarisation causes a decrease in the release of glutamate at the synaptic terminals and depolarisation of the bipolar cells results, leading to an increase in the extracellular
potassium and further depolarisation of the Müller cells, generating the corneal positive b wave.
Disorders of the retina causing a decrease in the a wave also cause a decrease in the b wave.
Disorders affecting the inner retinal layer cause a decrease in the b wave amplitude alone. Delayed cone b wave implicit time is observed with progressive retinal degenerations (Berson et al
1969). Recovery following bleach is slow in patients with RP (Alexander et al 1984, Moore et al
1992). As a result of photoreceptor cell loss the ERG is abnormal in both light and dark-adapted
states (Bunt-Milam et al 1983). Dark adaptation is prolonged although cone adaptation and
the initial recovery of rod sensitivity are normal in these patients. Since the diagnosis of LCA is
largely dependent on electroretinography, it is important to understand retinal responses in the
developing retina. The ERG is recordable in both normal preterm and term infants as early as 7
hours after birth (Mactier et al 1988). The implicit times are prolonged in comparison to adults.
The b wave develops through infancy to adult levels by the age of 12 months, while sensitivity
reaches adult values by 5-6 months of age (Fulton 1985).
The pattern ERG (PERG) measures macular function and is abnormal in macular, cone and
cone-rod dystrophies. The decrease of the full ﬁeld ERG in combination with the decreased
PERG is suggestive of rod–cone dystrophies. In macular dystrophies the full ﬁeld ERG is unaffected, while in cone dystrophies the 30 Hz ﬂicker ERG is abnormal and in cone-rod dystrophies
the scotopic response is reduced too. As the distribution, density and spatial orientation of
cone cells across the retina is not homogenous, it is useful to perform focal and multifocal
ERGs (MERG) to test cone function. The focal ERG primarily tests macular function, where the
cone cells account for 9% of the total cone density (Curcio et al 1990). The MERG is a sensitive
diagnostic indicator of outer retinal disease and is a cross correlational study of several points in
a given area of the retina. Dark adaptometry quantitatively determines the kinetics of cone and
rod recovery following a high intensity ﬂash that bleaches the retina (Steinmetz et al 1993).
Electrooculography (EOG) records the light induced rise in resting potential across the RPE
following a period of dark adaptation (Behrens et al 1998). It measures the Arden ratio which is
the light peak to dark trough amplitude. The EOG is recordable in infancy and compares well
with adult values (Trimble et al 1977). An abnormal EOG is obtained in cone, cone-rod and
rod-cone dystrophies (Gouras & Carr 1964, Krill 1966, Krill et al 1973).
1.5.2 Phenotype of retinal disorders
Retinal dystrophies display genetic heterogeneity, i.e. the occurrence of mutations in different
genes leading to the same clinical entity, as well as variable expression, i.e. the presence of
mutations in one gene leading to several ophthalmologic disorders. Mutations in RDS/peripherin
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cause ADRP, AD macular degeneration, butterﬂy shaped pigmented foveal dystrophy, patterned
macular degeneration, digenic RP with additional mutations in ROM1 and AD adult vitelliform
macular degeneration (Connell et al 1990, Travis et al 1991, Jordan et al 1992, Nichols et al
1993a,1993b, Wells et al 1993, Dryja et al 1997, Felbor et al 1997). The phenotypes of all these
disorders show remarkable variation and some overlap too. Interestingly this phenomenon is
not only noted in patients with different mutations, but also in members within a family. This
large phenotypic spectrum associated with allelic mutations may be due to different molecular
mechanisms (Kohl et al 1997). The mutant rds/peripherin gene in mice causes abnormal development of photoreceptor outer segments followed by slow degeneration of rods and cones and
varying phenotypes were not detected (Travis et al 1989).
The phenotype is the result of a developmental process whose dynamics is controlled
by genes and possibly environmental factors. In many developmental processes, there is a
non-linear relationship between genetic variation and phenotypic variation. Retinal disease is
inherited by diverse mechanisms and expression is variable. Several factors modulate gene
expression and hence the phenotype. The phenotype in turn is inﬂuenced by the variability in the
genetic background on which a gene is expressed and modulated by different environmental
factors.
Cell development, survival, maintenance, structure or function when awry, cause retinal
degeneration. Survival of photoreceptor cells is dependent on surrounding tissue like the retinal
pigment epithelium and interphotoreceptor matrix. Rod-speciﬁc gene mutations lead to the
loss of normal cones and the loss of postnatal cone circuitry has been noted in transgenic
swine harboring P347H mutation in rhodopsin, implying that the need for rod cell connectivity
to neighboring healthy cones is essential for cone survival (Banin et al 1999). Secondary cone
cell death in primary rod photoreceptor disease may be due to several factors. Inadequate
cell-cell interaction and an altered microenvironment play a signiﬁcant role in cone loss. The
presence of toxic factors generated by degenerating rods and depleted rod derived trophic
factors is sub-optimal for cone survival (Mohand-Said et al 1998). Normal inner retinal circuitry
is disturbed following variable rod and cone neurite sprouting in RP (Milam et al 1998). All of
these mechanisms may play a role in LCA.
The wide range of phenotypic variation associated with CRB1 mutations is likely to be
partially due to the dosage effect of the gene (den Hollander et al 2001). The variations in the
phenotype may be due to allelic or locus heterogeneity. Modiﬁer genes could also inﬂuence the
clinical phenotype in individuals affected by CRB1 mutations. In LCA a few instances of modiﬁer
mutations have been identiﬁed, which perhaps alter the progress of the disease (Dharmaraj et
al 2000b, Silva et al 2004, Zernant et al 2005). Both allelic and genetic heterogeneity occur in
LCA (Perrault et al 1999, Cremers et al 2002). The site of a mutation in a particular gene may
lead to a different phenotype. Mutations in the dimerization domain of GUCY2D are responsible
for AD CORD, while mutations elsewhere in the gene cause LCA or ARRP (Kelsell et al 1998,
Perrault et al 2000).
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Variable expressivity leading to either ADRP or macular dystrophy based on the location
of mutations is observed in the RDS/peripherin gene (Kajiwara et al 1993, Wells et al 1993,
Nichols et al 1993a,1993b). The relationship between the genotype and the phenotype in
monogenic disorders may be complex. Both LCA and CORD are caused by mutations in the
aryl hydrocarbon interacting protein-like gene, AIPL1 (Sohocki et al 2000). Retinal function is
altered based on rod and cone survival. Decreased rod function is noted in cone dystrophy
(Holopigian 2004).
1.5.3 Pathology of retinal degeneration
Advances in the study of the micrometabolism of retinal cells have made it possible to understand the pathogenesis of retinal dystrophies. The development, maintenance and survival of
photoreceptor cells when affected adversely, result in retinal degeneration. This could be due
to mutations that affect rod and cone cells or neighboring supporting tissue function. The retina
however is capable of responding to stress only in a ﬁnite number of ways and the symptoms
and signs that develop due to retinal disease may have overlapping features.
Primary pigmentary degeneration of the retina is characterized by pigment migration, attenuation of the retinal vasculature, and pallor of the optic disc. Pigmentary migration into the
sensory retina appears as bone-spicule like pigment. It may occasionally be the only retinal
change (Bastek & Siegel 1982), which depends on the relative preservation of the ganglion and
nerve ﬁber layers. Histologically, in RP, the earliest pigmentary changes occur in the equatorial zone, which then extends peripherally and centrally. The nuclei of the photoreceptor cells
migrate outward and the retinal pigment migrates into the retina around blood vessels in small
clusters, leading to subsequent degeneration. Cystoid macular edema, epiretinal membrane
formation and macular holes may develop in RP (Li et al 1995). Initially the rods undergo degeneration with the outer segments showing changes earlier than the inner segments. There
is gradual depigmention of the RPE. Phagocytosis of liberated pigment by the macrophages
and migration of pigment into the retina occur resulting in gradual depigmentation of the RPE.
Outer retinal degeneration precedes inner retinal changes (Stone et al 1992). When the latter
occurs degeneration of the axons of the ganglion cells is noted and waxy pallor of the optic disc
develops (Cogan et al 1950, Landolt et al 1972, Gartner & Henkind 1982). Arterial thinning occurs earlier than venous obliteration by hyalinization of the vessel walls. The choriocapillaris and
the choroid do not show any ultrastructural changes initially (Kolb et al 1974). Photoreceptor cell
loss and disorientation of the rods and cones are observed in ADRP (Szamie et al 1979). Gliosis
derived from the retinal glial cells, and degeneration of pericytes and endothelial cells have been
observed. A decrease in the number of photoreceptor cells with atrophy and thickening of the
basement membrane of the RPE is noted in RP. Ultrastructurally, mitochondrial swelling and loss
of organelles are observed in XLRP and ADRP while a large percentage of inner retinal neurons
are preserved (Santos et al 1997). Bone spicule-like pigmentary retinal changes have been
observed on ophthalmoscopy and these accumulations of retinal pigment are derived from the
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RPE through phagocytosis and migration. In cone-rod dystrophy equatorial preservation of rods
and cones have been observed with RPE loss in the macular area and lipofuscin-like granular
accumulation in the RPE (Rabb et al 1986).
Since most eye specimens of RP have been obtained late in the course of the disease,
greater insight into the natural course of the disease, pathogenesis and genetics of RP have
been studied in animal models. Retinal changes in aborted fetuses with retinal dystrophy have
also provided some understanding of pathology in LCA (Wong 1994, Porto et al 2002, Milam et
al 2003). Several mechanisms cause disruption of photoreceptor cell function leading to apoptosis. Photoreceptor cell loss in retinal dystrophies occurs as a result of programmed cell death
also called apoptosis (Reme et al 1998). Apoptosis, unlike necrosis, is programmed cell death
that is a genetically encoded function of cells and plays a pivotal role in embryonic development
and cell turnover (Raff et al 1994). In both animal models and humans with RP, apoptosis has
been implicated as the cause of cell death (Chang et al 1993, Portera-Calliau et al 1994).
Apoptosis increases if dying cells release factors that decrease cell survival of neighboring
cells (Siegel et al 1997). Photoreceptor cell degeneration results from mutations in more than
60 genes (Chowers et al 2004). Defects in the activation of the phototransduction cascade,
cellular accumulation of mutant proteins and oxygen toxicity cause degeneration (Travis 1998).
Apoptosis occurs in the photoreceptor cells in retinal dystrophies and genes that modulate this
process could be manipulated to arrest degeneration.
1.5.4 Animal models and retinal degeneration
Rats, mice, dogs, pigs and cats have provided good models of retinal degeneration. Mutations in the cyclic GMP phosphodiesterase (βPDE) gene in the rd mouse leads to rapid retinal
degeneration by the eighth post-natal week due to accumulation of toxic levels of cyclic GMP,
causing autosomal recessive RP (Lolley et al 1997). The rds (retinal degeneration slow) mouse
exhibits a mutation in the RDS/peripherin gene resulting in the arrest of the rod outer segment
function and leads to progressive retinal degeneration over a year (Chader et al 1985). Rhodopsin knock-out mice (rho) with homozygous mutations in rhodopsin cause autosomal recessive
RP (Humphries et al 1997). The RCS (Royal College of Surgeons) rat, due to mutations in the
receptor tyrosine kinase gene (Mertk) has retinal degeneration (D’Cruz et al 2000). The RPE
is unable to phagocytose the photoreceptor cell outer segment metabolites resulting in the
accumulation of toxic debris in the sub-retinal space. In-frame deletions in Cep290 could lead
to faulty interaction with Rpgr causing retinal degeneration in rd16 mice (Chang et al 2006)
Larger animal models showing retinal degeneration include the rdy cats, the rcd1, Rpe65
dogs and transgenic pigs. In the rdy cats autosomal rod-cone dysplasia is observed (Leon et
al 1990, 1991, 1995). In rcd1 dogs early retinal degeneration is seen (Clements et al 1993).
Mutations in Rpe65 cause early onset retinal degeneration in Briard dogs (Aguirre et al 1998). In
both human and animal models of RP caused by rod speciﬁc gene defects, the loss of rod cells
eventually leads to the loss of cone cells too suggesting that the degenerating rod cells induce
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apoptosis in the cone cells (Huang et al 1993). Retinal degeneration in mice and rats activate
the apoptotic pathway of cell death (Papermaster & Windle 1995). Manipulation of the genes involved in apoptosis in these animal models could essentially arrest photoreceptor degeneration.
Factors modifying apoptosis like the increased expression of bcl-2 and its homologues reduce
apoptosis and have been shown to cause photoreceptor rescue in mouse models (Tsang et al
1997). Upregulating anti-apoptotic factors in retinal cells would alter retinal degeneration and
it has been shown that expression of anti-apoptotic genes in Drosophila photoreceptor cells
expressing mutant rhodopsin, leads to cell survival (Davidson et al 1998).

1.6 Aim and outline of this thesis
The term Leber congenital amaurosis (LCA) is often used in clinical practice to describe severe
retinal disease causing congenital visual loss although it is now known that LCA consists of a
group or spectrum of retinal diseases, found to be genetically heterogenous. LCA is a disorder
that causes blindness due to photoreceptor function in early life and little was known about the
molecular genetics in the mid-1990s.
The aim of this work was to identify new loci and genes, detect mutations in the known LCA
associated genes, study the genotype/phenotype relationship in LCA and gain an understanding of retinal disease.
Chapter 2 focusses speciﬁcally on LCA. Chapter 3 describes the effort to ﬁnd a new locus
for LCA in a large recessive pedigree. The combined approach of linkage analysis to assign a
new speciﬁc chromosomal region followed by candidate gene sequencing to identify the target
gene is described. Chapter 4 analyses the genotype-phenotype correlation in patients with
mutations in three LCA genes, namely CRX, GUCY2D and RPE65, in an effort to elucidate common disease mechanisms found in retinal dystrophies. This may help in the understanding of
the natural history and prognosis of disease. Chapter 5 compares and contrasts the phenotype
of AIPL1-associated LCA with those associated to the other LCA genes. Chapter 6 provides
a commentary on the presence and inﬂuence of modiﬁer genes in Leber congenital amaurosis.
Chapter 7 deals with the use of arrayed primer extension (APEX) technology for systematic
detection and analysis of genetic variation in LCA. Chapter 8 is a short discussion of the entire
thesis.
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2.1 Clinical evaluation
Introduction
Leber congenital amaurosis (LCA) has been described as a severe form of RP presenting in
infancy or early childhood with the absence of photoreceptor function (Leber 1869). LCA is a
genetically and clinically heterogenous disorder causing profound visual loss, nystagmus, poorly
reactive pupils and a markedly diminished or non-detectable electro-retinogram (ERG) (Leber
1869, Franceschetti et al 1954). Theodore Leber in 1869 ﬁrst described the condition, but
conﬁrmation of the diagnosis was made easier by Adolphe Franceschetti, a Swiss ophthalmologist who noted the attenuated electro-retinographic responses in patients with LCA in 1954.
The heterogeneity of LCA had been well documented prior to the era of molecular diagnosis
and reinforced currently (Waardenburg et al 1961, Camuzat et al 1996).
LCA accounts for 0.005% of blindness world-wide, although it appears to be more common
in regions with a high degree of consanguineous unions, for example, Saudi Arabia, and South
India (Kumaramanickavel et al 2002). The clinical history has been well documented over the
last century and accounts for a large number of blind school admissions each year. It accounts
for 5% of all inherited retinal dystrophies and 1-3 in 100,000 live births per year (Kaplan et al
1990). The incidence of RP, the more common retinal dystrophy is 1 in 3500 (Bunker 1984).
Most cases of LCA are transmitted in an autosomal recessive fashion, but dominant forms of
LCA have been described (Sorsby et al 1961, Sohocki et al 1998, Rivolta et al 2001, Perrault
et al 2003). Several pedigrees causing syndromic LCA (Table 2) have been identiﬁed (Dekaban
1969, Popovic-Rolovic et al 1976, Robins et al 1976).
Clinical ﬁndings
Patients with LCA present in early infancy with wandering or roving eyes, photophobia and an
inability to focus. Often there is a history of photophobia or photo attraction. Eye poking (digitoocular phenomena of Franceschetti) is often noted in a large number of patients, often resulting
in enophthalmos due to atrophy of orbital fat. The entoptic phenomena induced by eye poking
may be habitual behavior observed in some patients. Oculo-digital signs include recurrent eye
rubbing, eye pressing and eye-poking and are not pathognomic of LCA (Fazzi et al 1999, 2005).
Sequelae of this habitual visual behavior may include enophthalmos, keratoconus and ocular
infections (Fazzi 2003).
Decreased pupillary responses to light are observed in most patients, due to an afferent pupillary defect. The retinae on ophthalmoscopy are either essentially normal in their appearance
or show varying degrees of pigmentary changes (François 1968, Heher et al 1992). Additional
ocular features may include cataracts, and keratoconus and keratoglobus (Karel 1968, Leighton
et al 1973, Schroeder et al 1987, Flanders et al 1984, Heher et al 1992, Elder et al 1994, Stoiber
et al 2000). Keratoconus, observed in some patients may be explained by genetic susceptibility
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Table 2: LCA: Associations
Serial
No

Associations

References

1

High hypermetropia

Wagner 1985

2

Keratoglobus, Keratoconus

Heher 1992, Kennedy
1986

3

Strabismus

Heher 1992

4

Cataract

Heher 1992

5

Psychomotor delay

Fazzi 1999

6

Neurodevelopmental anomalies

Fazzi 2005

7

Nephronophthisis
(Senior-Løken syndrome) AR

Senior 1961, Loken 1961

8

Nephronophthisis, cone-shaped epiphyses of the hand and
cerebellar ataxia
(Saldino-Mainzer syndrome) AR

Mainzer 1970

9

Vermis hypoplasia, oculomotor anomalies and neonatal
respiratory apnea
(Joubert syndrome) AR

Joubert 1969, Saraiva
1992

10

Multicystic kidneys, Joubert syndrome (AR)

Ivarsson 1993

11

Joubert syndrome and chorio-retinal coloboma
(Dekaban-Arima syndrome ) AR
Cerebello-oculo-hepato-renal involvement
(Arima syndrome) AR

Dekaban 1969,
Arima1971, Lindhout
1980
Matsuzaka 1986

12

Osteopetrosis

Keith 1968

13

Cardiomyopathy, short stature, deafness and diabetes mellitus Alstrom 1957,
(Alstrom syndrome) AR
Russell-Eggitt 1998

14

Short stature, growth hormone deﬁciency, mental retardation,
hepatic dysfunction and metabolic acidosis

15

Hyperthrenoninemia, hepatomegaly, psychomotor retardation

Hayasaka 1986

16

Saccade palsy

Moore 1984

17

Ehler-Danlos like syndrome

Rahn 1968

Ehara 1997

or the secondary effect of the digito-ocular phenomena (Schroeder 1987, Heher et al 1992,
Elder 1994, Stoiber et al 2000, Dharmaraj 2004).
The overall phenotype in LCA is inﬂuenced by pathological changes in non-retinal tissues.
The presence of cataracts, keratoconus, and high grades of refractive errors further increase the
severity of the phenotype. High hypermetropia and myopia have also been reported (Wagner
et al 1985). Hyperopia was noted in most patient groups; myopia was reported in several other
cases (Heher et al 1992, Dharmaraj et al 2000b, Lorenz et al 2000). Patients presenting with
high refractive errors have beneﬁted from using corrective spectacle lenses. The progressive
retinal degeneration with age has been associated with increasing keratoconus and cataract
(Alström et al 1957, Schroeder et al 1987, Heher et al 1992). It has been noted that 29% of
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patients with LCA develop keratoconus (Kennedy et al 1986). The presence of keratoconus has
been noted in patients with AIPL1, GUCY2D and CRX mutations. This could be coincidental,
related to habitual rubbing and pressing of the eyes or due to increased genetic susceptibility.
Keratoconus is characterised by progressive corneal thinning and the cornea assumes an irregular conical shape with the apex directed outwards. Irregular corneal astigmatism ensues as
the inferior portion of the cornea steepens, and the apex of the cone thins further. The sequelae
of keratoconus include breaks in Descemet membrane, leading to hydrops and increased
corneal scarring. Treatment for the milder cases of corneal astigmatism includes spectacle
correction and the condition is progressive usually for about 5-7 years. Rigid gas permeable
lenses are used when it is possible to overcome the difﬁculties of lens manipulation in the setting
of nystagmus and markedly decreased vision. In patients with already greatly compromised
vision due to the retinal pathology of LCA and the added presence of pendular nystagmus the
difﬁculty of contact lens insertion is enormous. Nevertheless, in an effort to maintain any residual
visual function in these patients, corneal transplants have been undertaken when the degree
of keratoconus has warranted surgery (Stoiber et al 2000). Cataract removal in patients with
LCA has not always led to improvement in visual function as the retinal degeneration causes a
profound loss of vision.
Strabismus too has been a common ﬁnding and is often related to nystagmus and poor oculomotor control. To be able to minimize altered head position and nystagmus in some patients,
surgical correction is undertaken. The oculodigital sign was noted in 25% of patients and is not
pathognomic of LCA (Grieshaber et al 1998). The presence of enophthalmos or eye poking did
not show an adequate correlation with the molecular diagnosis.
Visual acuity in this disease ranges from light perception (LP) to vision 20/400, although
rarely better visual acuity of 20/80 has been observed (Heher et al 1992). Relatively better vision
has been noted in patients with CRB1 and RPE65 mutations (Lotery et al 2000).
LCA progression vs stability
Progression of the disorder is characterized by worsening visual function, increased retinal
pigmentary and atrophic changes, attenuation of retinal vasculature and optic nerve atrophy.
This was observed in one third of LCA patients for which the underlying gene defects were not
identiﬁed (Grieshaber et al 1998). Worsening is also noted in patients with other ocular ﬁndings
like keratoconus and cataract, which add to the decreased clarity of the media (Heher et al
1992, Dharmaraj et al 2004).
Diagnosis
The electroretinogram (ERG) is non-detectable, extinguished, or markedly reduced as a result
of both rod and cone photoreceptor dysfunction. Since an LCA-like phenotype may co-exist
with a signiﬁcant systemic disease, a measure of suspicion must accompany each workup of
an infant with LCA. Investigations that are relevant to include while making a diagnosis of LCA
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Table 3: LCA: Differential diagnosis
Differential diagnosis

Features

Ocular albinism

Hypopigmented fundi, iris transillumination; supranormal
ERGs, misrouting of optic nerve ﬁbers detected by patternappearance VEP.

Achromatopsia

Normal rod speciﬁc ERG with undetectable single ﬂash
photopic and 30Hz ﬂicker ERG

X-linked Retinitis pigmentosa

Characteristic bone-spicule-like retinal pigmentation; minimal
or non-detectable a and b waves using high luminance stimuli
noted at an early age

Complete congenital stationary
night blindness

Profoundly electronegative ERG with no detectable rod
speciﬁc ERG

Blue cone monochromacy

Normal rod speciﬁc ERG with small delayed responses to
single ﬂash

Peroxisomal disease

Leopard-skin-like retinal mottling; increased very long chain
fatty acids, decreased decosohexanoic acid

Delayed visual maturation

Gradual Improvement in vision, when not associated with other
ocular abnormalities.

Cerebral visual impairment

Normal pupillary reﬂexes and no ocular abnormalities; near
normal VEPs, neuro-imaging of the posterior visual pathways

are an ERG, serum very long chain fatty acids (VLCFA) assays, abdominal ultrasonography,
MRI (magnetic resonance imaging) and developmental assessment. VLCFA are raised in peroxisomal disease, which may mimic the retinal phenotype of LCA along with liver, spleen and
central nervous system involvement. The presence of cystic changes in the kidneys or liver
on ultrasonography is indicative of Senior-Løken or Arima syndrome respectively. When renal
disease is identiﬁed in Senior–Løken syndrome, morbidity increases, hence it is important to
screen patients ultrasonographically and biochemically. Early renal transplants in these patients
prolong survival and reduce mortality and morbidity. Constant monitoring of renal function is
mandatory throughout childhood in these patients. Hand radiography showing cone-shaped
epiphysis may be useful in making the diagnosis of the Saldino-Mainzer disease (Table 3).
MRI study of the brain is essential to detect abnormalities of the cerebellar vermis associated
with Joubert syndrome and also to screen for other associated structural anomalies. A consultation by a neurogenetics team and a metabolic work-up are important. The history of developmental milestones, visual behavior, psychomotor delay and social behavior are important in
understanding development, as LCA has been associated with both autism and psychomotor
delay. Psychomotor development may be delayed in the setting of blindness due to the lack of
adequate visual input, which is essential for early development (Jan et al 1975, Fazzi et al 1999).
Mental retardation has been associated with LCA (~ 20%) and accounts for variable expression
even within a family (Nickel 1982, Schuil et al 1998). This has important implications for genetic
counseling (Nickel et al 1982). Neuro and psychomotor developmental delay was noted in 8.1%
of patients with LCA (Galvin et al 2005). The relationship between LCA, seizures, autism and
pscychomotor delay is not well understood.

60

Sharola BW.indd 60

29-May-07 10:45:38 AM

It is also important to elicit a detailed family history, draw a complete pedigree, chart ethnicity
and genealogical origins. In the light of understanding the phenotype of LCA better, it is relevant
to elicit the history of photophobia, photo attraction and night blindness.
Differential diagnosis of LCA
The differential diagnosis of LCA includes: peroxisomal disorders (such as Zelweger disease,
adrenoleukodystrophy and infantile Refsum disease), neuronal ceroid lipofuscinosis and various
forms of chorioretinal dystrophy. Cortical blindness, delay in visual maturation and optic nerve
hypoplasia may also be mistakenly diagnosed as LCA (Table 3).
LCA should be differentiated from other forms of chorioretinal dystrophy like congenital stationary night-blindness, achromatopsia, juvenile RP, albinism and high myopia. Albinism is the
most common misdiagnosis (Kriss et al 1992). Much effort must be invested in differentiating
these overlapping conditions, because of signiﬁcant differences in familial recurrence, prognosis, associated conditions and future treatment. The correct diagnosis in congenital blindness
often involves several consultations (Weiss et al 1989). The reasons for this situation involve
overlapping signs and symptoms with other conditions and the inability to subjectively assess
visual acuity accurately in early infancy. ERGs obtained in early infancy quite often need to be
recorded again in one year for reliability.
Infants presenting with decreased vision need careful investigation to arrive at the correct
diagnosis. Misdiagnosis has been encountered in LCA, and establishing a deﬁnitive genetic
diagnosis becomes imperative (Lambert et al 1989). In the absence of systemic abnormalities,
an extinguished ERG combined with nystagmus and poorly reactive pupils would make LCA a
very likely diagnosis.

2.2 Clinical associations
The presence of LCA with nephronophthisis in Senior-Løken syndrome; nephronophthisis,
cone-shaped epiphyses of the hand and cerebellar ataxia in Saldino-Mainzer syndrome; vermis
hypoplasia, oculomotor anomalies and neonatal respiratory apnea in Joubert syndrome have
been documented (Løken 1961, Senior 1961, Mainzer et al 1970, Joubert et al 1969, Ellis 1984).
The clinical heterogeneity of Senior-Løken is indicated by the variable age of onset of the retinal
and renal abnormalities. Variability in the retinal involvement from retinitis pigmentosa to LCA
has been reported (Godel et al 1979). The conorenal syndrome includes renal histopathologic
changes consistent with a primarily glomerular disorder and short distal phalanges with cone
shaped epiphysis (Mendley et al 1995). ERG changes have been noted in heterozygotes of
renal–retinal dysplasia (Hogewind et al 1977).
LCA has also been reported with mental retardation (Tipton & Hussels 1971). LCA has been
associated with demyelination, autism, psychomotor delay and other neurodevelopmental
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anomalies (Dekaban 1969, Mainzer et al 1970, Curless 1991, Vaizey et al 1977). LCA has also
been observed in association with osteopetrosis (Keith 1968). Joubert syndrome has been
associated with LCA and multicystic kidneys (Ivarsson et al 1993). Alström syndrome presents
with LCA, cardiomyopathy, short stature, deafness and diabetes mellitus. Cardiomyopathy is
noted at infancy, although diabetes mellitus occurs in the second or third decade (Russell-Eggitt
et al 1998). The Arima syndrome, cerebello-oculo-hepato-renal syndrome, is a rare though
well deﬁned entity that includes hepatic involvement (Matsuzka et al 1986). Dekaban-Arima
syndrome includes Joubert syndrome and chorio-retinal coloboma (Table 2).
Renal-retinal syndromes
The triad of nephronophthisis, retinal degeneration or hypoplasia, and congenital hepatic ﬁbrosis
has been described (Boichis et al 1973, Proesmans et al 1975, Delaney et al 1978 & Robins et
al 1976). Nephronophthisis is the most frequent cause of end-stage renal disease in children
and young adults and pigmentary retinal dystrophy is the most common association (Scolari et
al 2003).
Senior and Løken described the association of nephronophthisis and LCA in 1961. Several
genes have also been identiﬁed for Senior-Løken syndrome. Senior-Løken syndrome has been
associated with homozygous mutations in NPHP1 on chromosome 2q13, encoding nephrocystin and nephrocystin 4 NPHP4 (KIAA0673, nephroretinin) on chromosome 1p36 (Mollet et
al 2002, Otto et al 2002). In addition, Senior-Løken syndrome (SLNS3) has been mapped to
a locus on 3q22 overlapping NPHP3 (Olbirch H et al 2003). Nephrocystin (NPH1, NPHP1,
nephronophthisis 1) maps to 2q13 (Saunier et al 1997, Hildebrandt et al 1993, 1997) and the
clinical features of this form of autosomal recessive familial juvenile nephronophthisis include
anemia, polyuria, polydipsia with the absence of hypertension and proteinuria. Homozygous
deletions in exon 20 of this gene cause nephronophthisis with retinitis pigmentosa (Caridi et al
1998). The gene (NPHP1) responsible for NPHP1 consists of 20 exons and the gene product,
nephrocystin, is a novel protein of unknown function that contains a src-homology 3 domain
(SH3) which suggests focal adhesion signaling properties (Hildebrandt et al 1997).
Identiﬁcation of a gene locus for SLS in the region of the nephronophthisis 3 gene on chromosome 3q21-q22 (NPHP3), further illustrates the heterogeneity of this disorder (Omran et al
2002). Mutations in NPHP3 cause nephronophthisis in association with hepatic ﬁbrosis or LCA.
NPHP3 encodes a novel protein, nephroretinin, expressed in the neural tissues, retina, kidney
tubules, liver and biliary tract. It interacts with nephrocystin (Olbirch et al 2003). The interaction
of nephrocystin to nephroretinin and the β tubulin of cilia forms a complex in the primary cilia and
colocalises in the renal epithelial cells. Cilial dysfunction due to improper focal adhesion signaling
complexes via interactions with nephrocystinin lead to nephronophthisis. The connecting cilium
in photoreceptor cells, plays a key role in the transport of molecules from the inner to the outer
segment. Another gene (NPHP4, SLSN4) mutated in patients with Senior-Løken syndrome is
located on 1p36 and consists of 30 exons (Otto et al 2002, Mollet et al 2002, Schuermann et
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al 2002). The interaction of NPHP4 with NPHP1 was demonstrated, suggesting a common
signaling pathway (Mollet et al 2002). Mutations in nephrocystinin 4 causing nephronophthisis,
RP and LCA have been reported in several families (Fillastre et al 1976, Mollet et al 2002, Otto
et al 2002, Schuermann et al 2002). Ophthalmic ﬁndings were observed either in infancy or
adolescence and the development of end stage renal disease ranged from 6-35 years (Polak et
al 1983, Mollet et al 2002, Otto et al 2002). Asymptomatic heterozygous carriers of a NPHP4
gene-defect show electroretinographic abnormalities (Polak et al 1983).
Cerebello-ocular-renal syndromes
The cerebello-oculo-renal (CORS) syndromes include Joubert and other syndromes that exhibit
a “molar tooth sign” on magnetic resonance imaging which consists of cerebellar aplasia or
hypoplasia, thickened superior cerebellar peduncles and a large interpeduncular fossa (Maria
et al 1997, 1999, Gleeson et al 2004). Pathologically this represents signiﬁcant brainstem
malformation.
The reported incidence of autosomal recessive Joubert syndrome is 1:100,000-1:150,000
and has been diagnosed by prenatal ultrasound examination of the posterior fossa and molecular genetic testing (Campbell et al 1984). The major clinical features of Joubert syndrome
(autosomal recessive JBTS1) are LCA with cerebellar vermian hypoplasia, episodic hyperpnea
and oculomotor apraxia. Other neurological ﬁndings are hypotonia, developmental delay, truncal ataxia and cognitive impairment. Joubert syndrome has also been associated with extracentral nervous system features such as congenital hepatic ﬁbrosis, congenital medullary cystic
disease and multicystic kidneys (Ivarsson et al 1993, Lewis et al 1994). Other eye ﬁndings
include chorioretinal coloboma and retinal dysplasia (Dekaban et al 1969, Lindhout et al 1980,
King et al 1984, King & Stephenson 1984). Retinal dystrophy ran true in families and was
never absent when renal cysts were reported (Saraiva & Baraitser 1992). Characteristic features
include a large head, prominent forehead, high rounded eyebrows, epicanthal folds, occasional
ptosis, upturned nose with prominent nostrils, occasionally low-set and tilted ears, open mouth,
tongue protrusion and rhythmic tongue motions (Maria et al 1999).
The LCA observed in patients with Joubert syndrome is stable, although symptoms associated with renal or hepatic involvement present in childhood or early adolescence, necessitating
careful observation of blood pressure, blood urea nitrogen, urinalysis, liver function tests and abdominal ultrasonography to detect early renal and hepatic pathology. Visual impairment presents
in early infancy. The presence of tachypnea admixed with periods of central apnea, seizures and
brain stem abnormalities help make the diagnosis of Joubert syndrome. High quality magnetic
imaging, polysomnograms and ophthalmic evaluation to assess visual function are indicated.
JBTS1 maps to 9q34.3 and evidence of both clinical and genetic heterogeneity has been
reported in consanguineous Arabian/ Persian families (Saar et al 1999). JBTS2 or CORS2 (sans
retinal involvement) maps to the pericentromeric region of chromosome 11, identifying a second
locus (Keeler et al 2003, Valente et al 2003).
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Homozygous deletion of the NPHP1 (nephrocystin) gene on 2q13 in two siblings with Joubert syndrome has been described (Parisi et al 2004). Interestingly NPHP4 (1p36) interacts with
nephrocystin (2q13), suggesting that these two proteins are involved in a common signaling
pathway mediating adhesion. Similarly RPGRIP1 interacts with NPHP4 furthering our understanding of Joubert syndrome (Roepman et al 2005).
Mutations in the Abelson helper integration site 1 gene AHI1 on chromosome 6q23 have
been described in families with Joubert syndrome, identifying JBTS3 as a third locus for Joubert
syndrome (Dixon-Salazar et al 2004, Ferland et al 2004, Lagier-Tourenne et al 2004). AIH1 is
highly expressed in embryonic hind- and forebrain, and contains seven Trp-Asp repeats, an
SH3 domain and SH3-binding sites. Mutations in the gene encoding the ciliary/centrosomal
protein CEP290 (NPHP6) or nephrocystin-6 lead to Joubert syndrome, and due to interactions
with ATF4, a transcription factor involved in cAMP dependent cyst formation, it is now possible
to understand the phenotype of retinal degeneration and renal failure. CEP290 is located in
renal epithelial centrosomes and in the connecting cilia of photoreceptors (Sayer et al 2006).
Considerable phenotypic overlap exists between Joubert and Senior-Løken syndromes and
mutations in CEP290 have been detected in both disorders (Sayer et al 2006, Valente et al
2006). Mutations in CEP290 were found to be the most frequent cause of LCA (den Hollander
et al 2006).
Peroxisomal disease
In peroxisomal disease, retinal dysfunction is characterised by markedly attenuated photopic
and scotopic ERGs. Peroxisomes are ubiquitous cell organelles involved in lipid metabolism
(Wanders & Tager 1998). Peroxins encoded by the PEX family of genes are responsible for
various aspects of assembly and biogenesis of peroxisomes. Peroxisomes contain vitamin A
storing lipid droplets that are distributed along the basal and lateral surfaces of the retinal
pigment epithelium where receptors for retinal binding protein (RBP) are located. Müller cells
also contain a high number of peroxisomes.The exact mechanism of loss of photoreceptor
function is not completely understood and the phenotypic appearance of the retina along with
the retinographic abnormalities is similar to LCA. The presence of photoreceptor dysfunction
has been attributed to mutations in the PEX genes. The PEX group of genes are involved in
peroxisomal biogenesis and assembly. Zellweger syndrome, neonatal adrenoleukodystrophy,
infantile Refsums disease and rhizomelic chondrodysplasia are among the commoner peroxisomal disorders.

2.3 Genes and loci
The molecular genetics of LCA has been studied rather intensely over the last decade thus
opening wider avenues of research. The thirteen genes identiﬁed so far are all involved in dif-
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1p31

RPE65

19q13.3

17p13.1

GUCY2D

CRX

Chromosomal
Position

Gene

Table 4: LCA: Genes

3-6

14

20

Number
of exons

Photoreceptor
cells, retinal inner
nuclear layer,
pineal gland

Retinal pigment
epithelium

Photoreceptor
cells

Expression

Photoreceptor
development

Retinoid metabolism

Photorecovery in
phototransduction

Function

3 (Dharmaraj
2000),
6.8(Lotery)
8.2 (Morimura)
11.4 (Thompson),
15.6 (Simovich
2001)
9.5(Sitorus)
6.1(Hanein 2004)
10 (Galvin 2005)

6 (Dharmaraj
2000)
6.3 (Lotery 2000)
20.3 (Perrault
2000 )
0 (Sitorus)
21.2 (Hanein
2004)
3.6 (Galvin 2005)

Frequency of
mutations (%)

Heterozygous deletions 2 (Dharmaraj
with frameshift,
2000),
insertions, missense
2.8 (Lotery)
3.6 (Rivolta 2001)
0.6(Hanein 2004)
1.8 (Galvin 2005)

Missense, deletion,
nonsense,
rearrangements

Missense, deletion

Mutation types

LCA,
AD CORD,
(CORD2) AD
RP

LCA, ARRP,
Juvenile RP

LCA,
ADCORD,
Juvenile RP

Retinal
disorders

Freund 1997 & 1998,
Sohocki 1998
Freund 1998
Lotery AJ 2000
Dharmaraj 2000
Rivolta 2001
Hodges 2002
Hanein 2004

Marlhens 1997,
Gu 1997
Morimura 1998
Lotery 2000
Dharmaraj 2000
Thompson 2000
Simovich 2001
Sitorus RS, 2003
Hanein 2004
Booij 2005

Perrault 1996
Kelsell 1998
Lotery 2000
Dharmaraj, 2000
Perrault 2000
Sitorus 2003 Hanein
2004
Booij 2005
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1q31.3

14q11

14q23.3-q24.1

RPGRIP1

RDH12

17p13.1

CRB1

AIPL1

7

24 - 25

12

6

Inner segment of
photoreceptors

Outer segment
of the rod
photoreceptor
cells, testis, brain,
heart, liver, spleen
and kidney

Photoreceptor
cells, retinal inner
nuclear layer, iris,

Inner segment,
nucleus,
perinuclear region,
synaptic terminals
and cytoplasm of
the photoreceptor
cells, pineal gland

Modulator of cellular
differentiation and
proliferation in
diverse cell types.
Metabolism of
cis-trans retinols.
Oxidoreductase
and dehydrogenase
activities.

Forms the structural
component of the
ciliary axoneme in
rods and cones.
Intracellular protein
transport.

CRB1 is involved in
cell-cell interaction
and may be
responsible for the
maintenance of
retinal cell polarity.
CRB1 is essential
for the integrity of
the external limiting
membrane and
photoreceptor cell
morphogenesis.

Essential for the
normal development
of the rods and
cones.
Protein biosynthesis.

Splice site, Frameshift,
missense,
nonsense

Nonsense, missense,
in-frame deletions

Insertions, missense

Missense, Nonsense,
deletions

LCA,
ARCORD,
Juvenile RP

4.1 (Perrault 2004) Childhoodonset severe
retinal
dystrophy.
LCA

6 (Dryja 2001)
5.6 (Gerber 2001)
4.5 (Hanein 2004)
4.5 (Galvin 2005)

9 (den Hollander A LCA,
2001)
AR RP,
AR RP
13.5 (Lotery
with PPRE
2001)
(RP12),
10 (Hanein 2004)
AR RP sans
7.2 (Galvin 2005)
PPRE,
AR RP with
Coats-like
phenotype,
Early-onset
RP, Juvenile
RP

5.8 (Sohocki 2000) LCA,
ADCORD,
4.8 (Sitorus)
Juvenile RP
3.4 (Hanein 2004)
6.3 (Galvin 2005)

Janecke 2004
Perrault 2004
Haesleer 2002

Gerber 2001
Hameed 2003,
Dryja 2001
Roepeman 2000,
Booij 2005

den Hollander 2001
Lotery 2001
Gerber 2002
Pellika 2002
Mehelow 2003
Khaliq 2003
Bernal 2003
Hanein 2004
Booij 2005

Sohocki 2000
Sohocki 2000
Van der Spuy 2002
Sitorus 2003
Ramamurthy 2003
Dharmaraj S 2004,
Hanien S 2004
Booij 2005
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1q32.3

6q14.3

RD3

LCA5

4q31.2

LRAT

12q21.32

6p21.3

TULP1

CEP290

7q31.1

IMPDH1

9

3

53

3

15

14

Connecting cilium,
centrioles and
microtubules of
PRC.

Subnuclear
location

Centrosomes and
connecting cilium
of PRC

RPE

Inner segment of
photoreceptors

Photoreceptors

Ciliary process
integrity and protein
interaction in the
cilium.

Transcription and
splicing.

Establishing polarity
and regulating
intracellular
transport.

Catalyses the
formation of 11cis
retinal from all trans
retinal.

Transcription factor
Protein trafﬁcking

It affects protein
folding and
aggregation in
cyclic nucleoside
metabolism in
photoreceptors.

Intronic, homozygous
frameshift, nonsense

Homozygous slice site

Intronic, heterozygous
splice, frameshift,
missense

Missense,
heterozygous deletions

Splice, homozygous,
compound
heterozygous

Missense

~6 (den Hollander
2007)

Small contribution
(Friedman 2006)

21 (den Hollander
2006)

Small contribution

Small contribution

8 (Bowne 2006)

Bannerjee 1998
Gu 1998
Lewis 1999
Boggon 1999
Hagstrom 1999
Milam 2000
Ikeda 2000
Paloma 2000

Gu 1994
Bowne 2002,
Aherene 2004
Grover 2004
Ziviello 2005
Bowne 2006
Wada 2005
Kozma 2005
Schatz 2005

AR LCA

AR LCA

den Hollander 2007

Lavorgna 2003
Friedman 2006

Joubert,
Cheng 2006
Senior-Löken Valente 2006
syndromes
Sayer 2006
den Hollander 2006

Early onset
Ruiz 2001
severe retinal Thompson 2001
dystrophy

Childhoodonset severe
retinal
dystrophy
LCA

ADRP(RP10)
LCA

Table 5: LCA: Loci
Locus

Chromosomal
location

Origin of pedigrees

References

LCA3
LCA5

14q24

Saudi Arabia

Stockton 1998

6q11-16

United States of America

Dharmaraj 2000

LCA9

1p36

Pakistan

Keen 2003

ferent functions of the retina (Table 4). Three loci have also been identiﬁed on chromosomes
6q11-16 (LCA5), 14q24 (LCA3), and 1p36 (LCA 9), all in consanguineous families (Stockton et
al 1998, Dharmaraj et al 2000a, Keen et al 2003) (Table 5). The gene at the LCA5 locus has
recently been identiﬁed (den Hollander et al 2007)
Genes implicated in LCA
Retinal Guanylate cyclase (GUCY2D)
The ﬁrst gene linked to LCA, the photoreceptor retinal guanylate cyclase (GUCY2D) on
chromosome 17p13.1, encodes a retinal protein that is involved in phototransduction. This
gene encodes retinal guanylate cyclase, which consists of a ligand–binding N-terminal, a
transmembrane domain, a protein kinase homology region and a catalytic domain. It is 16 kb
long and has 20 exons sharing 87% homology to murine retgc (Oliveira et al 1994, Perrault et
al 1996). RETGC1 is a protein involved in photo recovery in the phototransduction cascade and
mutations in the gene hinder the restoration of cGMP in the rods and cones to the basal state,
resulting in permanent closure of the cGMP gated channels (Perrault et al 1996).
Mutations in GUCY2D have now been associated with several distinct phenotypes, namely
AD CORD, juvenile ARRP, early onset severe RP and ARLCA (Perrault et al 1996, 1998, 2000,
2005, Kelsell et al 1998, Dharmaraj et al 2000b, Gregory-Evans et al 2000, Hanein et al 2004).
Retinal Pigment Epithelium 65 gene
The Retinal Pigment Epithelium 65 (RPE65) gene on chromosome 1p31 encodes a protein
which plays a pivotal role in retinoid metabolism. RPE65 is a non-glycosylated 65 kD microsomal
protein expressed in retinal pigment epithelium and is conserved in mammals, reptiles and birds
(Hamel et al 1993). It is necessary for the production of 11-cis retinol (Redmond et al 1998). It
is now known to be the long sought isomerohydrolase which stimulates the enzymatic conversion of all-trans retinyl palmitate to 11-cis retinol in the microsomes of RPE cells. It presents
retinylesters as substrate to the isomerase for synthesis of rhodopsin (Mata et al 2004).
Mutations in RPE65 disrupt the synthesis of the opsin chromophore ligand 11-cis retinal
and partial to total loss of isomerzation (Redmond et al 2005). The deactivation of sensory
transduction by opsins causes light independent retinal degeneration in LCA (Wooduff et al
2003). RPE65 defects result in progressive photoreceptor cell death. Both LCA and severe
ARRP have been reported with mutations in RPE65 (Gu et al 1997, Marlhens et al 1997, 1998,
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Morimura et al 1998, Perrault et al 2000, Dharmaraj et al 2000b, Thompson et al 2000, Joseph
et al 2002, Sitorus et al 2003, Yzer et al 2003).
Cone-rod homeobox gene
The cone-rod homeobox gene (CRX) on chromosome 19q13 encodes a transcription factor
important in embryonic photoreceptor development. The gene consists of a homeodomain,
WSP motif and an OTX tail (Freund et al 1997, Furukawa et al 1997). Recently, enhancer and
promoter regions of CRX have been identiﬁed (Hodges et al 2002). CRX belongs to the otx/
otd homeobox family of genes and is similar to the human OTX1 and OTX2 homeodomain
protein (Simeone et al 1992). It is expressed in the pineal gland and in developing and mature
retinal photoreceptor cells. CRX is also expressed in the inner nuclear layer (Bibb et al 2001). It
is necessary for the maintenance of normal cone and rod function (Furukawa et al 1997). This
cone-rod otx-like photoreceptor homeobox transcription factor is capable of transactivating
several photoreceptor cell-speciﬁc genes and plays a crucial role in differentiation (Furukawa et
al 1997, Freund et al 1998). The CRX protein contains 299 amino acids and is highly conserved
across species. CRX activates the promoters of several photoreceptor speciﬁc genes e.g. rhodopsin, arrestin, β-phosphodiesterase and interphotoreceptor matrix protein (Chen et al 1997).
CRX in synergy with NRL plays a role in the differentiation of rod photoreceptor cells (O’Brien et
al 2003). CRX interacts with NRL to regulate photoreceptor gene expression and transactivates
the rhodopsin promoter in a synergistic fashion (Swaroop et al 1992, Rehemtulla et al 1996,
Chen et al 1997).
Mutations in CRX are known to cause LCA, autosomal dominant cone rod dystrophy and
autosomal dominant retinitis pigmentosa (Swain et al 1997, Sohocki et al 1998, Tzekov et al
2000, Tzekov et al 2001, Rivolta et al 2001). Some AD mutations in CRX are associated with
LCA (Sorsby 1960, Sohocki et al 2000, Rivolta et al 2001, Perrault et al 2003). Interestingly CRX
interacts with NRL, and missense mutations in NRL cause ADRP and not LCA, while recessive
mutations cause thickening of the retina and an unusual pigmentary retinopathy (DeAngelis et
al 2002, Nishiguchi et al 2004).
Aryl hydrocarbon receptor-interacting protein-like gene
The aryl hydrocarbon-interacting protein-like (AIPL1) gene located on chromosome 17p13.1
has 6 exons and is expressed in the inner segment, nucleus, perinuclear region, synaptic
terminals and cytoplasm of the photoreceptor cells. It is expressed in the developing retina and
is essential for the normal development of the rods and cones (Sohocki et al 2000, Van der
Spuy et al 2002, Ramamurthy et al 2003). AIPL1 contains 384 amino acids and has a molecular
weight of 44 kD. It contains one peptidyl-propyl isomerase (PPI) domain and 3 tetratricopeptide
(TPR) repeat domains like the aryl hydocarbon receptor-interacting protein (AIP) and has a role
in protein-protein interaction based on this structure. Mutations in AIPL1 cause AD CORD,
juvenile RP and LCA (Sohocki et al 2000).
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AIPL1 is involved in cytoplasmic stability, nuclear transport and trafﬁcking and is an important component of cell cycle progression during photoreceptor development (Akey et al
2002). It is involved in the ﬁnal stages of photoreceptor differentiation and synapse formation.
As photoreceptor differentiation proceeds, AIPL1 is upregulated (Dyer et al 2004). AIPL1 is
necessary for the protein translocation of NEDD8 ultimate buster (NUB1), which is a cell cycle
regulator. AIPL1 also affects the expression, stability and biosynthesis of rod-speciﬁc cGMP
phosphodiesterase by its chaperone function (Dyer et al 2004, Liu X et al 2004). AIPL1 aids in
the processing of farsenylated proteins as protein farsenylation is essential for the maintenance
of retinal photoreceptor cell structure (Pittler et al 1995, Ramamurthy et al 2003).
As AIPL1 is known to interact with multiple proteins, like NUB1, mutations in this gene
may lead to defective interaction and defective farnesylation of multiple proteins (Akey et al
2002, Ramamurthy et al 2003). W278X, the commonest mutation in AIPL1, alters the structure,
stability, and transport of the protein (Gallon et al 2004). AIPL1 interacts with NUB1; however
mutations in NUB1 have not been clearly well studied as yet. Only a subset of mutations in AIPL1
namely, I206N, G262S, R302L and P376S were found to have an effect on the interaction with
NUB1, while others like W278X, A197P and C23R do not. Both sets of AIPL1 mutations lead
to LCA, further substantiating that more than disrupted interaction with NUB1 cannot be the
only trigger for retinal degeneration (Ramamurthy et al 2003, Kanaya et al 2004). The interacting
domains for NUB1 and AIPL1 are codons 181-330 and 569-584, respectively (Kanaya et al
2004). AIPL1 interacts with farnesylated proteins and plays an essential role in processing of
farnesylated proteins in retina. It also affects the stability of active PDE leading to a decrease in
cGMP causing apoptosis of rods (Ramamurthy et al 2003, 2004).
In keeping with greater loss of rod function both in heterozygote carriers of AIPL1-associated
LCA and in patients with LCA with mutations in both AIPL1 copies, the survival of adult rods is
more dependent on AIPL1 function than cones. The absence of AIPL1 in early retinal development leads to both rod and cone dysfunction as AIPL1 is required for the normal development
of both rod and cone photoreceptors (Dharmaraj et al 2004, Vander Spuy et al 2005).
Crumbs homolog 1gene
The Crumbs homolog 1 gene (CRB1) was isolated by subtractive hybridisation as it is expressed
in the apical membranes of retinal photoreceptors (den Hollander et al 1999a, 1999b). CRB1
maps to 1q31-32.1 and encodes an extracellular protein with 19 EGF-like domains, 3 laminin-A
G-like domains, a transmembrane domain and a cytoplasmic tail of 37 amino acids. It is a 1,376
amino-acid protein with 35% similarity to crb of Drosophila melanogaster. The gene consists of
12 exons. It is expressed in the adult and fetal brain. CRB1 is expressed in the inner segment
of rods and cones in the vicinity of the zonula adherens (Pellika et al 2002). CRB1 is involved
in cell-cell interaction and may be responsible for the maintenance of retinal cell polarity. CRB1
is essential for the integrity of the external limiting membrane and photoreceptor cell morphogenesis (Mehalow et al 2003). Crb1 plays a pivotal role in maintaining the scaffolding complex.
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It is needed to maintain an organized layer of photoreceptor cells during light exposure and in
its absence adhesion between the photoreceptor cells and the Müller cells are lost resulting in
both structural and functional changes. Light exposure results in an increase in the focal retinal
lesions (van de Pavert et al 2004).
Drosophila stardust is a partner of crumbs and is involved in the control of epithelial cell
polarity (Bachmann et al 2001, Izaddoost et al 2002). In Drosophila crumbs localizes to the stalk
of the ﬂy photoreceptor and may be a component of the molecular scaffold that controls proper
development of polarity in the eye. The intracellular domain of CRB1 composed of 37 amino
acids behaves similarly to its Drosophila counterpart when overexpressed in the ﬂy eye (Izaddoost et al 2002). Defects in the integrity of the zonula adherens leads to retinal dystrophy. The
extracellular domain of CRB1 containing Ig EGF-like domains and 3 laminin-A G-like domains
might mediate protein-protein interactions (Woodarz et al 1993, Pellika et al 2002).
Mutations in this gene are associated with a severe form of RP, RP12, and with LCA (den
Hollander et al 1999, 2001, Lotery et al 2001, Gerber et al 2002, Khaliq et al 2003). Mutations
in CRB1 were detected in patients with RP and Coats-like vasculopathy and in patients with RP
and preserved para arteriolar retinal pigment epithelium (den Hollander et al 2001). The retinal
phenotype is variable and nummular pigment clumping and white dots have been observed in
LCA and slow progression of the disease has been noted (den Hollander et al 1999b, Lotery et
al 2001, Gerber et al 2002) Mutations also result in RP without para-artiolar RPE preservation
(Lotery et al 2001).
Retinitis Pigmentosa Guanosine Triphosphatase (GTPase) regulator interacting protein 1 gene
The Retinitis Pigmentosa Guanosine Triphosphatase (GTPase) regulator interacting protein 1
gene (RPGRIP1) on chromosome 14q11 encodes a protein that is involved in disc morphogenesis. RPGRIP1 was identiﬁed as an interactor of RPGR (Retinitis Pigmentosa GTPase Regulator);
both localise to the connecting cilium. Mutations in RPGR cause X-Linked RP (RP3) (Meindl et al
1996). The RPGRIP1 protein interacts with RPGR through a well conserved RPGR-interacting
domain (RID) in murine, bovine and human retinas (Roepman et al 2000, Boylan et al 2000,
Hong et al 2001, 2004). RPGRIP1 consists of 24 exons and the predicted protein consists of
1259 amino acids
RPGRIP1 consists of two coiled-coil domains that are similar to those found in proteins
involved in vesicular trafﬁcking (Roepman et al 2000, Boylan et al 2000, Hong et al 2001).
RPGRIP1 anchors RPGR to the connecting cilium. RPGRIP1 is involved in disc morphogenesis through regulating actin cytoskeleton dynamics (Zhao et al 2003). RPGRIP1 isoforms are
also expressed in the amacrine cells of the inner nuclear cells of the retina and mutations in
RPGRIP1 compromise more than photoreceptor function alone (Castagnet et al 2003). Mutations in RPGRIP1 lead to LCA and AR CORD (Gerber et al 2001, Dryja et al 2001, Hameed et
al 2003).
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Retinol dehydogenase 12 (RDH12)
The retinol dehydrogenase 12 (RDH12) gene on chromosome 14q23.3-q24.1 has been implicated in early onset severe retinal dystrophy and LCA (Janecke et al 2004, Perrault et al 2004).
It encodes a photoreceptor protein that is important in retinoid metabolism. The gene consists
of 7 exons and encodes a protein of 316 amino acids. RDH12 belongs to the super-family of
short-chain alcohol dehydrogenases and reductases. RDH12 may be involved in the conversion
of 11-cis retinol to 11-cis retinal during the regeneration of cone visual pigments. RDH12 is
expressed predominantly in the neuroretina in photoreceptors (Haeseleer et al 2002).
Inosine monophosphate dehydrogenase 1 (IMPDH1)
Inosine monophosphate dehydrogenase 1 on chromosome 7q31.3-q32 is involved in cyclic
nucleoside metabolism within photoreceptors (Bowne et al 2002). It belongs to the IMPDH/
GMPR family and consists of 2 CBS domains. Inhibition of cellular IMP dehydrogenase activity
leads to the cessation of DNA synthesis and a block in the cell cycle at the G1-S interface (Gu
et al 1994).
Mutations in IMPDH1 cause ADRP (RP10) (Kennan et al 2002, Bowne et al 2002, Daiger et
al 2003, Kozma et al 2005, Mortimer & Hedstrom 2005, Schatz et al 2005, Wada et al 2005).
More recently, mutations in IMPDH1 have been shown to cause LCA (Bowne et al 2006).
Tubby-like protein (TULP1)
This gene is analogous to the tub gene in mice that is responsible for maturity-onset obesity,
insulin resistance, retinal degeneration and neurosensory hearing loss. Tub is known to cause
early progressive retinal degeneration in mice (Hagstrom et al 1999). Human TULP1 maps to
chromosome 6p21.3, consists of 15 exons and is expressed exclusively in the retina. Mutations
in this gene are known to cause early retinal dystrophy (Banerjee et al 1998, Lewis et al 1999,
Paloma et al 2000). The human tubby TU and tubby-like proteins TULP1, TULP2 and TULP3
belong to a highly evolutionarily conserved gene family and play an important role in obesity,
sensorineuronal degeneration and development (North et al 1997, 2002). The TULPs are expressed in the brain, retina and cochlea and have a highly conserved domain of ~260 amino
acids in the carboxyl terminus (Carroll et al 2004). They are implicated in neuronal synapse
formation and rhodopsin transport in the retinal photoreceptors (Ikeda et al 2002).
TULP1 localises to the perinucleolar cap region in photoreceptor cells and is involved in
protein trafﬁcking. Tulp1 labelling is noted in the inner segments of rods and cones in fetal
retinas at ~8 weeks (Milam et al 2000). TULP1 is a transcription factor involved in the control of
downstream genes in photoreceptors (Boggon et al 1999).
Lecithin retinol acyltransferase (LRAT)
LRAT maps to 4q31 and encodes a polypeptide of 230 amino acids LRAT is synthesized in the
RPE (Ruiz et al 1999, 2001). LRAT catalyses the initial series of reactions in the conversion of
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all trans retinol to all trans retinyl ester in the RPE and plays a vital role in the regeneration of
the visual chromophore (Rando et al 1991). Mutations in LRAT lead to early onset severe retinal
dystrophy (Thompson et al 2001).
CEP290
CEP290, also known as nephrocystin 6 is a 93 kb gene composed of 53 exons and maps to
12q21.32. CEP290 is a 290 kDa centrosomal protein composed of 2479 amino acids, localised
to the centrosome of dividing cells and to the connecting cilium of retinal photoreceptors. It has
13 putative coiled-coil domains, 3 tropmyosin homology domains, an ATP/GTP binding site and
a myosin head-like domain. CEP290 plays a crucial role in estabilishing polarity and regulating
intracellular transport in post-mitotic cells, besides being involved in ciliary transport. Mutations
are known to cause Joubert syndrome, Senior-Løken and AR LCA (den Hollander et al 2006,
Sayer et al 2006, Valente et al 2006).
RD3
RD3 also known as C1orf36 (chromosome 1 open reading frame 36) maps to chromosome
1q32.3. The gene has 3 exons and spans 15.45 kb. The encoded 22.7kD protein is composed
of 194 aminoacids. It is composed of an N-terminal mitochondrial targeting signal, a coiled-coil
domain, and 2 potential phosphorylation sites (Lavorgna et al 2003). It is expressed in the retina
in a subnuclear location and is involved in transcription and splicing (Friedman et al 2006).
Mutations in RD3 lead to Leber congenital amaurosis (Friedman et al 2006).
LCA5
Recently the LCA5 gene, also known as C6ORF152 (chromosome 6 open reading frame 152)
was identiﬁed on chromosome 6q14 (den Hollander et al 2007) The 9 exon gene encodes a
novel ciliary protein, lebercilin which localises to the connecting cilia of photoreceptors and to
the microtubules and centrioles. It is a 697 amino acid protein predicted to form coiled-coils and
is expressed widely in cilial axonemes. Mutations have been identiﬁed in several families besides
the original family described in this thesis (Dharmaraj et al 2000a, Mohammed et al 2003, den
Hollander et al 2007). Homozygous nonsense and frameshift mutations were detected in ﬁve
families.

2.4 Pathogenesis
Few studies on the histopathologic appearance of the retina in patients with LCA have been
undertaken. Normal retinal architecture has been reported in early heredo-familial chorioretinal degeneration (Horsten & Winkleman 1960, Babel 1963). A study in 2 patients with LCA
showed absent rods and cones in one while in the other patient disorganized rods and cones
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were noted (Francios et al 1969). Pyknosis of the photoreceptor cells was observed and the
RPE was normal. Loss of the cone outer segments and shortening of the inner segments with
fewer mitochondria and large partially pigmented inclusions in the RPE were observed in the
posterior region. Total photoreceptor loss was noted in the equatorial area (Kroll & Kuwabara
1964, Francios & Hanssens 1969). Light and electron microscopic studies have demonstrated
selective destruction of the outer segments of photoreceptors with some macrophages in the
vicinity (Mizuno et al 1977). Shortening of the outer segments of the photoreceptor cells and
a decrease in the ganglion cell layer have been observed (Noble et al 1978). The primary cell
layers affected in LCA in a post-mortem study of a three-year-old included the outer nuclear
layer and photoreceptors indicating the degenerative nature of the disorder (Sullivan TJ 1994).
Very few pathological studies on retinal degenerative disease have been reported in which
the genetic defect was known. Studies of LCA gene expression and regulation in the fetus will
provide greater depth in understanding the cellular basis of this disorder. There are very few
such reports in literature. For example, CRX expression in the fetus occurs at 10 -12 weeks in
the foveal region when the rods are generated in the retina and this is followed by further CRX
expression that proceeds towards the peripheral retina (Bibb et al 2001).
A 26-week-old aborted fetus with LCA harboring W21R mutations in GUCY2D showed decreased photoreceptor cells, stunted and disorganised outer segments and ill-formed synaptic
extensions (Porto et al 2001). Eyes obtained from a 11-year-old child with GUCY2D-associated
LCA with the R660Q variation however showed relative preservation of rods and cones in the
macula and far periphery with a normal inner nuclear and a reduced ganglion cell layer (Milam
et al 2003).
An important comparative pathological study examined retinal tissue from a human fetus
with RPE65 mutations and compared the histopathology and immunohistochemistry with an
age-matched normal fetal retina (Porto et al 2002). Compared to normal fetal retina, the affected
retina displayed cell loss and thinning of the outer nuclear (photoreceptor) layer, decreased
immunoreactivity for key phototransduction proteins, and aberrant synaptic and inner retinal
organisation. The homozygous RPE65 mutation C330Y abolished detectable expression of
RPE65 within the RPE of affected eyes, and ultrastructural examination revealed the presence
of lipid and vesicular inclusions not seen in normal RPE. The mutant eye demonstrated thickening, detachment and collagen ﬁbril disorganisation in the underlying Bruch’s membrane, and the
choroid was distended and abnormally vascularised, in comparison with the control eye (Porto
et al 2002). These human fetal ﬁndings contrast with the late-onset ocular changes observed in
animal models, indicating the problems of inferring human retinal pathophysiology from animal
models (Aguirre et al 1998). This work also underlined the early prenatal pathogenic insult and
congenital nature of human LCA in contrast to human RP, which is a disease of later onset.
In retinal tissue obtained from a 22-year-old patient with LCA harboring a novel heterozygous
H82Y mutation in AIPL1, histopathological examination showed almost total absence of photoreceptor cells, decreased ganglion cells, increased vacuolisation of the nerve ﬁber layer with
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retinal gliosis and a characteristic alteration of arterioles with venular dilation. Increased areas
of retinal atrophy, sclerosis and attenuation of the blood vessels and pigment accumulation
were also observed. Both the RPE and the Bruch’s membrane were intact with a normal optic
nerve (Heegaard et al 2003). This appearance correlates well with the phenotypic appearance
observed in AIPL1-associated LCA (Dharmaraj et al 2004).
Human retinal degeneration in both GUCY2D and RPE65-associated LCA appear to occur prenatally, leading to profound photoreceptor dysfunction (Porto et al 2003). Interestingly,
although the retinal appearance on ophthalmoscopy may appear normal, histopathological
studies may show different changes as observed in the fetal appearance of both GUCY2D
and RPE65-associated LCA retinas with decreased photoreceptor cells and disorganised outer
segments. This may have important implications in the considerations for clinical trials in the
prenatal and postnatal stages and the extent of photoreceptor cell rescue possible. As more
human fetal retinal tissue is studied, greater understanding of gene function in early development is possible.

2.5 Animal models of LCA
Animal models provide a basis to study disease pathology in LCA and understand the function
of various genes involved in LCA, and at the same time allow for experimental treatment strategies, that may be translated to humans in the near future. Not only do they provide background
information, but also aid in grading patterns of visual outcome with the use of different modalities of therapy.
As there is allelic variation and interspecies variation in LCA and RP, it is incorrect to extrapolate the ﬁndings in animal models to humans (Acland et al 1998). RPE65 mutations in dogs,
mice and humans vary as with the phenotype of GUCY2D mutations in mice, chickens and
humans (Marlhens et al 1997,1998, Aguirre et al 1998, Semple-Rowland et al 1998, Perrault et
al 2000, Acland et al 2001, 2003, Porto et al 2002).
In animal models of LCA, Rpe65 -/- mice and Briard dogs, near-normal retinal histology at
birth was noted, even though no recordable photoreceptor function was detected. Structural
degeneration then occurs with delayed onset, cone death generally preceding that of rods
(Veske et al 1999).
Gucy2d
The rd chicken has a null mutation in guanylate cyclase (GC1), which results in decreased
cGMP in the rods and cones leading to a decrease in phototransduction and causing retinal
degeneration (Semple-Rowland et al 1998). Chickens have a cone-dominated retina and in the
rd chicken both rods and cones are normal at birth, but are absent at 6 weeks and the ERG of
rods and cones is markedly decreased. Despite the presence of normal rod and cone morphol-
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ogy at birth, neither scotopic nor photopic ERGs are reliable. Retinal degeneration begins at
1 week post gestationally, proceeds from the center to the periphery and is complete by 6-8
months (Ulshafer et al 1984). The RPE and the inner retina degenerate (Ulshafer et al 1985). The
absence of GC1 abolishes phototransduction due to decreased levels of cGMP.
In Gucy2e -/- mice, both rods and cones are normal at birth and although the rods are
normal at 1 year, the cone loss occurs between 5 and 6 weeks. The mutant allele eliminates the
expression of GC-E, but the rod outer segments remain intact with normal expression of other
photoreceptor proteins like rhodopsin and rds/peripherin. Photoreceptor function in knockout
mice is not detected due to severe degeneration at 1 year. Gucy2e knockout mice show cone
degeneration primarily with abnormal rod responses (Yang et al 1999). A decrease in the cone
ERG is seen before morphological changes are observed in cones, and there is absence of an
ERG at 2 months. Heterozygous mutant Gucy2e mice exhibit normal morphology and photoreceptor function as evidenced by the presence of normal rod and cone ERGs at all ages (Yang
et al 1999). Interestingly, cone loss as seen in human GUCY2D-associated CORD is also seen
in Gucy2e -/- mice (Payne et al 2001). GC-1 knockout mice show a decrease in the number
of cones in the retina by 6 months although they are normal in size and morphology at birth
as also seen in knockout GC-E chickens and GUCY2D -associated LCA (Coleman et al 2004).
Rod-dominated mouse retinas do not mirror human retinal changes of LCA.
Rpe65
Rpe65 knockout mice lack rhodopsin, but all-trans retinyl esters accumulate in the RPE, with the
absence of 11-cis retinyl esters (Redmond et al 1998). Initially intact rod and cone photoreceptor cells are present at birth, although thinning of the outer nuclear layer occurs from 15 weeks
and the ERG is not recordable. In Rpe65 -/- mice, the rods behave like dark adapted rods and
may die due to RPE dysfunction resulting from the accumulating retinyl esters (Rohrer et al
2003). Isorhodopsin mediates rod function in Rpe65 knockout mice. Interestingly residual visual
preservation in Rpe65 -/- mice is due to rod function (Seeliger et al 2001). RPE65 is essential for
the biosynthesis of 11-cis retinal (Xue et al 2004). Impairment of the pupillary response occurs
in Rpe65 -/- mice and this may be used in determining the response to treatment when 9-cis
retinal is administered therapeutically. An improvement with the decrease in threshold to the
thermal pupillary light response is observed in knockout mice, following therapy (Aleman et al
2004).
Swedish Briard dogs with a spontaneous 4-nucleotide deletion in exon 5 of the RPE65 gene
that causes a frameshift and a premature stop codon, show rod and cone dysfunction (Aguirre
et al 1998). Distortion and disorientation of the rod outer segments is noticed in Rpe65 -/- dogs
at 5 weeks. Slow progression of retinal morphological changes occurs with time (Veske A et
al 1999). Accumulation of lipid vacuoles in the retinal pigment epithelium is observed. In older
animals short cone outer segments and absence of rod outer segments was noted (Wrigstad
et al 1992, 1994). Dark-adapted ERGs showed no recordable response (Narfström et al 1995).
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The positive c wave was replaced by a large negative wave indicative of RPE damage (Nilsson
et al 1992). As RPE65 is necessary for the regeneration of rhodopsin, following photo bleaching
of the retina, an absence of normal rhodopsin was detected (Saari 2001).
Crx
Targeted disruption of the Crx gene in mice leads to attenuated circadian entrainment and
retinopathy. The photoreceptor cells are not elongated and there is a decrease in the expression of photoreceptor cell associated genes (Furukawa et al 1999) Absence of outer segment
structures were observed in Crx -/- mice as early as postnatal day 14 and at postnatal day 21,
a thin outer nuclear layer and dislocated photoreceptor cells beneath the RPE were observed.
The rod ERG at one month showed less than 1% of activity, while the cone ERG was not detectable (Furukawa et al 1999). Although the heterozygous Crx +/- mice developed shorter outer
segments than wild type mice at P14, no differences were observed at P21. The rod ERGs were
reduced and cone ERGs were not detected.
By 2 months both rod and cone ERGs of these Crx +/- mice were not different compared
to wild-type mice and at 2 months the photoreceptor nuclei in the Crx -/- mice dwindled resulting in to 2-3 rows by 6 months of age (Furukawa et al 1999). Abnormal development of
axonal arborization of rod and cone bipolar cells, along with sprouting of the axonal complex
of horizontal cells is also observed in the retina of Crx -/- mice. The ganglion cells appear to be
normal, although cone and rod bipolar cells undergo remodeling by 5 and 7 months respectively
(Pignatelli et al 2004).
Aipl1
Both knockout and hypomorphic Aipl1 mice have been generated to study the structure and
function of photoreceptor cells in the absence and decrease of AIPL1. Mice with decreased
Aipl1 down to 25% due to a hypomorphic mutation show decrease in the synthesis of retinal
rod phosphodiesterase (PDE) (Liu et al 2004). Initially at 3 months no decrease in the number
of photoreceptor cells was noticed, but by 8 months half the photoreceptor cells were lost
and the inner and outer segments were shortened. Upregulation of glial ﬁbrillary acidic protein
indicative of retinal degeneration is noticed in the early weeks of post-natal life (Liu et al 2004,
Ramamurthy et al 2004). Aipl1 -/- mice on the other hand, despite the development of a normal
outer nuclear layer photoreceptor cells degenerate quickly starting at the second week of life
and leading to complete rod and cone degeneration in the fourth week of life. Disorganised,
short, fragmented photoreceptor cell outer segments with vacuolar inclusions in the inner segments of the photoreceptor cell layer, lacking both photopic and scotopic ERGs is observed.
Heterozygous Aipl1 +/- mice show no abnormal retinal morphology or ERG changes at 8
months. Adult Aipl1 +/- mice like human AIPL1-associated LCA heterozygotes have a delayed
rod response, indicated by the prolonged implicit time (Dyer et al 2004).
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Retinal degeneration in Aipl1 -/- mice is independent of light. Rod cGMP PDE, a farnesylated
protein, is absent and this leads to the abolition of cGMP hydrolysis and the accumulation of
increased levels of cGMP precedes retinal degeneration (Ramamurthy et al 2004). The phenotype in AIPL1-associated LCA is in keeping with the early severe rod and cone dysfunction also
seen in Aipl1 -/- mice, leading to blindness (Ramamurthy et al 2004, Dharmaraj et al 2004).
This makes it a preclinical model to test the therapeutic rescue of photoreceptor function in
AIPL1-associated LCA (Dyer et al 2004). The presence of night blindness observed in more than
half the patients with mutations in AIPL1, may be due to gross rod dysfunction as the absence
of AIPL1 leads to instability of the rod PDE, altering cGMP balance, and thus affecting photo
transduction.
Crb1
Retinal folds and pseudo rosettes are seen along with normal retinal architecture in mice with
Crb1 mutations (Mehalow et al 2003). The integrity of the external limiting membrane in mice
is lost and the photoreceptor cell bodies protrude into the inner segment. The external limiting
membrane and the zonula adherens is fragmented in mice and Drosophila with Crb1 mutations.
Crumbs is required to inhibit light induced photoreceptor degeneration as seen in Drosophila
(Johnson et al 2002). In humans with CRB1 mutations, the retina was thickened and abnormal
laminations and pseudo rosettes were seen on ocular coherence tomography (Jacobson et al
2003).
Developmental defects were observed in Crb1 -/- mice 2 weeks after birth. Shortened and
disorderly inner and outer segments of the photoreceptors are observed. By 10 weeks fragmentation of the outer segment and the discs occur leading to the formation of granular debris.
Heterozygous crb1 +/- mice show no histological abnormalities (Mehalow et al 2003).
Crb1 -/- mice develop localized lesions where the integrity of the outer limiting membrane is
lost and giant rosettes form which increase following light exposure as the protective inﬂuence
of Crb1 is lost (van de Pavert et al 2004). Photoreceptor degeneration in Crb1 mutants varies
with the genetic background thus suggesting the role of genetic modiﬁers in altering phenotype
(Mehalow et al 2003).
Rpgrip1
Rpgrip1 -/- mice initially have a normal nuclear layer of photoreceptors. As early as postnatal
day 15 they show pyknotic nuclei suggestive of ongoing cell death, and near total cell loss was
apparent by 3 months. The disk diameter membranes were larger and the disks were arranged
parallel to the long axis of the outer segment. Both rod and cone opsins were mislocalised in the
cell bodies. Disruption of the outer segment discs occur due to the mislocalisation of rhodopsin.
Both the photopic and scotopic ERGs showed a marked reduction in amplitude. Rpgrip 1
+/- mice on the other hand showed no histological abnormalities (Zhao et al 2003). Interestingly
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Rpgrip1 -/- mice showing progressive photoreceptor loss may be successfully rescued both
structurally and functionally following gene replacement (Pawlyk et al 2005).
Rdh12
Rdh12 -/- mice showed small white dots beneath the retinal vessels by 5 months of age and a
mildly pigmented mottled appearance in the retina by 15 months with a mild progressive delay
and loss of amplitude on dark adapted electroretinography. Shortening of the outer nuclear layer
was noted initially at 7 months with a decrease to 3-4 layers by 27 months with outer segment
degeneration. RPE cells showed atrophy and hypopigmentation with the accumulation of lipidlike material noted initially at 3 weeks of age (Pang et al 2005). Lack of rhodopsin, 11-cis retinal
and rpe65 expression were noted in double-mutant mice with an added deletion in Rpe65.
Impdh1
Mice lacking impdh1 although initially normal show progressive decrease in rod and cone functions as evidenced by the ERG amplitudes (Aherne et al 2004). Depletion in GTP leads to a
decrease in phototransduction. A mild RP-like retinopathy is noted in older animals, while the
structure of the retina is well preserved in young mice.
Tulp1
Ectopic accumulation of rhodopsin occurs in Tulp1-/- mice at an early age with no evidence
of obesity as noted in Tub -/- mice (Hagstrom et al 1999, 2001, Ikeda et al 2000). Extracellular
vesicles accumulate near the inner segments of photoreceptor cells in Tulp1 -/-mice. Heterozygote mice are phenotypically normal (Hagstrom et al 1999).
Lrat
Lrat -/- mice show ~35% shorter rods with severely attenuated ERG responses and abnormal
pupillometry at 6-8 weeks with impaired absorption and storage of retinoids (O’Byrne et al
2005). Lrat +/- mice showed no changes. The RPE was devoid of all trans retinyl esters (Batten
et al 2004). A marked improvement however of both electroretinographic and pupillary function was noted on intraocular replacement recombinant AAV gene therapy. Pharmacological
intervention with 9 cis retinyl succinate too resulted in long lasting restoration of retinal function
(Batten et al 2005).
Cep290
An in-frame deletion in Cep290 leads to early-onset retinal degeneration in the rd16 mouse.
Cep290 localises to the centrosomes of dividing cells and to the connecting cilium of photoreceptor cells. It associates with several microtubule based transport proteins in the mouse
retina. Altered interaction of RPGR and mutant CEP290 with a redistribution of RPGR and
phototransduction proteins is noted in these mice (Chang et al 2006). Within two months
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patchy pigmentary retinopathy is observed. Cep290-/- mice show both reduced rod and cone
electroretinograms and early progressive photoreceptor outer segment degeneration with thinning of the outer nuclear layer on histology (Chang et al 2006).
Rd3
Rd3 mice show photoreceptor degeneration in the ﬁrst 2 weeks of life often followed by complete loss of cells with an absent ERG response in 16 weeks. At birth however both rods and
cones are morphologically normal, followed postnatally by rod and later cone degeneration
(Chang et al 1993).

2.6 Genotype-Phenotype correlation
LCA constitutes the most severe form of retinal dystrophy since retinal function is profoundly
decreased, as evidenced by extinguished ERGs in infancy. The clinical heterogeneity of this
disorder however spares some individuals from extreme severity, allowing for some residual

Figure 8: LCA protein localisation
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retinal function (Perrault et al 1999, Dharmaraj et al 2000b, Thompson et al 2000, Felius et al
2002, Paunescu et al 2004).
The diagnosis and distinction between early onset retinitis pigmentosa and LCA comes with
the extinguished or markedly attenuated ERG obtained in patients with LCA during early infancy
(Leber 1869). Leber in his early description of the disease included the early onset severe retinal
dystrophy. The phenotype in LCA is not only determined by the primary defect but is also
inﬂuenced by the genetic background and the environment. The dysfunctional biochemical,
structural and physiological pathways involved in vision in LCA have an impact on the phenotype (Table 6). The timing of the insult too, inﬂuences the phenotypic appearance. The natural
passage of time further alters the retinal appearance in LCA. Mutations in the known genes can
be detected only in about 35-60% of patients with LCA (Hanein et al 2004, Allikmets et al 2004,
Yzer et al 2006, den Hollander et al 2006). All the gene products are diverse in their sub-cellular
locations and functions (Figure 8).
The natural course of LCA has been reported to be stable, show slow deterioration, or in a
very few cases exhibit some improvement (Heher et al 1992, Fulton et al 1996, Perrault et al
1999, Dharmaraj et al 2000b, Lorenz et al 2000, Koenekoop et al 2002). Summarising several
longitudinal studies, the stability of clinical course and visual function was observed in 75%
of patients with LCA, deterioration in 15% and an improvement in visual function in 10% of
patients (Heher et al 1992, Fulton et al 1996, Brecelj et al 1999, Koenekoop et al 2004). Comparing the phenotypes in patients with a molecular diagnosis, patients with GUCY2D mutations
have a stable clinical course, while those with RPE65 mutations show progressive deterioration
(Perrault et al 1999, Dharmaraj et al 2000b, Lorenz et al 2000, Yzer et al 2003).
GUCY2D
Functional analyses shows that the missense mutations in the catalytic domain of GUCY2D
result in the inability to hydrolyse GTP to GMP, while mutations in the extracellular domain do
not affect catalytic activity when the initiation codon is intact. The mutations perhaps cause
misfolding of the mutant protein with degradation in the endoplasmic reticulum (Duda et al
1999, Rozet et al 2001). Mutations in the dimerisation domain of GUCY2D affect the coiled-coil
formation and lead to CORD. Patients with mutations in GUCY2D give a history of photophobia
and do not complain of night blindness (Perrault et al 1999, Dharmaraj et al 2000b). Gross retinal
changes are not usually observed at presentation in infancy, but mild pigmentary retinopathy
is documented in later life (Dharmaraj et al 2000b). GUCY2D mutations account for 6-20% of
LCA (Dharmaraj et al 2000b, Hanein et al 2004). Interestingly a founder mutation (2493delG) has
been traced in Finnish families (Hanein et al 2002).
RPE65
Fundus autoﬂuorescence is due to the accumulation of lipofuscin derivatives in the RPE resulting
from the incomplete digestion of N-retinylidene-phosphatidyl-ethanolamine from shed photo-
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Photoattraction
Nightblindness

RPE65

CRX

Photophobia

Relevant history

GUCY2D

Gene

Table 6: LCA: Phenotypes
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myopia to
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hyperopia
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Refractive
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and cataract
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Anterior
segment
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Maculopathy
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retinopathy
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Chorioretinal
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Present in 75%
of the patients

Mild
maculopathy

Essentially normal Occasional
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Initial
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Mild to
moderate
hyperopia

Nightblindness

RDH12

1/10-2/10

20/200 -LP Moderate to
high hyperopia

Nightblindness
occasionally

Moderate
hyperopia

Occasional
mild myopiaModerate
hyeropia

RPGRIP1

HM-LP

20/40- LP

Nightblindness
Photoattraction
occasionally

CRB1

AIPL1

N/A

Occasional
keratoconus

Keratoconus in
33%
Cataract in
28%

N/A

Moderate

Moderate

Present
in most
patients
after
the ﬁrst
decade

Diffuse equatorial
to peripheral
pigmentary
retinopathy

Drusen-like
deposits

Mild to severe
pigmentary
retinopathy

Drusen-like
deposits

Present in some
with the presence
of white dots,
pigmented
nummular spots
and preserved
para-arteriolar
RPE

Chorioretinal
atrophy

Drusen-like
deposits

Mild to severe
pigmentary
retinopathy

Macular
atrophy with
time

Absent

Present in
some.
Coloboma-like
macula

Present in 80%

Initial
improvement
for ~5-10
years
with later
deterioration

Stable

Stable

Stable

Lotery 2001

Dharmaraj 2004

Progressive
rod-cone
dystrophy

Perrault 2004

Booij 2005

Hameed 2003

Rod and cone Dryja 2001
dystrophy
Gerber 2001
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pigment.

Early
maculopathy
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N/A

N/A

Nightblindness

CEP290

RD3

LCA5

CF-20/100

Markedly
decreased
vision

NLP

N/A

20/200-LP

20/40-LP

Severe
hyeropia

N/A

Myopia or
hyperopia

N/A

Moderate to
severe myopia

Moderate
hyperopia

Within normal
limits

N/A

Cataract

N/A

Cataracts rare

N/A

Average mean values
N/A– data not available
Mild myopia (-0.50 to -3.00D) or hyperopia (+0.50 to +3.00D)
Moderate myopia (-3.00D to -6.00D) or hyperopia (+3.00D to +6.00D)
Severe myopia (<-6.00D) or hyperopia (>+6.00D)

Nightblindness

N/A

TULP1

LRAT

N/A

IMPDH1

Within
normal
limits

Moderate
to severe

Moderate

Moderate

Mild to
moderate

N/A

Peripheral
pigment mottling

Pigment
migration

Nummular
pigmentary
retinopathy

Retinal atrophy

Severe
pigmentary
retinopathy

Diffuse pigment
mottling
Progressive
earlier rod
and later cone
degeneration
with
maculopathy

N/A

Within normal
limits initially

Atrophic and
pigmentary
maculopathy

Pigmentary
maculopathy

Peripheral
pigment
mottling

Peripheral
mottling and
RPE atrophy

Gradual
progress of
retinopathy

Maculopathy
Peripheral
with periRPE atrophy
macular surface
wrinkling

Early bulls eye
maculopathy

Absent

Within normal
limits in early
presentation

Early and
severe
rod- cone
dystrophy

Cone-rod like
dystrophy
Retinal white
dots and
nummular
pigment

Constricted
visual ﬁelds

Colour vision
anomalies

N/A

Dharmaraj 2000
den Hollander
2007

Friedman 2006

den Hollander
2006
Perrault 2007

Thompson
2001

Bannerjee 1998
Lewis CA 1999
Paloma 2000

Bowne 2006

receptor cell outer segments. A2E derived from N-retinylidene-phosphatidyl-ethanolamine accounts for the ﬂuorescence. Lack of autoﬂuorescence up to 488 nm is observed in patients with
early onset severe retinal dystrophy harboring either compound heterozygous or homozygous
mutations in RPE65. Reduced levels of RPE lipofuscin ﬂuorophores A2E and iso-A2E have been
observed in some patients with RPE65 mutations (Kim et al 2004). Patients with mutations in
RPE65 have absent or very low fundus autoﬂuorescence within the ﬁrst decade of life (Lorenz
et al 2004). Absence of autoﬂuorescence as noted in humans correlates well with the Rpe65
-/-mouse model (Katz et al 2001). With both 11-cis retinal and all-trans retinal being absent
from the RPE the formation of lipofuscin ﬂuorophores is inhibited (Lorenz et al 2004). Following the stage of absent or markedly decreased autoﬂuorescence in these patients atrophy of
the photoreceptor cell and retinal pigment epithelium is observed. The absence or profound
decrease of fundus autoﬂuorescence may be used as a clinical marker of RPE65 mutations to
monitor the effect of therapy both in animal models and in humans in clinical trials.
Patients with mutations in RPE65 complain of night-blindness further explaining dysfunctional
retinoid metabolism (Perrault et al 1999, Dharmaraj et al 2000b, Lorenz et al 2000, Thompson
et al 2000). Mutations in RPE65 causing LCA account for 3-16% of LCA (Morimura et al 1998,
Dharmaraj et al 2000b, Hanein et al 2004).
CRX
Patients with mutations in CRX are known to have autosomal dominant LCA or harbor de novo
mutations (Sohocki et al 1998, Rivolta et al 2001a,b). Most CRX mutations are completely
penetrant and cause disease in heterozygotes, although exceptions have been reported (Rivolta
et al 2001, Silva et al 2000). Interestingly, in some CRX-associated LCA a few systemic changes
have been observed. Decreased bone density and deafness with primary ovarian dysfunction
have been reported (Silva et al 2000, Tzekov et al 2001). CRX is expressed in the fetal retina
early in life and the early macular coloboma-like appearance in CRX-associated LCA could be
attributed to the dysfunctional CRX protein in the fovea in utero (Silva et al 2000, Bibb et al
2001, Nakamura et al 2002).
Autosomal recessive LCA caused by R90W in the homeodomain results in a protein with
decreased DNA binding and transcriptional activity. Decreased interaction with NRL, another
transcription factor, impairs nuclear transport (Swaroop et al 1999, Fei & Hughes 2000, Mitton
et al 2000). Mutations in the WSP domain lead to decreased CRX mediated transactivation
since the OTX tail is eliminated (Freund et al 1998, Chau et al 2000, Lotery et al 2000, Silva et
al 2000).
Although homeodomain mutations have been shown to cause decreased transactivation,
a deﬁnite relationship between the magnitude of the biochemical abnormality and the disease
severity was not observed, further suggesting that other modifying factors contribute to the
phenotype (Chen et al 2002). Mutations in CRX cause only 2-3% of LCA (Dharmaraj et al 2000b,
Lotery et al 2000).
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AIPL1
A severe retinal phenotype is noted in AIPL1-associated LCA. The rods are primarily affected
and this is consistent with the high rod expression of AIPL1. Maculopathy in these patients may
be in keeping with the presence of increased rod density in the paramacular region. Retinal
degeneration in humans proceeds from the centre to the periphery as also noted in mouse
models, due perhaps to the defects in rod PDE biosynthesis (Ramamurthy et al 2004). Selective
rod dysfunction has been observed in carriers of AIPL1-mutations, which may be related to the
role of AIPL1 in rod function (Dharmaraj et al 2004, Ramamurthy et al 2004). Patients with mutations in AIPL1 have a higher incidence of associated keratoconus and maculopathy (Dharmaraj
et al 2004). AIPL1 mutations account for ~ 6% of all LCA mutations (Sohocki et al 2000).
CRB1
Sequence changes in both alleles of CRB1 were noted in 3-11% of patients with LCA, while
changes in only one allele were detected in 11-13% of patients (Lotery et al 2001, den Hollander
et al 2001, 2004). C948Y was the most commonly occurring mutation in the cohort in patients
with LCA and RP (den Hollander et al 2001, Lotery et al 2001). Patients with LCA carry null alleles
more frequently than patients with RP, consistent with the model of gene dosage. C948Y was
the most commonly occurring mutation in the cohort causing LCA in the homozygous state (den
Hollander et al 2004). This mutation alters the proper folding of the EGF-like domain. Patients
with mutations in CRB1 appear to have a variable retinal phenotype ranging from 20/60 vision to
profound loss of vision presenting at an early age (den Hollander et al 2001, Lotery et al 2001).
RPGRIP1
Mutations in RPGRIP1 are known to cause LCA and AR CORD (Gerber et al 2001, Dryja et
al 2001, Hameed et al 2003). Six percent of patients with LCA harbor mutations in RPGRIP1
(Gerber et al 2001, Dryja et al 2001, Hanein et al 2004). The phenotype of LCA with RPGRIP1
mutations is very severe (Galvin et al 2005).
RDH12
Mutations in RDH12 were initially detected in 3 consanguineous Austrian kindreds, presenting
with early onset severe retinal dystrophy (Janecke et al 2004). Mutations in RDH12 account for
4% of patients with LCA. The A269fsX270 in exon 6 has been the most commonly occurring
change in a cohort of patients with LCA. Thirty-three per cent of RDH12-associated patients
with LCA harboured this change (Perrault et al 2004). Progressive rod and cone degeneration
has been reported with mutations in RDH12.
IMPDH1
Mutations in Inosine monophosphate dedydrogenase1 (IMPDH1) cause ADRP (RP10) (Kennan
A 2002, Bowne SJ 2002, Mortimer & Hedstrom 2005). More recently mutations in IMPDH1
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have been found to cause LCA with early retinal dystrophy and attenuated ERGs (Bowne et al
2006).
TULP1
Mutations in TULP1 have been known to cause early onset progressive retinal degeneration
in an autosomal recessive fashion (Banerjee et al 1998, Gu et al 1998, Hagstrom et al 1998,
Lewis et al 1999, Paloma et al 2000). The ERG obtained in early childhood was extinguished.
Nystagmus and loss of vision were noted a few months after birth (Paloma et al 2000).
LRAT
Mutations in LRAT have resulted in early onset retinal dystrophy detected in patients between
the ages of 2-7 years. The presence of nyatagmus associated with peripheral retinal atrophy,
maculopathy and attenuation of retinal vasculature has been noted with severe attenuation of
ERG responses (Thompson et al 2001).
CEP290
A common intronic mutation (c.2991+1655A>G) that creates a strong splice-donor site leading
to the insertion of a cryptic exon in the CEP290 mRNA has been detected in several patients
with LCA. Both homozygous and heterozygous mutations in CEP290 have been identiﬁed in
21% of patients with LCA. The phenotype ranges from a normal retina to moderate retinal
pigment mottling associated with attenuated retinal vasculature, hyperopia and keratoconus
in some patients (den Hollander et al 2006). CEP290 mutations have also been detected in
patients with mental retardation, autism, Senior-Løken syndrome and Joubert syndromes (Perrault et al 2007, Valente et al 2006, Sayer et al 2006).
RD3
Homozygous mutations in the donor splice site of exon 2 (c.296+1G>A) have caused LCA in
2 Indian siblings. The mutation leads to truncation of the protein. The retina showed atrophic
maculas with attenuated vasculature and pigment migration (Friedman et al 2006).
LCA5
The affected individuals of a family (Old Order River Brethren) of German-Swiss descent mapping to chromosome 6q11-q16, presented with visual acuities in the order of 20/100-20/400,
high hyperopia and normal fundi in early infancy and childhood. LCA5 is located in a region
rich with retinal genes. In the Old Order River Brethren family a homozygous 1598 bp deletion
(g.-19612-18015d) encompassing 1077 bps of the promoter and exon 1 was detected in the
patients and the LCA5 transcript was absent (den Hollander et al 2007). Interestingly though, one
of the patients shows a heterozygous change in GUCY2D (P701S) which may exert a modifying
inﬂuence on the phenotype causing a more severe retinal phenotype (Dharmaraj et al 2000a,b).
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The phenotype however of another family from Pakistan mapping to the same locus was
quite different. Progressive, severe maculopathy consisting of pigmentary disturbance and
retinal pigmentary atrophy was noted (Mohamed et al 2003). Atrophic retinal maculopathy was
a distinct feature in the Pakistani kindred, however despite a similair ophthalmoscopic appearance the LCA5 locus was excluded in a Turkish pedigree (Ozgul et al 2006).
LCA3
Patients presenting with this subset of LCA had enophthalmos, nystagmus in early life, moderate hyperopia, variable strabismus, profound visual loss, retinal pigment mottling and clumping.
Older individuals of the Saudi Arabian kindreds had perception of light, nuclear or cortical
cataracts, optic atrophy, clumping of retinal pigment, atrophic maculas and vascular attenuation
(Stockton et al 1998). LCA3 maps to chromosome 14q24 and the gene is yet to be identiﬁed.
LCA9
This new locus on chromosome 1p36 was identiﬁed in a Pakistani pedigree (Keen et al 2003).
Visual acuity was the perception of light in all affected individuals. Posterior sub-capsular lens
opacities, macular staphylomas, varying degrees of retinal white spots and pigmentary retinopathy with optic atrophy were noted (Keen et al 2003).
Carriers of LCA mutations
It has been noticed that several phenotypically normal carrier parents harboring heterozygous
mutations in the LCA-associated genes have abnormalities in rod or/and cone ERGs, suggestive of mild rod or and cone dysfunction (Koenekoop et al 2002, Dharmaraj 2004, Dharmaraj et
al 2004, Galvin et al 2005).
Drusen-like deposits were noted in carriers of mutations in RPE65, AIPL1, CRB1 and
RPGRIP1, while mild peripheral chorio-retinal atrophy was detected in carriers of AIPL1 and
RPE65 mutations (Galvin et al 2005). Retinal changes in the form of inferior retinal atrophy
have been detected in carriers of CRB1 mutations. These ﬁndings indicate that carriers of
LCA-associated mutations can now be identiﬁed in several families with LCA based on ERGs
showing mild rod or cone dysfunction (Al–Zuhaibi et al 2005).

2.7 Molecular genetic diagnosis
With the identiﬁcation of genes involved in LCA, screening for mutations has become an important part of the diagnosis. To be able to maximise diagnostic yield for moleculair screening, on
examining ocular phenotypes some caveats may be helpful (Table 7). As the number of patients
with each phenotype is small, it is difﬁcult to compute statistically signiﬁcant data. The presence
of sequence changes in genomic DNA may be detected using mutation-scanning techniques.
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LCA: Caveats helpful in molecular screening.
Caveat
Age of onset

Gene
At birth

GUCY2D, CRX, AIPL1, RPGRIP1,
CRB1, IMPDH1, CEP290

Later than 1 year

TULP1, RPE65, RDH12

Presence or history of photophobia

GUCY2D

Presence or history of night-blindness

RPE65, RDH12

Presence of moderate to high hyperopia

CRB1, GUCY2D

Presence of keratoconus

AIPL1, RPGRIP1, CEP290

Severe pigmentary retinopathy between 0-2 years

AIPL1, RPGRIP1

Low fundus autoﬂuoresence especially in the second decade

RPE65

Normal appearance of retina at birth

GUCY2D

Presence of macular reﬂex

IMPDH1, LCA5

Coloboma-like macular appearance/ maculopathy at birth

CRX, AIPL1, CRB1

Pigmented nummular retinopathy

CRB1, CEP290

White dot retinal leisons

CRB1,CEP290

Preserved para-arteriolar RPE (PPRPE)

CRB1

Early peripheral pigmentary retinopathy

RPE65, TULP1

Stable visual function

GUCY2D, CRX, CRB1, RPGRIP1

Deterioration of visual function

RPE65, TULP1

Autosomal dominant mode of inheritance

CRX, IMPDH1

Severe early loss of vision

GUCY2D, AIPL1, RPGRIP1

Early severe onset retinal dystrophy

RPE65, TULP1, LRAT

LCA associated with autism, psychomotor retardation

CEP290

LCA associated with Joubert or Senior-Løken syndrome

CEP290

Single strand conformational polymorphism (SSCP) analysis and direct sequencing, both of
which are PCR based methods, have been used intensively in this study. PCR ampliﬁcation
products obtained from each reaction of primer and genomic DNA is screened for aberrations
using denaturing high-pressure liquid chromatography (DHPLC) or SSCP (Table 1). DHPLC
analysis using the Wave DNA fragment analysis system was also undertaken. PCR fragments
with aberrant patterns on either DHPLC or SSCP assays were subject to further sequencing
using automated or manual sequencing techniques.
The gold standard for mutation detection currently is sequencing but heterozygous deletions
and duplications are missed. To overcome this problem techniques such as adapter-ligation
mediated allele-speciﬁc ampliﬁcation may be used (Wang et al 2006).
LCA disease chip
A genotyping microarray that includes the disease causing mutations and sequence variants in
the known LCA genes allows for mutation detection in a single reaction. An LCA ‘disease’ chip
has been constructed using (APEX) Arrayed Primer Extension Technology (Asperbiotech). This
technology is rapid, effective, simple and accurate and involves ampliﬁcation of the exons or
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amplicons containing known LCA gene mutations with speciﬁc oligonucleotide primers, which
are hybridised to allele-speciﬁc oligonucleotide probes on a chip. Using this technique multiple
simultaneous mutation analysis is possible, thus identifying known mutations, insertions and
deletions in every new sample tested.
Prenatal diagnosis
If the disease-causing gene in LCA is known for a particular family then speciﬁc PCR primers can be used on fetal-derived tissue samples, e.g. early embryonic cells, chorionic villus
samples, amniotic ﬂuid, fetal blood to detect these LCA mutations. Currently, prenatal diagnosis
using chorionic villus sampling (10-12 weeks gestation), amniocentesis (15-18 weeks gestation)
and fetal blood sampling (17 weeks gestation) are established methods for clinical testing for
aneuploidies and single gene disorders. The knowledge of a prenatal positive test result gives
much needed information about the genetic status.
Preimplantation genetic diagnosis is an earlier, but not widely available, alternate testing
option to prenatal diagnosis and allows selection of unaffected fertilized embryos for establishing pregnancy in couples at risk for transmitting LCA (Kanavakis et al 2002). Preimplantation
genetic diagnosis involves the genotyping of single cells from early embryos produced in vitro
before implantation in the patient’s uterus, which includes polar bodies from the oocyte-zygote
stage, blastomeres from cleavage stage embryos and trophoectoderm cells from blastocysts.
The advantage of preimplantation genetic diagnosis is that it allows diagnosis of affected fetuses and selection and implantation of unaffected fetuses. Preimplantation genetic diagnosis
methods have been commonly employed in the diagnosis of other severe autosomal recessive
and X-linked disease like cystic ﬁbrosis and Tay-Sachs disease respectively.

2.8 Treatment strategies
The diagnosis for most patients has spelt a lifetime of coping with debilitating visual loss as
there have been no treatment options. In the last few decades, greater molecular understanding
of the disease has been possible, paving the way for a new look at treatment options.
2.8.1 Ethical considerations
Genetic testing and prenatal diagnosis carry ethical and moral considerations which should be
debated by society at large before being used as part of a clinical service. As blindness is not life
threatening issues of genetic testing need to be evaluated very carefully. Genetic counseling undertaken for AR LCA implies a 1 in 4 risk for offspring being affected when parents are carriers.
Recurrence risk for the progeny of affected patients is low in the absence of consanguinity, as
noted in a recent study (Hanein et al 2004). When genetic counseling is undertaken, considering
AD LCA, the recurrence risk for children of affected patients is 50%, but the risk of parents of
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CRX-associated LCA patients with de novo mutations having a second child with LCA is less
than 25%.
Therapeutic strategies are too fraught with ethical considerations. Although a good outcome
was reported in the treatment of sub-acute combined immune deﬁcency using gene therapy,
instances of induced cancer were brought to light and clinical trials were suspended (Aiuti et
al 2002, Cavazzana-Calvo et al 2000, Hacien–Bey- Abina et al 2003). Shortly, gene therapy
trials for LCA using RPE65 will be underway following the stringent guidelines of the ethical and
clinical committees.
2.8.2 Current management
Supportive medical management
Refractive errors which have included the correction of astigmatism, hyperopia and myopia with
spectacles have helped a few patients to some degree. Low visual aids assisting in magniﬁcation
and the closed circuit television have been used with some success. Patients have used Braille
and talking books. Guide dogs and mobility aids have added a dimension of independence
in navigation. Support groups have provided help and encouragement for patients and their
families.
Supportive surgical treatment
Although no treatment in LCA is currently curative, several treatment measures have been undertaken in LCA to preserve gross structure and existing visual function. Corrective strabismus
surgery to ensure ocular alignment has been performed for esotropia and exotropia. Laser
correction of hyperopia has not been strongly advocated. In the setting of decreased vision with
altered head posture and face turn the null point in nystagmus, may be surgically corrected.
The Kastenbaum procedure is undertaken to centralize the null zone and it involves rotation
of both eyes, by surgically recessing and resecting the ocular muscles to an equal amount to
maintain the parallelism of the visual axis, thus obliterating the altered head and face posture
and enabling better vision with the nystagmus. This procedure is undertaken in older children
and adults and does not always provide satisfactory results.
When LCA is associated with keratoconus the markedly decreased vision is reduced still
further in the presence hydrops which is basically a hazy cornea resulting from corneal edema
due to breaks in the Descemets membrane with failure of the endothelial pump mechanism.
Medical management in the form of topical hyperosmolar agents is helpful in some instances,
but a corneal transplant may be indicated in recalcitrant or severe corneal haze. Keratoconus
has been treated surgically by donor cadaveric corneal grafts. Cataract removal with intra ocular
implantation has been undertaken in patients to maintain all the best vision possible. Navigational vision and an ability to appreciate contrast are vital for the patients. Cataract surgery has
been beneﬁcial despite severe retinopathy (Sarangapani et al 2002).
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In a continuing effort to understand the evolution of the disease, it is important to examine
the patients at periodic intervals. Serial fundus photography, optical coherence tomography and
electroretinography document the structural and functional changes.
2.8.3 Novel treatment
Treatment for LCA perhaps is becoming a real option now, although considerable preparation
is in order prior to this endeavor. A rational balance between feasibility, efﬁcacy and safety
is necessary to devise adequate guidelines and regulations for all clinical trials (Cavazzana
–Calvo et al 2004). Rods being necessary for cone survival, it becomes essential to replace
degenerating rods to salvage the cones and thus preserve vision. On the other hand it may
also be beneﬁcial to protect the cones from rod mediated cell loss. Either trophic factors or
pharmacologically derived nano molecules mimicking the same function could be used to
prevent the degeneration of cones which are so vital for vision (Mohand-Said et al 1998, 2001,
Sahel et al 2001, Leveillard et al 2004a,b). Gene therapy to correct the underlying molecular
defect, pharmacotherapy, retinal cell transplantation and the use of visual prosthesis are all
being studied extensively.
2.8.3.1 Gene therapy
Great progress has been made in gene therapy studies and the use of animal models in retinal
disease (Friedmann et al 1989, Dejneka et al 2003). The retina is considered to be a region of
immune privilege, thus making it a viable area for gene therapy (Streilein et al 2002). Genetically
based therapy could involve either replacement or suppression of dominant-negative mutations. Gene-replacement therapy has been shown to rescue photoreceptors in a mouse model
of ADRP induced by a rhodopsin mutation (McNally et al 1999).
Adenovirus vectors are non-enveloped, double stranded DNA viruses capable of gene
transfer in retinal cells. Adenoma-associated and recombinant adenoma virus vectors have
been used successfully for gene transfer in the retina (Ali et al 1996, Grant et al 1997, Bennett
et al 1999). Adenoma-associated virus (AAV) and lentivirus have been used to transfect RPE
cells with therapeutic genes to delay photoreceptor death in rodents (Dejneka et al 2001).
AAV-mediated intravitreal therapy has also been shown to reduce lysosomal storage in the
retinal pigment epithelium of adult MPS VII mice. Both histological preservation and function of
the outer nuclear layer in the retina were maintained following therapy (Hennig et al 2004). AAV
vectors have been used for gene transfer in the mouse retina to rescue photoreceptor function
(Ali et al 2000). The heterogeneity of retinal disorders however makes gene based therapeutics
a more difﬁcult option.
Photoreceptor cell rescue noted in rd mice with retinal degeneration has been promising
(Bennett 1996). AAV-Mediated mertk gene transfer slows photoreceptor loss in the RCS rat
model of retinitis pigmentosa and prolonged photoreceptor cell survival and function has been
observed. Similarly the effect of simian lentivirus (SIV)-mediated subretinal gene transfer of pig-
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ment epithelium-derived factor (PEDF), which is a potent neurotrophic factor, Royal College of
Surgeons (RCS) rats protects against progressive photoreceptor cell dysfunction (Miyazaki et al
2003). Thus the success of gene transfer has been demonstrated in several animal models of
retinal degeneration paving the way for a viable therapeutic option in LCA. Despite the eye being
easily accessible for viral vector delivery and gene therapy it is necessary to develop the means
to regulate gene expression. Tet-on, a bacterial gene, has been used to control the expression of genes transferred to the retina (McGuire et al 2004). Delivery of a replacement gene via
inoculation permits integration into the host genome thus facilitating expression and regulation of
cellular function. Replacement gene therapy, wherein one copy of the mutant gene is replaced by
a wild-type has shown effective results of retinal rescue in animal models (Travis et al 1992).
Physicochemical gene transfer using lipofection, and plasmids have been used for transgene
expression and regulation (Chaum et al 1999). Individual mutations have been targeted using
hammerhead ribozymes and siRNA molecules (La Vail et al 2000, Hauswirth et al 2000, a,b).
Lentiviral delivery of phosphoglycerate kinase and elongation factor 1 is able to control the
expression of supporting secreting factors in the RPE and retinal cells respectively, thus slowing
or restoring retinal cells from degeneration. The PGK promoter is useful in targeting speciﬁc
expression in the RPE to either restore function or express a speciﬁc photoreceptor survival
factor. The EF promoter on the other hand may be used to express transgene throughout the
retina and effect cell rescue and survival (Kostic et al 2003). Using human HIV vector mediated
gene transfer photoreceptor cell rescue from retinal degeneration in rd mice has been possible
(Takaheshi et al 1999).
Restoration of visual function in Briard dogs with RPE65-associated LCA; long term survival
of the retina in transgenic autosomal dominant rat models expressing dominant rhodopsin
mutations and preservation of the retina in the RCS rat have contributed encouraging results
(Acland et al 2001). Intraocular gene transfer via subretinal injections, albeit uveitis has shown
remarkable recovery of photoreceptor function in Rpe65-associated LCA dogs. Swedish Briard
dogs with a naturally occurring 4 bp deletion in RPE65 showed improvement of electroretinographic function following injections with recombinant AAV-RPE65 (Narfström et al 2003). An
added milestone in the treatment of congenital blindness as observed in LCA is the use of
successful in utero gene therapy. The in utero delivery of human RPE65 cDNA to the RPE cells
using AAV2/1 capsid in RPE65 knockout mice results in efﬁcient transduction with measurable
levels of rhodopsin and restoration of visual function (Dejneka et al 2004).
As apoptosis may be the ﬁnal common pathway of cell death in retinal degeneration, modifying the process could delay degeneration (Tso et al 1994). Gene therapy using trophic growth
factors enhances the survival both ultra-structurally and functionally of photoreceptors in retinal
degeneration (Ali et al 2000). The use of basic ﬁbroblast growth factor gene into the retina
delayed retinal degeneration in the RCS rat (Akimoto et al 1999, Uteza et al 1999). Similarly
using the anti-apoptotic gene bcl-2 delayed retinal degeneration in mice (Chen et al 1996,
Joseph et al 1996, Bennett et al 1998, Nir et al 2000).
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The protective effect of neurotrophic factors like ciliary neurotrophic factor has been exploited
in gene transfer and a delay in retinal degeneration has been noted (Unoki et al 1994, Cayoutte
et al 1997, 1998). LCA in most instances results in the profound loss of photoreceptor function
and gene therapy directed at this disease involves long-term stable expression of trangenes
for several decades. Despite the pace of translational research in retinal degenerative diseases
being fairly fast, several difﬁculties still need to be overcome. The duration of gene expression
over a life time to confer therapeutic efﬁcacy, inducibility of translational control of transgene
expression and the improved safety of therapy continue to be important issues.
Gene replacement therapy for RPE-based retinal dystrophies rescue photoreceptor function
as noted in the RCS rats with wild type mertk therapy and in Briard dogs with RPE65 gene
therapy (Acland et al 2001, Vollrath et al 2001). Cone loss correlates spatially and temporally
with rod loss (Cidecyian et al 1998, Milam et al 1998, Mohand-Said et al 2001, Sahel et al
2001). Clinical trials using RPE65 gene therapy in adults initially are underway and have strict
guidelines involving both safety and efﬁcacy.
2.8.3.2 Pharmacotherapy
As most mutations affect rods and apoptosis occurs due to a decrease in growth factors and
a disorganized cell cycle modifying this process pharmacologically would be beneﬁcial (Chang
et al 1993). Novel pharmacological molecules slow down the progression of photoreceptor
degeneration in different models rescuing the cones from further death.
Pharmacological modiﬁcation of the retinoid cycle in instances when this pathway is involved
in retinal disease has offered some promising results. Vitamin A supplementation slows down
photoreceptor degeneration in RP (Berson et al 1993, Berson et al 1993). 11-cis retinal therapy
in Rpe65 knockout mice has shown that early administration of a single oral dose of 9- cis
retinal results in the generation of isorhodopsin and restoration of light sensitivity occurs (Van
Hooser et al 2000). Accumulation of retinal esters is decreased and evidence of restored rod
retinal function is noted on electroretinography. Maintenance of rod photopigment for more than
6 months in the dark is observed, demonstrating that pharmacological intervention produces
long lasting preservation of visual function in dark-reared Rpe65 -/- mice (Van Hooser et al
2002).
Neuroprotective molecules introduced into the eye by injections or using viral vectors have
been studied (Cayouette et al 1997). Trophic factors like glial derived neurotrophic factor are
known to slow down photoreceptor degeneration and preserve retinal function (Frasson et al
1999). However ciliary neurotrophic factor induces morphological rescue but causes a paradoxical decrease in photopic and scotopic responses (Cayouette et al 1997, Liang et al 2001,
Bok et al 2002). Although the neuroprotective effect of ﬁbroblastic growth factor 2 is seen both
histologically and functionally, pathogenic neovascularisation is also triggered (Faktorovich et al
1990, Uteza et al 1999, Lau et al 2000). Since both rod and cone dysfunction occurs in LCA
the use of trophic factors in this disorder could be explored.
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Another drug, D-cis-diltiazem, acts on the cGMP gated channels to block the rise in calcium
which occurs in RP. The increase in calcium triggers apoptosis in RP. Calcium channel blockers
thus decrease photoreceptor degeneration in RP (Lee & Tsien 1983, Koch et al 1985). Both
retinal function and morphology were preserved in the rcs rat following therapy with nilvadipine,
also a calcium antagonist (Yamazaki et al 2002). Preserved visual function due to photoreceptor rescue following the use of diltiazem in rd mice has been observed (Frasson et al 1999).
Nevertheless this effect was not demonstrated either histologically or electrophysiologically in
rcd1 dogs with retinal degeneration and mutations in the Pdeb gene (Pearce-Kelling et al 2001).
However, these results depend on the model of retinal degeneration and the type of calcium
blocker used (Yanmazaki et al 2002).
The use of endogenous viability factors which prevent indirect cone degeneration following
rod loss will be useful in retinal degeneration. Rod dependent cone viability factors may be
suitable for pharmacological replacement (Leveillard et al 2004). Treatment with isotretinoin
(Accutane) inhibits lipofuscin accumulation, delaying visual loss in retinal degeneration caused
by mutations in the Abca4 gene (Radu et al 2003).
A combination of taurine, diltiazem and Vitamin E intake has been shown to retard the
progressive visual ﬁeld defects observed in human RP (Pasantes–Morales et al 2002). Decosohexanoic acid supplementation has also improved the visual and electroretinographic status in
juvenile Stargardt disease as noted in a case study (Macdonald et al 2004).
2.8.3.3 Cell transplantation
Since LCA is a heterogeneous disease implicating genes involved in several different pathways
the use of cell transplantation circumvents individual gene-related mechanisms of overcoming
retinal degeneration. Transplantation serves to replace damaged cells or provide growth and
survival factors to cells to prevent further cell death.
RPE transplants provide beneﬁcial effects to the adjacent photoreceptor cells. The RPE
cells have been introduced into the subretinal space either transvitreally or transsclerally. Both
cadaveric and fetal RPE cells have been used in humans with not entirely successful results. The
main disadvantages have included poor synapse formation, immune reactions and decreased
cell survival all resulting in no restoration of visual function. The RCS rat, which has a normal
retina at birth, shows degeneration of the photoreceptors due to defective phagocytosis, thus
making it a good model for RPE transplantation. Following transplantation of RPE, a delay in
the loss of photoreceptors, restoration of normal metabolism and an improvement in visual
function have been observed (Gouras et al 1989, Sheedlo et al 1989, LaVail et al 1992, Jiang
& Hamasaki 1994, Whiteley et al 1996). Cortical function is preserved in these rats following
RPE transplantation (Lund et al 2003). Immortalised RPE, porcine or autologous RPE have
been used. Fetal RPE cells have shown poor survival due to unavailability of extracellular matrix
receptors required for attachment and spreading for repopulation (Girman et al 2003). Allogenic
fetal retinal pigment epithelial cell transplants in patients with geographic atrophy resulting from
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age–related macular degeneration (ARMD) have led to an immunogenic reaction (Weisz et al
1999).
Photoreceptor cell transplants replace degenerating tissue. However, photoreceptor cell
transplants are a more difﬁcult proposition as they pose numerous problems to culture (Lund et
al 2001). The role of stem or precursor cell transplants in retinal degenerative disease provides
a potential route to photoreceptor cell renewal. New neurons are generated continuously from
stem cells in the different parts of the mammalian retina (McKay 1997, Gage 2000, Momma
et al 2000, Zhao et al 2003). This property has been exploited in neuro-degenerative disease.
Persistent neurogenesis has been observed in the mature retinas of telost ﬁsh (Otteson et al
2003). Retinal progenitors are located in the peripheral ciliary margin which gives rise to new
neurons, however this is not demonstrable in mammalian retinas making neurogenesis more
challenging (Kubota et al 2002). Photoreceptor survival following stem cell transplants occurs
due to the release of trophic factors both close to the transplant and away from it (Mohand-Said
et al 1997, 2001, Sahel et al 2001). Following transplantation of embryonic cells in the subretinal
space, the transplants survive, differentiate and the neuronal ﬁbers synapse to be able to mediate light and dark preferences (Aramant et al 1995). Rod dependent cone viability factors play
a role in the rescue process (Fintz et al 2003).
2.8.3.4 Retinal prosthesis
Another experimental treatment option is the use of a visual prosthesis which uses electrical
stimulation to bypass damaged nerve endings. This approach has been successful in cochlear
implants in the treatment of deafness. In the treatment of retinal degenerative disorders, retinal
prosthesis have been used on an experimental basis (Margalit et al 2002). Both the crude
appreciation of the sensation of light and the ability to detect motion has been possible using
these prosthesis (Weiland et al 2005). It is hoped that the development of silicon chip eye
implants will bypass damaged rods and cones, pass on signals to ganglion cells restoring vision
lost from retinal degeneration (Rizzo et al 2001). It has been shown that implantable electronic
devices are capable of transferring visual signals to the brain (Yagi et al 1999). The occipital cortex is not totally dysfunctional in the absence of light sensitive input but activation of the visual
cortex is observed by positron emission tomography scanning and during functional magnetic
resonance imaging while Braille reading and the period of cross-modal plasticity extends into
the second decade of life in the blind (Cohen et al 1999, Sadato et al 2004). This involves tactile
somatosensory pathways, paving the way for understanding visual–neural pathways in visual
loss since infancy (Sadato et al 1998). Understanding the connections and ﬁring mechanisms
between ganglion cells and the visual cortex via the lateral geniculate body is an initial step in
deciphering visual and neural coding (Kara et al 2003).
In the last decade, implants of a basic prototype have resulted in the ability of markedly
visually impaired subjects to appreciate shades of light and outlines of objects (Humayun et al
2003, Rizzo et al 2003). Permanent implants are still being perfected and understanding visual
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neural coding thoroughly may be the key to success in this endeavor. Electrical stimulation of
the eye evokes phosphenes with gross two-point discrimination and spatial orientation (Dobelle
et al 1974, Dobelle & Mladejovsky 1974). Retinal implants placed subretinally or epiretinally rely
on the normal connectivity and function of the second order neurons (Humayun et al 1998).
Micro-photodiodes convert light into electricity which is delivered to the adjacent tissue
using microelectrodes (Chow et al 2002, Zrenner et al 2002). Retinal visual improvement occurs possibly due to neurotrophic-type rescue and the subretinal electrical stimulation of the
retina also leads to visual cortical responses (Chow et al 2004). Epiretinal stimulation of retinal
ganglion cells causes crude pattern recognition. Light entering the eye is converted into a
pattern of electrical pulses which is decoded by an electrode array resting on the retinal surface
and 820-nm laser is transmitted to a micro fabricated polyamide array receiver which is in
contact with the retinal ganglion cell layer and the induced perception of retinal stimulation are
ascertainable (Rizzo et al 2003,a,b). The artiﬁcial silicone retina developed by Optobionics is
a micro photodiode array that converts light energy to electrical impulses and stimulates the
remaining functional retinal cells (Chow et al 2002). Human trials are underway using this chip
with great attention being paid to patient selection (Yanai et al 2003, Chow et al 2004).
A hybrid retinal implant placed subretinally uses a microelectromechanical system with transplanted neural cells serving as live wires, and the new axons are guided to the central nervous
system using axon-guided substrates, thus establishing connectivity even in the absence of
ganglion cells and a functional optic nerve. This system makes use of a photo sensor in the
anterior chamber and a signal decoder in the subretinal space. Transretinal electrical stimulation
using multichannel arrays have shown efﬁcient results (Nakauchi et al 2004). Electronic photoreceptor prosthesis are limited by their biocompatibility, longevity, stability and image quality
(Zrenner et al 2002).
2.8.3.5 Cortical devices
Implantation of a cortical stimulation unit attached to a camera and a laptop computer has
been able to increase the visual potential (Dobelle 2000). Intracortical microelectrode visual
prosthesis array implantation into area IV of the cortex with connections to an electronic module
driven by responses sent to transcutaneous link have also been developed and artiﬁcial vision
for the blind by electrical stimulation of the visual cortex may be realized (Dobelle et al 1979).
Neurotransmission using chemicals instead of electrodes for stimulation of the brain have
been developed. Spatio-temporally controlled neurotransmitter release has a higher speciﬁcity
of stimulation and spatial resolution. A rapid temporal response is noted with this microﬂudic
prodrug delivery channel system that uses caged glutamate release by an ultraviolet light delivery
to the brain (Lezzi et al 2003). Finally as both tactile and auditory pathways are well developed
in subjects with profound loss of vision, voice and tactile technology is being made use of to
simulate vision as clearer understanding of cross-modal links in spatial attention is established
(Macaluso 2000, Hillis et al 2002).
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François 1968). The electroretinogram (ERG) is extinguished or severely reduced (Franceschetti 1954). LCA
is largely a recessive disease, although autosomal dominant pedigrees have been identified (Sorsby et al. 1960;
Heckenlively 1988). To date, three genes for LCA have
been identified and sequenced: retinal guanylate cyclase
(GUCY2D) on chromosome 17p13; retinal pigment epithelium protein (RPE65) on chromosome 1p31; and
cone-rod homeobox (CRX) on chromosome 19q13.3.
One additional locus has been identified on chromosome
14q24 (Stockton et al. 1998). We show evidence for
linkage to chromosome 6q11-16 in a multigenerational
kindred of Old Order River Brethren. The disease gene
maps to a 23-cM interval flanked by DNA polymorphic
markers D6S1551 and D6S1694, with a maximum twopoint LOD score of 3.38 (recombination fraction [v]
zero) at D6S391. Two candidate genes on chromosome
6 were screened for mutations: gamma aminobutyric
acid rho1 and rho2 (GABRR1 and GABRR2) at 6q1421 (Cutting et al. 1992), and interphotoreceptor matrix
proteoglycan
(IMPG1) at 6q13-15 (Gehrig et al. 1998).
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in two related sibships (fig. 1) who were initially evaluated at the Johns Hopkins Center for Hereditary Eye
Diseases (JHCHED) and who are being followed annually. The patients presented with visual acuities in the
order of 20/100–20/400, nystagmus, high hypermetropia, poor pupillary reflexes, and normal fundi. Progressive hypermetropia and increasing peripheral retinal
mottling, of varying degree, were noted. The ERG was
abolished. Review of other systems was unremarkable.
We report a novel locus for LCA (LCA5) in this pedigree,
on chromosome 6q11-16, by linkage analysis and homozygosity mapping.
Venous blood samples were obtained from 27 family
members of the Old Order River Brethren community
and a cheek brush sample was obtained from an infant
(individual 29). Consents were obtained in accordance
with regulations of the Johns Hopkins Medical Institutions’ Joint Committee on Clinical Investigation. DNA
was isolated from whole blood by means of the QIAamp
Blood Kit (Qiagen), according to the manufacturer’s in-
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Figure 1
Pedigree of family with LCA. Blackened symbols represent affected individuals. Blackened bars indicate disease-linked haplotype. Genotype (in parentheses) is inferred. Markers are
listed in order, from centromere to telomere. Critical recombination events are noted in individuals 29 and 24 at markers D6S1551 and D6S1694, respectively.

structions. The alkali method was used to obtain DNA
from the single cheek sample.
Initially, the affected members and their ﬁrst-degree
relatives were screened to exclude linkage to the regions
of the previously described genes involved in LCA on
chromosomes 1, 17, and 19. The screen was then extended, by use of the whole-genome 8A multiplex version of markers spaced at 20 cM (Research Genetics).
A region of homozygosity was identiﬁed on chromosome
6q. Further analysis, with additional markers in all potentially signiﬁcant family members, was undertaken.
Marker information was obtained from the Genome
Database.
PCR-based genotyping, with ﬂuorescent labeled
markers, was performed by means of the Applied Biosystems 373 automated DNA sequencer. PCR reactions
were performed in a 9600 Perkin Elmer thermocycler,
and the PCR products were checked for ampliﬁcation
with a 3% agarose gel (Saiki et al. 1988).
The ampliﬁed PCR product was genotyped by means
of the automated DNA sequencer. GENESCAN ANALYSIS 2.0.0 and GENOTYPER version 1.1 software were
used, to size the PCR products and to analyze the data.
Allele sizes were scored by two independent observers.
Two-point linkage analysis was performed by use of
the MLINK option of the FASTLINK program, version
5.1 (Lathrop et al. 1984; Cottingham et al. 1993.) In
this pedigree, LCA was analyzed as an autosomal recessive trait with complete penetrance, with an assumed
allele frequency of .0032. A total of 40 microsatellite
markers (Research Genetics) on chromosome 6 were analyzed, to determine the minimum region containing the
new gene (Lander and Botstein 1987). Marker allele frequencies were estimated by means of the Genetic Analysis System, version 2.0 (Young), and GCONVERT
(Duffy). The ﬁnal LOD scores were computed by means
of the allele frequencies generated by the GCONVERT
program. Recombination frequencies for males and females were assumed to be equal. All inbreeding loops
in the family were disconnected for computational reasons (Ott 1991) (ﬁg. 1).
The GENEHUNTER program was used to perform
multipoint linkage analysis against a ﬁxed map of 17
informative markers, with an assumed equilibrium between marker and test loci (Kruglyak et al. 1996). These
markers were selected from the original 40 microsatellite
markers because they were highly polymorphic and their
relative orders and map distances were well estimated
in public databases. The comprehensive genetic map of
the Center for Medical Genetics, Marshﬁeld Medical Research Foundation, provided the sex-averaged genetic
distances for the markers noted in ﬁgure 1. The same
map provided the order for 37 markers. The remaining
three markers were placed by means of the Genome
Location Database. Subsequently, the genetic framework

map from the Center for Medical Genetics, Marshﬁeld
Medical Research Foundation, reduced the 37 markers
to 23, indicating that some markers occurred at identical
positions. Thus, in the analyses in which multiple markers had identical positions, the markers with reduced
information content were dropped in favor of those with
better information content.
Multipoint LOD scores were computed with the same
model described above for two-point analysis. Multipoint nonparametric linkage (NPL) scores were also
computed with the use of only the affected individuals.
Because of the inherent limitation on pedigree size in the
GENEHUNTER program, the large pedigree was
trimmed and broken into two separate units, accounting
for some potential loss of power in the analysis. The
data were examined for regions of allelic homozygosity
in the affected individuals (Dib et al. 1996). Haplotype
analysis was used to further deﬁne the interval containing the disease locus (Lathrop et al. 1985).
The following retina-speciﬁc genes on chromosome 6
were evaluated for the presence of disease-causing mutations: the GABRR1 and GABRR2 genes on chromosome 6q14.1-21 (Cutting et al. 1991, 1992) and the
IMPG1 gene on chromosome 6q13-15 (Gehrig et al.
1998) (ﬁg. 2).
GABRR1 and GABRR2 are assumed to have arisen
by gene duplication and share a 50% homology with
each other. GABA is a neuroinhibitory transmitter mediating fast synaptic inhibition by activating chloride
channels. GABRR1 is expressed largely in the retina;
GABRR2 is expressed primarily in the brain. GABRR1
expression in the developing retina suggests its possible
role as a candidate gene. In exons 1 and 4, polymorphic
changes were identiﬁed. This did not change in the
amino acid. These polymorphic changes were also identiﬁed in the normal population. No sequence changes
were noted in GABRR2.
IMPG1, a novel gene encoding a major proteoglycan
of the interphotoreceptor matrix, is expressed in the retina by both rods and cones and maps to 6q13-15; it was
considered a further candidate gene for LCA (Gehrig et
al. 1998). No signiﬁcant changes were noted after the
17 coding exons of this gene were sequenced.
Linkage of LCA in the Old Order River Brethren was
found at chromosome 6q11-16, supported by statistically signiﬁcant two-point LOD scores with maximum
LOD score (Zmax) 3.38 (v = 0) at D6S391 (table 1). Haplotype analysis of recombination events localizes the disease locus to a region of 23 cM, ﬂanked by D6S1551
and D6S1694, thus identifying a new locus for LCA.
Critical recombinant events were observed at marker
D6S1551 in individual 29, who is unaffected, and at
marker D6S1694 in individual 24, who is affected, deﬁning the centromeric and telomeric boundaries, respectively. A common haplotype covers the region in all
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Figure 2
Results of multipoint LOD score analysis using the GENEHUNTER program. The centromere is located toward the left of the
graph. Maximum LOD scores were obtained between markers D6S391 and D6S450.
the affected individuals (ﬁg. 1). Homozygosity of other
highly informative markers across the candidate region
was noted.
The maximum multipoint LOD score was 3.10 between D6S391 and D6S450, a 9.5-cM interval (ﬁg. 2).
The multipoint NPL score was signiﬁcant, with P !
.004 for a 23-cM region. Sequencing of candidate genes
GABRR1 and GABRR2 and IMPG1 revealed polymorphic changes only.
LCA in the Old Order River Brethren, a highly inbred
community, maps to a 23-cM interval on chromosome
6q11-16, as deﬁned by linkage analysis and homozygosity mapping. Since this population is genetically isolated, and since LCA is quite rare, we presume that a
single common ancestor was a carrier for this recessive
trait (Lander and Botstein 1987). The large size of the
region of homozygosity in the family and the history of
migration indicate the recency of the mutation in the
population (ﬁg. 1).
LCA in this pedigree was not associated with multisystem abnormalities. Renal function remains normal.
Neurological and hepatic function were within normal
limits. The patients are of normal stature and intelligence. Neither photophobia nor photoattraction was reported in infancy, although pressing on the globes (the
digito-ocular phenomenon of Franceschetti-Bamatter)
played a prominent part in childhood behavior (Fran-

ceschetti 1954). Visual dysfunction, nystagmus, and the
digito-ocular phenomenon were noticed in early infancy.
A high hyperopic refractive correction was noted in all
the patients (Wagner et al. 1985). Ophthalmoscopic examination in infancy revealed normal fundi, but in childhood, attenuated retinal vasculature with a varying degree of pigmentary changes was noticed. Electroretinography showed a markedly reduced response in the
affected individuals. Vision has been stable in all affected
members of the family who have been followed clinically
at JHCHED.
Genetic studies have identiﬁed a large region on chromosome 6q responsible for several retinal dystrophies
(Small et al. 1992, 1993, 1997; Stone et al. 1994; Kelsell
et al. 1995, 1998; Sauer et al. 1997; Griesinger et al.
1998; Rabb et al. 1998; Ruiz et al. 1998). LCA5 lies in
the overlapping region of autosomal recessive RP at
6cen-q16 (Ruiz et al. 1998), progressive bifocal chorioretinal dystrophy (PBCRA) at 6q12-21 (Kelsell et al.
1995), North Carolina macular dystrophy at 6q14-16.2
(Small et al. 1993), Stargardt-like dominant macular degeneration (STGD3) at 6q13 (Stone et al. 1994; Griesinger et al. 1998), and dominant cone-rod dystrophy
(CORD7) at 6q13-15 (Kelsell et al. 1998) (ﬁg. 3). The
occurrence of multiple loci so closely spaced in the genome could indicate the presence of a number of retinal
genes in continuum, since the phenotype of all these
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retinal dystrophies, their ophthalmologic appearance,
age at onset, and the extent and pattern of visual loss
are varied. On the other hand, like the ABCR gene mutations that cause autosomal recessive retinitis pigmentosa (Martinez-Mir et al. 1997, 1998), juvenile and lateonset fundus ﬂavimaculatus (Allikmets et al. 1997a),
cone-rod dystrophy (Cremers et al. 1998), age-related
macular disease, and recessive Stargardt disease (Kaplan
et al. 1993; Gerber et al. 1995, 1998; Allikmets et al.
1997b), leading to distinct phenotypes (Lewis et al.
1999), it is possible that a single large gene in the proximal centromeric portion of the long arm of chromosome
6 could cause a myriad of retinal dystrophies, LCA being
the most severe.
Perhaps LCA5 is allelic with STGD3, RP25, CORD7,
MCDR, and PBCRA. It is conceivable that mutations
in different sites cause different structural alterations in
the predicted protein, predisposing to varying phenotypes (Rozet et al. 1998).
The three other genes causing LCA are known to cause
other phenotypically varied retinal dystrophies as well,
raising the possibility of a similar situation in the LCA5
gene. GUCY2D mutations (LCA1) have been identiﬁed
in autosomal dominant cone-rod dystrophy (Kelsell et
al. 1998), although RPE65 (LCA2) mutations cause autosomal recessive retinitis pigmentosa as well as LCA
(Morimura et al. 1998). Mutations in the cone-rod homeobox gene are now known to cause autosomal dominant cone-rod dystrophy, LCA, and late-onset dominant

Figure 3

Chromosome 6 ideogram, showing the location of candidate genes screened and retinal disease loci in the region.

retinitis pigmentosa (Sohocki et al. 1998). It is currently
possible to identify mutations of the known LCA genes
in less than one-third of the patients with LCA (Dharmaraj et al. 1999). The isolation of another locus for
this retinal disorder, LCA5, on chromosome 6q, will
account for an additional proportion of patients with

Table 1
Two-Point LOD Scores for Linkage between LCA and Chromosome 6 Markers
LOD SCORE AT v =
ORDER
D6S257
D6S1628
D6S1658
D6S430
D6S1551
D6S1619
D6S1596
D6S391
D6S1707
D6S251
D6S445
D6S1627
D6S1644
D6S1631
D6S450
D6S1056
D6S300
D6S1716
D6S1694
D6S1717
D6S261

.00

.01

.50

.10

.20

.30

.40

vmax

Zmax

⫺1.33
⫺1.24
⫺1.23
⫺1.17
⫺1.32
1.20
1.23
3.38
3.15
3.22
2.97
2.33
2.20
2.70
2.28
1.47
1.24
.08
⫺.40
⫺.73
⫺1.18

⫺.17
1.00
⫺.63
1.41
.27
1.17
1.20
3.30
3.07
3.14
2.89
2.28
2.15
2.63
2.23
1.42
1.33
.10
⫺.31
⫺.74
⫺.60

.67
1.49
⫺.15
1.85
.82
1.03
1.10
3.00
2.76
2.83
2.59
2.07
1.93
2.38
2.01
1.22
1.43
.13
⫺.14
⫺.77
⫺.10

.92
1.52
.04
1.82
.94
.87
.96
2.62
2.37
2.45
2.23
1.82
1.66
2.07
1.74
1.02
1.36
.14
⫺.07
⫺.77
.10

.93
1.29
.19
1.46
.88
.59
.71
1.87
1.63
1.71
1.56
1.33
1.17
1.47
1.24
.70
1.07
.13
⫺.07
⫺.65
.23

.71
.93
.18
1.00
.67
.36
.47
1.16
.98
1.06
.98
.87
.74
.93
.79
.46
.71
.11
⫺.07
⫺.43
.21

.39
.49
.11
.51
.37
.17
.23
.55
.47
.50
.48
.43
.35
.45
.38
.23
.35
.08
⫺.04
⫺.20
.13

.145
.084
.239
.066
.117
.001
.001
.001
.001
.001
.001
.001
.001
.001
.001
.001
.050
.090
.848
.827
.231

.97
1.53
.20
1.86
.95
1.20
1.23
3.38
3.15
3.22
2.97
2.33
2.20
2.70
2.28
1.47
1.43
.14
.19
.39
.23
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an identiﬁable gene mutation. Recruitment of additional
families with LCA to further narrow the critical region
is under way, and candidate gene analysis continues.
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Abstract Leber congenital amaurosis (LCA, MIM 204001) is a clinically and genetically heterogeneous retinal disorder characterized by
severe visual loss from birth, nystagmus, poor pupillary reflexes, retinal pigmentary or atrophic changes, and a markedly diminished electroretinogram (ERG). Purpose: To examine 100 consecutive patients
with LCA in order to assess the relative burden of the three known
genes involved in LCA, namely retinal guanylyl cyclase (GUCY2D),
retinal pigment epithelium protein (RPE65), and the cone-rod homeobox
(CRX), and to define their clinical correlates. Methods: Mutational
analysis and detailed clinical examinations were performed in patients
diagnosed with LCA at the Johns Hopkins Center for Hereditary Eye
Diseases and the Montreal Children’s Hospital.. Results: Mutations were
identified in 11% of our patients: GUCY2D mutations accounted for
6%, while RPE65 and CRX gene mutations accounted for 3% and 2%,
respectively. The clinical presentation was variable; however, the visual evolution in patients with mutations in GUCY2D and CRX remained
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stable, while individuals with mutations in the RPE65 gene showed
progressive visual loss. Conclusions: This study suggests that molecular diagnosis of Leber congenital amaurosis could provide important
information concerning prognosis and course of treatment.
Key words Leber congenital amaurosis; heterogeneity; mutations;
phenotype-genotype correlation
Introduction Leber congenital amaurosis is a heterogeneous inherited retinal disorder presenting in infancy with severe visual loss,
nystagmus, sluggish pupillary responses, variable ophthalmoscopic appearance, and an extinguished ERG.1,2 The retina may appear normal,
or varying degrees of pigmentary disturbance or atrophy may be evident.3,4 Additional ocular features may include high degrees of myopia
or hypermetropia, cataracts, and keratoconus.5,6 The diagnosis of LCA
is based on clinical evaluation and the absence or severe attenuation of
scotopic and photopic electroretinographic responses.2 Clinical and
genetic heterogeneity have been demonstrated.7-9
LCA has been associated with polycystic kidney disease (SeniorLoken syndrome) and cone-shaped epiphyses (Saldino-Mainzer disease).
Osteopetrosis and neurodevelopmental abnormalities have also been
reported.10-15
Four causative genes and two additional loci have been identified to
date in patients with LCA.16-22 The presence of a fifth gene has been
speculated.23
Mutations were identified in the retinal guanylyl cyclase gene
(GUCY2D) LCA1 (OMIM #204000) or RETGC-1 involved in the phototransduction cascade.16 Marlhens et al.17 reported mutations in the
RPE65 gene, the protein of which is essential in vitamin A metabolism
LCA2 (OMIM#204100). CRX, a cone rod homeobox gene encoding a
transcription factor was identified as the third gene causing LCA.18,19
LCA4, (OMIM#604393) AIPL1, (OMIM *604392) an aryl hydrocarbon protein-like gene expressed in photoreceptors and the pineal gland
has been implicated as the fourth gene.20 Mutations have been reported
in guanylate cyclase-activating protein GCAP3 involved in phototransduction on chromosome 3q13.23 Additional loci have been mapped to
chromosome 14q24, LCA3 (OMIM *604232) and chromosome 6q11q16 LCA5, but no genes to date have been identified in these regions.21,22
Our study was undertaken to determine the relative burden of the
three initially identified genes in 100 consecutive probands diagnosed
with LCA and to correlate genotype with phenotype.
Patients and methods
patients Our 100 probands were diagnosed either at the Johns Hopkins Center for Hereditary Eye Diseases or at the Montreal Children’s
Hospital and are of worldwide distribution. Informed consent was obtained in accordance with the Johns Hopkins Medical Institutions or
McGill University ethical protocols and venous blood was collected in
EDTA tubes. A complete history was elicited on all of the patients and
detailed physical and ocular examinations were performed. The diag-

138

Sharola BW.indd 138

29-May-07 10:45:53 AM

nostic criteria included severe visual loss since infancy, nystagmus,
poor pupillary responses, and abolished ERGs. The ERGs were performed in accordance with the International Society for Clinical Electrophysiology of Vision (ISCEV) criteria in most of the patients. Refsum’s disease, peroxisomal disorders, abetalipoproteinemia, and Batten’s
disease were excluded.
methods DNA was extracted from peripheral blood leukocytes using the standard phenol-chloroform method.25 All patients were tested
for mutations in GUCY2D, RPE65, and CRX. One hundred normal
control chromosomes were analyzed for each of the genes.
GUCY2D PCR-SSCP analysis was undertaken to identify mutations.
SSCP variants were sequenced directly and mutations confirmed by
restriction digestion and compared to 100 normal controls.26 A total of
100 ng of genomic DNA was used in a 25 ªl reaction mixture containing 1.25 M of dCTP, dGTP, and dTTP, 6.25 M dATP, 0.60 U Taq
polymerase, and 35S dATP (12.5 mCi/ml NEN) as tracer. Sequences
and conditions for the primers of the 20 exons were obtained from
previously published data.16 Restriction enzyme analysis was undertaken using PCR products that were digested overnight with appropriate
enzymes, and were analyzed by gel electrophoresis. SSCP analysis was
performed.27 Two sets of conditions were used and fragments were
analyzed on a 6% acrylamide gel using 5% or 10% glycerol. SSCP
fragments with an aberrant migration pattern were sequenced directly
from the PCR product using 35S dATP (Sequence PCR Product Sequencing Kit, usb) and the amplifying primers.
RPE65 PCR-SSCP analysis was performed for the 14 exons of the
RPE65 gene. SSCP variants were sequenced manually and confirmed
using restriction enzyme digestion. A total of 80 ng genomic DNA was
used in a 25 ªl PCR reaction mixture along with 2.5 ªl 10X PCR buffer
(Perkin Elmer, NJ, USA), 0.5 ªl of 10 ªM forward and reverse primers,
2.5 ªM dNTPs, 1 ªl of 12.5 Ci 35S-dATP and 35SdCTP, and 0.5 ªl Taq
polymerase. Primer sequences were obtained from previously published
data.17 The products were checked for amplification using a 3% agarose
gel. SSCP was performed. Samples with aberrant migration patterns
were sequenced directly from amplified PCR products. The PCR
products were separated on a 1.6% low melting-point agarose gel; the
appropriate bands excised, treated with β-agarase, and subsequently
purified using phenol-chloroform. Direct sequencing of the purified
PCR product using the ThermoSequenase Radiolabeled Terminator
Cycle Sequencing Kit with 33P labeled dideoxy nucleotides (usb) according to the manufacturer’s instructions was performed.
CRX Following PCR amplification, all three exons were either sequenced manually or automatically. A total of 200 ng DNA was used
in a standard 50 ªl PCR reaction mixture containing 5 ªl of 10X PCR
buffer (Perkin Elmer), 2.5 ªM dNTP, 0.25 ªl Taq polymerase, and 2
ªl each of forward and reverse primers. Annealing temperatures and
primer sequences were obtained from published data.19 Following PCR
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amplification, fragments were analyzed on an 8% PAGE gel with ethidium bromide staining. Direct manual sequencing using the ThermoSequenase Radiolabeled Terminator Cycle Sequencing Kit with 33P labeled dideoxy nucleotides (usb) were performed according to the
manufacturer’s instructions. Samples from 12 probands were sequenced
using the automated Perkin-Elmer ABI Systems Sequencer (Version
100).
Results
mutations
GUCY2D The observed mutations are as outlined in Table 1. Mutations were identified in the GUCY2D gene in six patients. Only two of
the six mutations were homozygous. Patients harboring these mutations
presented with severe visual loss, but have remained stable. The homozygous 1 bp deletion in exon 1 at position +56 in the 5'UTR region
detected in an Afghani proband, the product of a consanguineous union,
segregated in the family. The same mutation was found in a heterozygous state in an Egyptian proband.
The second homozygous mutation (patient #6) was also detected in
an Egyptian proband, the product of a consanguineous mating, and
involved the catalytic domain in exon 17, causing a 10 bp deletion
followed by a 4 bp insertion (Fig. 1). The mutant protein hinders retinal
guanylyl cyclase (RetGC) activity causing severe visual loss. This
nucleotide rearrangement results in the loss of conserved amino acids
His1019, Val1020, Asn1021, and Leu1022, with the insertion of valine
and threonine. No frameshift was created.
One compound heterozygote (patient #3) of non-consanguineous
Egyptian origin had mutations in exons 2 and 3 that code for the extracellular domains. Leu 325 is highly conserved and the change to
proline is likely to be significant since the secondary amino group
alters the folding of the extracellular tail of the enzyme in a hydrophobic environment.
Three heterozygous mutations in GUCY2D were identified. Despite
complete sequencing of the entire coding region, it has not been possible to identify the second mutation. Two of these mutations, P858S
and L954P, in the catalytic domain are missense mutations and occur
in highly conserved portions of the gene (Fig. 2). A proline to serine
table 1. GUCY2D mutations.

Patient
no.

Exon

Type

Base
change

Amino acid
change

Domain

1
2
3

1
1
2
3
13
15
17

Hom
Het
Het
Het
Het
Het
Hom

DelG (+56)
DelG
G387A
T1047C
C2645T
T2934C
4 bp ins/10 bp del

5'-UTR
5'-UTR
Cys105Tyr
Leu325Pro
Pro858Ser
Leu954Pro

5'-UTR
5'-UTR
Extracellular
Extracellular
Catalytic
Catalytic
Catalytic

4
5
6
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Fig. 1. GUCY2D mutation from
patient #6. DNA sequence of part of
exon 17 showing insertion of 4 bp and
a deletion of 10 bp, resulting in the
loss of His1019, Val1020, Asn1021,
and Leu1022 and with the insertion of
valine and threonine.

Fig. 2. Pedigree and nucleotide
sequence from patient #5.
Heterozygous mutation L954P
detected in exon 15 of GUCY2D in the
proband and father.
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Exon

Base pair
change

Amino acid
change

4
4
5
10
12
13
17
19
20
8
10

G1192G
C1309T
A(-28)G
G2182A
T2418A
G(+37)T
G(+32)T
C3355T
C3528T
A1790G
C2174T

Val373Val
Asp412Asp
Intronic change
Ala703Ala
Leu782His
Intronic change
Intronic change
Leu1094Leu
3’UTR
Ile573Val
Pro701Ser

table 2. GUCY2D sequence
variants.

Restriction
enzyme

MboI created
DdeI destroyed
BsrBI destroyed
PvuII destroyed
MnlI destroyed
BfaI created
MspI created
ScrFI destroyed

Patient
origin

Domain

Egyptian
Egyptian
Multiple
Multiple
Multiple
Multiple
Multiple

Extracellular

Multiple
Greek
Multiple

Transmembrane
Kinase-like
Kinase-like
Catalytic
Catalytic
Catalytic
3’UTR
Kinase-like
Kinase-like

change alters the polarity considerably, while the substitution of proline for leucine adds a secondary amino group causing an alteration in
binding. The heterozygous mutation in the 5’UTR segregates in the
family. Fifty percent of all probands had at least one identifiable polymorphism (Table 2).
RPE65 Three mutations were identified in the RPE65 gene. Two were
homozygous, while one was heterozygous (Table 3). The V19 2 bp
deletion in exon 2 was identified in a Syrian proband, the product of
a consanguineous union. This caused a frameshift leading to premature
truncation of the protein (Fig. 3).
E102STOP was identified in a Greek family of consanguineous mating. A homozygous nonsense mutation in exon 4 was detected in both
affected siblings, while the parents were heterozygous carriers.
A heterozygous mutation was detected in intron1-4. A G→A transition involving a splice site was observed in the product of a nonconsanguineous mating.
CRX The CRX mutations accounted for 2% of mutations in our study.28
Both were heterozygous frameshift mutations (Table 4). The L2371bp
deletion in exon 3 creates an alternate reading frame and eliminates the
original stop codon leading to elongation of the protein. The P9ins1bp
in exon 1 in a proband of multiple origin was also identified in one of
the parents who was clinically normal. The null allele causes a total
disruption of the predicted protein further downstream causing a lack
of the homeodomain, the WSP motif, and the OTX tail.
Sequence variants in two genes We report a special case wherein
sequence variants in more than one gene were identified. Sequence
variants in the kinase homology domain of GUCY2D were found in a
patient. This GUCY2D variation did not cosegregate both of the affected
probands in the family, but was detected only in the worse-affected
sibling in the pedigree. The Pro701Ser alteration in GUCY2D was not
identified in 100 controls. LCA5 on chromosome 6 has been implicated
as the second locus in both siblings.
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table 3. RPE65 mutations.
Patient no.

Exon

Mutation

Type

7

4

Nonsense

8

2

9

Int-4

E102X
Homoz.
V19del12bp
Homoz.
G→A
Heteroz.

Frameshift
Splice

Fig. 3. Homozygous RPE65 mutation
V19del2bp from patient #8 and
control. Partial nucleotide sequence of
exon 2 showing deletion of
nucleotides 57 and 58, as indicated by
the dot in the sequence of the control.

table 4. CRX mutations.
Patient no.

Exon

Mutation

Type

10
11

1
3

P9ins1bp
L237del1bp

Heteroz.
Heteroz., de novo

Discussion
analysis of mutations Leber congenital amaurosis is the earliest
and most severe form of retinal dystrophy. This study presents a spectrum of mutations and their clinical correlates. All 11 reported mutations are novel and several new polymorphisms were identified.
Perrault et al.16 identified mutations in GUCY2D in eight out of 15
families with LCA, while Camuzat et al.8 reported five mutations in 18
families. In our study of 100 probands, we identified six new mutations
in GUCY2D.

Mutational analysis and clinical correlation in Leber congenital amaurosis 143

Sharola BW.indd 143

29-May-07 10:45:54 AM

Perrault et al.29 reported mutations in RPE65 in eight out of 15 families with LCA. Morimura et al.30 detected mutations in ~16% of cases
with the disorder. In comparison, we report mutations in the RPE65
gene in 3% of our probands.
Freund et al.18 identified two de-novo mutations in the CRX gene out
of 74 patients with LCA. Our study accounts for 2% of patients with
identifiable CRX mutations.
Overall, Perrault et al.31 were able to account for mutations in 27%
of their patients with LCA, while Lewis et al.32 reported eight mutations in 45 multiplex families.
We were able to demonstrate that GUCY2D mutations are distributed
worldwide and occur in diverse ethnic groups. RetGC1 is an important
component of the phototransduction cascade and was purified from rod
photoreceptors.33 GUCY2D maps to chromosome 17p13.1, and the predicted protein sequence has structural domains that are well conserved
and closely related to other membrane cyclases.34 The mutations identified predict changes in the highly conserved region: two missense
mutations, two each in exons that code for the extracellular and catalytic domains, and one frameshift mutation located in the 5'UTR region. A high degree of mutational heterogeneity was observed. The ΔG
mutation observed in consanguineous Egyptian and Afghani pedigrees
could indicate identity by descent or represent a hot spot for recurring
mutations. Haplotype analysis, which we were unable to perform due
to lack of sufficient DNA samples from family members, is required to
provide more information. However, the frameshift induced would result in the predicted protein lacking the extracellular, transmembrane,
kinase-like, putative dimerization and catalytic domains causing a severe loss of visual function related to constant low cGMP levels in the
photoreceptors.
Expression studies are underway to understand the role of these
mutations on wild-type RetGC activity, which is influenced by GCAP
in a calcium-sensitive manner.
The retinal pigment epithelium has been implicated in retinal development.35 This has been validated since mutations in RPE65 are known
to cause LCA or early-onset recessive retinitis pigmentosa presenting
in early infancy.17,24,30 RPE65 is highly conserved throughout mammalian evolution and is localized to human 1p31.36
The novel mutation in exon 2, V192bp, causes a frameshift following
the deletion of 2 bps. It is likely that the resulting allele expresses no
functional protein or one with significantly reduced function.
The nonsense mutation identified in the Greek family in exon 4,
E102 STOP, leads to a presumed null allele with no residual function
of the RPE-65 protein so essential for retinoid metabolism.
The G→A transition observed in intron 1 (-4) is likely to affect correct splicing of mRNA leading to grossly abnormal protein production.
The cone-rod homeobox gene, a transcription factor for several retinal
genes, is necessary for the development and maintenance of photoreceptor function.19,37 It plays a vital function in embryonic development
and cellular signaling. Mutant alleles of the CRX gene have been associated with Leber congenital amaurosis, autosomal dominant retinitis
pigmentosa, and dominant cone-rod dystrophy (CORD).18,38,39 Mutations
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in the CRX gene have been detected in patients with dominant or sporadic LCA.39,18 CRX has also been implicated in both CORD and LCA
in the same family.40 A normal phenotype has been observed in the
proband’s father who along with the proband exhibits the same mutant
null allele.28 The P9ins1bp in exon 1 was identified in one parent and
the proband. The mutant protein in heterozygote state seems insufficient to cause disease. On the one hand, this could indicate the presence of a somatic mosaic in the father. On the other, it could be indicative of a digenic model of two interacting mutant gene products in a
double heterozygote state. The possibility of adequate levels of functional wild type protein in the proband’s father in comparison to the
proband could be speculated. The presence of a null mutation P9Ins1bp
in the face of a normal phenotype could be indicative of a leaky mutation whereby enough active product is generated; however, the activity may be quantitatively or qualitatively different from the wild type.
The predicted protein lacks all of the conserved motifs with the preservation of only the initial nine amino acids followed by a frameshift.
The L237del1bp in exon 3 occurs de novo in a proband of mixed
ancestry, creating an alternate reading frame with the elimination of the
original stop codon. The predicted protein lacks the conserved OTX
tail and a portion of the carboxy terminus. The mutation was not identified in the parents or controls. The inactivation of one allele could
result in no transcription, leading to a mutant phenotype.41 Conversely,
this mutation could have a dominant negative effect whereby mutant
protein interferes with the action of the wild type protein. Both mutations in the CRX gene were heterozygous in nature and cause frameshifts, resulting in gross truncation of the protein. The C→T transition
polymorphism in intron 1(+12 position) was observed in 10% of the
population.
genotype-phenotype correlation and biochemical features
Three genes whose protein products have markedly disparate retinal
functions have been implicated in the same disease, LCA. Clinical and
genetic variations are evident in this heterogeneous disorder and it is
now our challenge to compare the phenotype of patients with the three
different kinds of mutations and correlate it with the genotype.
In a recent comparison of disease outcomes in patients with GUCY2D
and RPE65 mutations, Perrault et al.29 found that patients harboring
mutations in GUCY2D complained of severe photophobia and presented with profound visual loss, severe hyperopia, and a stable visual
course. In contrast, they noticed that patients with identifiable RPE65
mutations presented with a history of night blindness, moderate or no
hyperopia, visual acuities ranging from 20/100 to 20/200, and transient
visual improvement.29 These results are not, however, in complete accordance with the conclusions of our study, which includes all of the
known LCA genes to date and a larger cohort. The chief difference is
in the natural history since patients with identifiable RPE65 mutations
in our study did not noticeably develop better visual function over
time, unlike those from the recently reported study by Perrault et al.30
Nevertheless, patients with mutations in GUCY2D appear to have a
stable stationary visual course. GUCY2D mutations decrease production
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1 yr

3 months

2 months

18 months

1 yr

3 months

3 yrs

33 yrs

7 yrs

10 months

3

4

5

6

7

8

9

10

11

5 yrs

2

1

Patients Age at
No.
initial presentation

L237dl1bp
het
CRX

P9ins1bp
het
CRX

Ivs1 (-4)
het
RPE-65

V19del2bp
hom
RPE-65

4 bp Ins/
10bpdel
hom
GUCY2D
E102Stop
hom
RPE-65

L954P het
GUCY2D

DelG het
5'UTR
GUCY2D
C105T
L325P
Comp het
GUCY2D
P858S
het
GUCY2D

DelG hom
5'UTR
GUCY2D

Mutation

No

No

No

Yes

Yes

Yes

No

No

No

No

Yes

Consanguinity

American

American

American

Syrian

Greek

Egyptian

American

Greek

Egyptian

Egyptian

Afghan

Origin

2

20

6

5

20

1

23

12

2

2

5

Years of
followup

Yes

No

Yes

Yes

No

No

No

No

No

No

No

Photophobia

No

No

Yes

Yes

Yes

No

No

No

No

No

Yes

Nightblindness

2

26

41

11

25

3

25

12

3

3

11

Present
age
(years)

Fixation

20/200

20/400

20/200

3/200

Fixation

LP

20/400

Fixation

Fixation

20/150

Visual
acuity

+5.50

-7.00

-6.50

-4.00

+5.50

+5.00

+5.50

+1.00

+2.00

+1.00

+1.00

Normal retinal architecture

Coloboma-like macula,
disc pallor, varied pigment
mottling of retina

Pigmentary stippling of
retina, early; pigment
migration, attenuated;
hypopigmentation of macula
Hypopigmentation of retina,
with peripapillary atrophy,
early attenuation of
vasculature, and disc pallor
Hypopigmentation retina &
macula; peripapillary atrophy,
early attenuation of vasculature and disc pallor

Normal disc and macula
and attenuated blood vessels
Normal retina, disc, and
macula

Normal disc and macula;
attenuated blood vessels and
mild pigmentary stippling
of retina

Pallor of disc, distinct
bull’s-eye-like lesion in
macula; mottling of retinal
architecture
Normal disc and
macula; pigmentary
mottling of retina
Normal retina, disc, and
macula

Refraction Present retinal findings
in DS

Flat

No
photopic
or
scotopic
response

Flat

Flat in
early
and late
infancy
Flat

Flat

Flat

Flat

ERG

No

No

Yes

Yes

Yes

No

No

No

No

No

Progress
of disease

Decreasing
myopia;
decreasing
central
vision
Nerve
deafness
(infancy);
depigment
ed skin lesions;
primary
amenorrhea
Esotropia

Esotropia,
constriction
in visual
field

Esotropia

Exotropia,
dissociated
vertical
deviation

Minimal
nystagmus

Remarks

of cGMP in photoreceptor cells leading to constant closure of cGMPgated cation channels and maintain a constant light-adapted state.
The patients in our study harboring GUCY2D mutations did not exhibit marked photophobia and one patient had significant night blindness. Patients presented with a visual acuity ranging from 20/200 to
light perception, mild to moderate hyperopia, pendular nystagmus, and
sluggish pupillary responses. Ophthalmoscopic changes were minimal
in five patients (Fig. 4). Attenuated blood vessels and mottling of the
retina associated with a bull’s-eye-like maculopathy was observed in
one patient with demonstrable homozygous mutations in the 5'UTR
region. The ERG recorded in infancy was extinguished in all patients.
The clinical course of the disease has remained stable in all of our
patients who we have followed over a significant period (Table 5).
Histopathological examination revealed degenerate photoreceptor cells
in previous studies.42 It is conceivable that a constant light state without
adequate photorecovery could hinder normal photoreceptor cell survival.
The presence of a null allele in GC-1 in the rd chicken, a model for
LCA, demonstrates degeneration of the rods and cones, abolishing
phototransduction.43 Perhaps the stability of visual evolution in our
patients is explicable on the basis of a fixed loss of photoreceptor
function in early infancy.
Alterations in the RPE65 gene sequence were observed in three patients who presented with a history of night blindness and visual acuity
in the range of 20/100-3/200. Poor pupillary reactions, nystagmus, and
gradual progressive visual loss over a period of 15-20 years were noticed. Retinal appearance varied from normalcy at the initial examination in infancy to varying degrees of pigmentary changes and mottling
(Fig. 5). High hyperopia was noticed in one pedigree, while myopia
was seen in the others. Attenuation of blood vessels and slight pallor
of the optic discs were also observed. The ERG was uniformly extinguished under both photopic and scotopic conditions. The V19del2bp
mutation co-segregated in the family and the patient who initially presented with a history of night blindness and a visual acuity of 20/100
has progressively worsened. She has had five successive annual examinations and the retinal appearance shows increased pigment migration
peripherally with an area of widening peripapillary atrophy (Fig. 6).
Loss of function mutations in RPE65, V19del2bp, and E102 STOP as
reported in our study further reiterate the importance of retinoid metabolism at the level of the pigment epithelium for adequate photoreceptor
function.44 Redmond et al.45 demonstrated recently the overaccumulation
of all-tans retinyl esters in the retinal pigment epithelium of RPE65deficient mice, thereby leading to gradually progressive structural disorganization and inadequate rod outer disc function. It is conceivable
that the lack of functional rhodopsin production coupled with the altered
vitamin A metabolism could account for night blindness and worsening
visual function in our patients (Table 5). The progressive deterioration
of outer segment integrity is consistent with the increase in pigment
mottling as noted in the ophthalmoscopic appearance (Fig. 5). However,
in comparison to previously published data with regard to visual function, our findings are not entirely in agreement since Perrault et al.

←
table 5. Clinical features and mutations.
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Fig. 4. Fundus photograph of patient
#5 with the L954P mutation in
GUCY2D. Optic disc and macula
appear within normal limits. Retinal
vasculature is attenuated.

Fig. 5. Fundus photograph of patient
#7 with RPE65 mutation showing
pallor of the optic disc with attenuated
retinal blood vessels, pigmentary
stippling of the retina, early pigment
migration, and hypopigmented areas
in the macula and surrounding
regions.

Fig. 6. Fundus photograph of patient
#8 with the V19del1bp mutation in
RPE65. Note mild optic disc pallor,
early attenuation of retinal
vasculature, hypopigmention in the
peripapillary, and macular areas with
increased visibility of the choridal
vascular pattern.
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Fig. 7. Fundus photograph of patient
#10 with the P9ins1bp mutation in
CRX. Note optic disc pallor, early
attenuation of retinal vasculature,
diffuse retinal mottling, and the
presence of a macular coloboma-like
appearance.

described better appreciation of form and improved visual function in
patients with RPE65 mutations.29
The P9ins1bp alteration in exon 1 of the CRX gene was demonstrated
in a proband who presented initially in infancy with poor fixation,
pendular nystagmus, sluggish pupillary responses, sensorineural deafness, and an extinguished ERG. Ophthalmoscopic examination revealed
diffuse retinal mottling and a coloboma-like lesion in the macula (Fig.
7). Serial examinations over the next 20 years confirmed stable ophthalmoscopic appearance and visual acuity of 20/300 OU. However,
difficulty with night vision continues (Table 5).
The de-novo L237del1bp mutation in the CRX gene was observed in
an infant who presented with the history of photophobia, poor fixation,
pendular nystagmus, sluggish pupillary reflexes, moderate hyperopia,
and attenuated retinal blood vessels. The ERG was abolished. The
mutation was not present in the normally sighted parents. The clinical
course has not been clearly defined over a prolonged period since the
proband is presently only three years of age.
CRX, a transcription factor, belongs to the otd/OTX family of homeobox genes and appears to be a regulator of photoreceptor specific
gene expression.37 The presence of null alleles is consistent with the
most severe forms of retinal dystrophy due perhaps to very reduced
transcription activity as defined in one of our studies.28 CRX is expressed in the developing retina and binds to several photoreceptorspecific genes. Hence, mutations within the CRX gene could explain
the presence of varying phenotypes.39 More recently, a marked decrease
in the number of nuclei and reduced thickness of the outer nuclear layer
associated with the absence of rod and cone activity were demonstrated
in CRX knockout mice.46 The reduction in photoreceptor-specific molecules in the already compromised outer segments could explain the loss
of rod and cone function in the probands.
special cases There is compelling evidence to explain the role of
modifying factors in LCA in the special case described. It is possible

Mutational analysis and clinical correlation in Leber congenital amaurosis 149

Sharola BW.indd 149

29-May-07 10:45:56 AM

that the mutations in the kinase homology domain (KHD) of GUCY2D
alters the phenotype of the disease thereby increasing the severity of
LCA, as observed when these mutations are coupled with mutations in
other genes involved in LCA.
The Swiss proband harboring the KHD mutation in exon 10, C2174T,
presented in infancy with poor fixation, pendular nystagmus, sluggish
pupillary response, and an abolished ERG. Periodic fundus examinations revealed increasing peripheral mottling and high hypermetropia.
Visual acuity was counting fingers (CF) at 2 feet. The other affected
sibling in whom the mutation was not detected presented in infancy
with nystagmus, poor fixation, decreased pupillary responses, and an
abolished ERG. Retinal appearance was within normal limits; however,
an increasing degree of hypermetropia was noted and vision of CF-2 ft
OU was recorded. LCA-5 on chromosome 6q was implicated as the
second gene involved. The GUCY2D sequence variation could account
for the increased severity in phenotype documented in this family. The
severity of the disease in both these siblings was not of the same
magnitude, lending support to the hypothesis of modifying factors altering the phenotype.
technical aspects of mutations and future directions
Several novel homozygous and heterozygous mutations were identified. It was not possible to detect the second mutation in seven patients
in whom heterozygous mutations were identified, despite sequencing of
all coding regions. It is possible that the second mutation lies outside
the analyzed region. Conceivably, mutations may have escaped detection for technical reasons or there could be mutations in other genes
leading to the same phenotype. Junctional mutations may have been
possibly missed, hidden under the primer or perhaps due to inadequate
lengths of junctional amplification. The detection of mutations by SSCP
assay has the disadvantage of a 70-98% detection rate coupled with
problems in predicting the detectability and banding pattern on the
gel.47 However, the simplicity of SSCP analysis made it our scanning
mutation detection method of choice for GUCY2D and RPE65 genes as
a first step. To increase our mutation detection rate, we will need to
make use of chemical cleavage mismatches which offers a higher detection rate.48 Heteroduplex analysis is underway. Work continues to
detect small rearrangements by making use of Southern blots.
As our initial method included only exonic screening, our approach
now includes analysis of the non-coding regions. RT-PCR amplification is proposed to detect intronic variants and define splice-site point
mutations. Promoter region analyses continue in our effort to identify
mutations in the other allele.
The severity of the phenotype could not be explained based on the
location of the mutation. The phenotype is not gene-specific; however,
the course of the disease may be gene-specific as observed in our study
(Table 5). Patients harboring GUCY2D or CRX mutations seem to have
a stable clinical course in comparison to patients with mutations in
RPE65 whose visual functions deteriorate. It is possible that factors
other than a single gene mutation play a role in the clinical heterogeneity of the disorder since less than one-third of the patients with at
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least one known gene mutation have been accounted for in our study.
The role of gene interactions cannot be overlooked. The three recently
identified genes causing LCA are involved in different aspects of retinal
structure and function. In order to determine the appropriate treatment
for LCA whether it be RPE transplants, gene therapy, or pharmacological intervention, it is important to understand and correlate the molecular genetics, pathophysiology, and biochemical mechanisms involved.
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The Phenotype of Leber Congenital Amaurosis
in Patients With AIPL1 Mutations
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Isabelle Perrault, PhD; Khalid Anwar, MD; Shagufta Khaliq, PhD; R. Summathi Devi, MD; David G. Birch, PhD;
Elaine De Pool, MD; Natalio Izquierdo, MD; Lionel Van Maldergem, MD; Mohammad Ismail, MD;
Annette M. Payne, PhD; Graham E. Holder, PhD; Shomi S. Bhattacharya, PhD; Alan C. Bird, MD, FRCOphth;
Josseline Kaplan, MD, PhD; Irene H. Maumenee, MD
Objectives: To describe the phenotype of Leber congenital amaurosis (LCA) in 26 probands with mutations in aryl hydrocarbon receptor interacting proteinlike 1 protein (AIPL1) and compare it with phenotypes
of other LCA-related genes. To describe the electroretinogram (ERG) in heterozygote carriers.

tion, were noted. Atrophic and/or pigmentary macular
changes were present in 16 (80%) of 20 probands. Keratoconus and cataracts were identified in 5 (26%) of 19
patients, all of whom were homozygotes. The ERG of a
parent heterozygote carrier revealed significantly reduced rod function, while ERGs for 6 other carrier parents were normal.

Methods: Patients with AIPL1-related LCA were iden-

tified in a cohort of 303 patients with LCA by polymerase chain reaction single-strand confirmational polymorphism mutation screening and/or direct sequencing.
Phenotypic characterization included clinical and ERG
evaluation. Seven heterozygous carrier parents also underwent ERG testing.

Conclusions: The phenotype of LCA in patients with

AIPL1 mutations is relatively severe, with a maculopathy in most patients and keratoconus and cataract in a
large subset. Rod ERG abnormalities may be present in
heterozygous carriers of AIPL1 mutations.
Clinical Relevance: Understanding and recognizing the

Results: Seventeen homozygotes and 9 compound het-

erozygotes were identified. The W278X mutation was
most frequent (48% of alleles). Visual acuities ranged from
light perception to 20/400. Variable retinal appearances, ranging from near normal to varying degrees of
chorioretinal atrophy and intraretinal pigment migra-

L

Author affiliations are listed at
the end of the article.

phenotype of LCA may help in defining the course and
severity of the disease. Identifying the gene defect is the
first step in preparation for therapy since molecular diagnosis in LCA will mandate the choice of treatment.
Arch Ophthalmol. 2004;122:1029-1037

EBER CONGENITAL AMAUROsis (LCA) was first described by Theodore Leber in
18691 as a congenital form of
retinitis pigmentosa. It represents a clinically and genetically heterogeneous disorder with severe visual
impairment from birth.2,3 Fundus examination results are not frequently initially
normal, but chorioretinal atrophy, narrowing of the retinal vasculature, intraretinal pigment migration, white fundus
flecks, and macular aplasia have been described.4-8 The retinal basis of the visual
loss is shown by absent or severely diminished rod and cone responses on electroretinography (ERG).9 Nystagmus, enophthalmos, sluggish pupillary responses,
keratoconus, cataracts, and hyperopia have
also been described.10-12
Leber congenital amaurosis is usually inherited as an autosomal recessive
trait, although dominant inheritance has

been reported.13-16 Currently, mutations in
6 different retinal genes have been shown
to cause LCA. The genes include (1) retinal guanylate cyclase (GUCY2D),17 (2) retinal pigment epithelium–specific 65kD
protein (RPE65), 18 (3) cone-rod homeobox (CRX),19-22 (4) crumbs gene homolog of CRB1,23,24 (5) retinitis pigmentosa GTPase regulator–interacting protein
(RPGRIP-1),25,26 and (6) AIPL1, encoding
the aryl hydrocarbon receptor interacting protein-like 1 protein.27,28
The AIPL1 gene consists of 6 exons
and encodes a protein of 384 amino acids.
This sequence includes 3 tetratricopeptide repeat motifs thought to be associated with protein-protein interaction, and
its similarity with aryl hydrocarbon interacting protein is suggestive of a protein folding function.27,28 The exact functions of the
AIPL1 gene are not fully understood. However, recent data suggest that the protein
may be involved in photoreceptor differ-
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entiation during development and subsequent survival of
photoreceptors.29 Indeed, through interaction with the
NUB1 protein, it might be involved in regulation of the
cell-cycle progression during photoreceptor maturation.29 Mutations in AIPL1 account for 7% of LCA.28
Clinical outcomes differed for patients with LCA and
GUCY2D mutations when compared with those with
RPE65 defects30-33 in terms of the natural history of this
disorder. In addition, some heterozygous carriers of
GUCY2D mutations, who have offspring with LCA, have
been shown to have significant cone abnormalities on ERG
results, with essentially normal rod ERG findings.34 Most
heterozygotes with RPE65 mutations have normal ERG
findings.32
The purpose of this large study is to describe the phenotype of LCA in patients with AIPL1 mutations and compare it with the known phenotypes of patients with mutations in other LCA genes. The phenotype of 26 patients
with LCA of different ethnic origins with mutations in
AIPL1 is described. The genotype of most patients has
previously been published.15,28 The ERG and clinical findings in a female heterozygous carrier are also reported.
METHODS
Informed consent was obtained from all patients involved in
this study or from their legal guardians in accordance with the
Declaration of Helsinki. The review and ethics boards of the
institutions approved this study.
OPHTHALMIC EVALUATIONS
The clinical diagnosis of LCA was made on the basis of the following diagnostic criteria: severe visual impairment from birth
or during early infancy accompanied by nystagmus, absent or
very sluggish pupillary responses, and absent or markedly reduced rod and cone ERGs. All ERGs were performed according to the International Society for Clinical Electrophysiology
of Vision standards.35 The examinations were undertaken in 5
centers and included slitlamp biomicroscopy, retinoscopy, and
indirect ophthalmoscopy following pupillary dilation (Table 1).
Clinical pictures were taken, and keratometry was performed.
GENETIC EVALUATIONS
DNA was extracted from peripheral blood leukocytes or cheek
swabs. A cohort of 303 patients with LCA was screened for mutations in AIPL1. Patients were from a wide range of racial and
ethnic backgrounds. The 6 exons of AIPL1 were screened using single-strand conformation polymorphism analysis (SSCP)
followed by direct sequencing when an aberrant migration pattern was noted on the SSCP gels. In 39 probands, direct sequencing was used to screen for mutations in AIPL1, while in
the others, SSCP was initially undertaken using primers and
conditions previously described.27 The genotype of most of the
patients with AIPL1-related LCA in this study has been published previously (Figure 1).27,28
RESULTS

Mutations in AIPL1 were detected in 26 probands with
LCA (Figure 1). Seventeen probands were homozygotes, while 9 were compound heterozygotes. Twentyfour of the 52 mutated AIPL1 alleles carried the W278X
mutation. All sequence changes identified in our patients were absent in 205 control samples.

NIGHT BLINDNESS, PHOTOATTRACTION,
AND PHOTOAVERSION
Night blindness was reported in 13 probands and photoaversion in 4. Photoattraction (staring at lights) was
noted in 2 probands (Table 1).
VISUAL ACUITIES AND
CYCLOPLEGIC REFRACTIONS
Visual acuities were found to vary between probands and
ranged from 20/400 to light perception. Nine patients had
light perception. Seven patients had hand motion vision
(Table 1). Cycloplegic refractions performed in 10 patients showed hyperopia in 8 (+3.00 diopters [D] to +7.00
D) and myopia in 2 (–0.50 D to –2.75 D).
RETINAL AND MACULAR APPEARANCE
Twenty-four probands with an AIPL1-related LCA genotype had some form of pigmentary retinopathy that ranged
from mild midperipheral salt and pepper-like retinopathy to diffuse and severe chorioretinopathy (Figures 2,
3, 4, 5, 6 and 7). The youngest patient with pigmentary changes was 4 months old. Two patients, a 2-yearold and a 3-year-old, had essentially normal retinas with
indistinct foveal reflexes. A maculopathy of variable appearance was noted in a significant number of patients
(Figures 2, 3, 4, 5, and 7). Information about the macular appearance was available in 20 of the 26 probands.
Maculopathy was noted in 16 (80%) of 20 probands. In
4 probands, all young children (ranging from ages 2-6
years), an abnormal indistinct foveal reflex was noted,
which likely represents an early stage of maculopathy.
This strongly suggests that a significant number of patients with LCA and AIPL1 mutations develop a maculopathy. The maculopathy ranged in appearance from mild
foveal atrophy with variable degrees of macular stippling to aplasia. The youngest patient with macular atrophy was 8 years old (Table 1).
KERATOCONUS AND CATARACTS
Information about the presence of keratoconus was available in 19 probands (Table 1). Keratoconus was diagnosed in 6 probands (32%), and cataracts were noted in
association with the keratoconus in 5 of these 6 patients. Distinct hydrops with scarring and breaks in the
Descemet membrane were noted in proband 17. The cataracts ranged from cortical changes to posterior subcapsular cataracts. Of interest, keratoconus and cataracts were
only seen in patients who were homozygous for AIPL1
mutations. Keratoconus was not observed in patients with
compound heterozygous mutations. The youngest patient with keratoconus and cataract was aged 10 years.
OPTIC DISC APPEARANCE
Varying degrees of optic nerve pallor were noted in all
patients after the age of 6 years. The optic nerve head appeared normal in children younger than 6 years, except
in an infant (Table 1).
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Table 1. Clinical and Genetic Characteristics of 26 Probands With AIPL1 Mutations
Optic
Nerve
Pallor

AIPL1 Mutations
Proband

Origin

Allele 1

Allele 2

Age at
Examination

1

India

M79T

M79T

24 y

2
3
4

Bangladesh W88X
Belgium
V96I
France
Y134F

W88X
V96I
Y134F

30 y
4m
NA

5

Palestine

Q163X

Q163X

10 y

6

Morocco

A197P

A197P

NA

7

United
States
Saudi
Arabia
United
States

C239R

C239R

16 y

W278X

W278X

8y

W278X

W278X

57 y

United
States
Pakistan

W278X

W278X

NA

W278X

W278X

16 y

W278X
W278X

W278X
W278X

25 y
3y

8
9
10
11
12
13
14

Pakistan
United
States
Portugal

W278X

W278X

NA

15
16
17

Belgium
Belgium
India

W278X
W278X
R302L

W278X
W278X
R302L

NA
NA
16 y

18

United
States
United
States
United
States
France

C42X

G262S

17 y

22
23

19
20
21

24
25
26

V33 ins 8bp W278X

6y

T114I

P376S

8y

T114I

P376S

NA

United
States

Leu257 del W278X
9bp

2y

United
States
Ireland

G262S

W278X

W278X

IVS2-2A⬎G

3y

W278X
W278X

IVS2-2A⬎G
A336 del 2bp

NA
27 y

France
United
States

19 y

History
Absence of
NB and PA
NA
NA
Absence of
NB
Presence of
PA
Presence of
NB
Absence of
NB
Presence of
PA
Presence of
NB
Presence of
NB
Presence of
NB and
DOP
Presence of
NB
Presence of
NB
NA
Presence of
NB
Presence of
NB and PA
NA
NA
Absence of
NB and PA
Presence of
PAT
Presence of
PAT
Presence of
NB
Absence of
NB
Presence of
PA
Presence of
NB and
DOP
Presence of
NB
Presence of
NB
NA
Presence of
NB

Visual
Acuity Maculopathy

Pigmentary Refraction,
Keratoconus Cataract Retinopathy diopters

LP

Mild

Moderate Absence

Absence

Severe

LP
No FF
NA

Severe
Mild
NA

Moderate Moderate
Mild
Absence
NA
NA

Mild
Absence
NA

Severe
Absence
Severe

LP

Mild

Moderate Mild

Moderate Severe

5/200

NA

NA

NA

Severe

+7.00

HM

Mild

Moderate Absence

Absence

Severe

−0.50

FF

Moderate

Mild

Absence

Severe

NA

LP

Moderate

Moderate Mild

Severe

Severe

NA

HM

Moderate

Mild

Absence

Severe

NA

Severe

NA

Absence

Absence

NA
NA
NA
+5.00

NA

LP

Severe

Moderate Moderate

Absence

LP
HM

Severe
IFR

Moderate Moderate
Absence Absence

Moderate Moderate
Absence Absence

NA
+7.00

LP

NA

NA

NA

Severe

+7.00

NA
LP
HM

NA
Mild
Moderate

NA
NA
Mild
NA
Moderate Severe

NA
NA
Severe

Severe
Severe
Moderate

NA
NA
+6.00

HM

Mild

Mild

Absence

Absence

Severe

HM

IFR

Absence

Absence

Absence

Mild

+6.00

20/400

Severe

Mild

Absence

Absence

Moderate

−2.75

NA

NA

NA

NA

NA

Severe

No FF

IFR

Absence

Absence

Absence

Absence

+6.50

HM

Mild

Mild

Absence

Absence

Moderate

NA

FF

IFR

LP
NA
20/1200 Mild

NA

NA

Absence

Absence

Absence

Mild

NA
Mild

NA
Absence

NA
Absence

Severe
Severe

NA

NA

+3.00
NA
NA

Abbreviations: DOP, digito-ocular phenomenon; FF, fixation and following; HM, hand motions; IFR, indistinct foveal reflex; LP, light perception; NA, not available;
NB, night blindness; PA, photoaversion; PAT, photoattraction.

ERG FINDINGS
The ERG findings obtained in the 3 sets of clinically normal parents of probands 7, 10, and 26 who carry the AIPL1
mutation in a heterozygous state did not show any abnormalities. However, the ERG of 1 carrier parent of proband 2 with the W88X mutation showed significant rod
abnormalities (Figure 8). She did not have any ocular
complaints, and her clinical examination findings were normal. This 47-year-old mother had vision of 20/20 OU. Although her retinal examination results were unremarkable, full-field flash ERG showed rod b-wave amplitudes
to be reduced to approximately one third of normal, with
no change in implicit time. This is well below the lower
limit of normal. The 30-Hz flicker and single flash cone

AIPL1
V96I

Y134F

A197P

C239R

T114I

M79T

5′

A336 del 2bp
R302L

W88X

1

2

3

4

5

6

P376S

Q163X

V33 ins 8bp
C42X
IVS2-2A>G

L257 del 9bp

3′

W278X
G262S

Figure 1. Structure of the AILPL1 gene with the relative locations of the
mutations in the 26 probands.

The phenotype of Leber congenital amaurosis in patients with AIPL1 mutations 157

Sharola BW.indd 157

29-May-07 10:45:58 AM

Figure 2. W287X/W278X mutation, proband 12 at 25 years of age. Posterior
pole, right eye, showing atrophic macular area optic nerve pallor and
pigmentary changes.

Figure 5. W88X/W88X mutation, proband 2 at 30 years of age. Superior
midperiphery, left eye, showing intraretinal pigment accumulation, optic
nerve pallor, and atrophic macula with pigmentary changes.

Figure 3. W287X/W278X mutation, proband 8 at 8 years of age. Left eye,
early macular changes showing retinal pigmentary epithelium disruption.

Figure 6. T114I/P376S mutation, proband 20 at 8 years of age. Peripheral
retinal mottling.

Figure 4. W88X/W88X mutation, proband 2 at 30 years of age. Posterior
pole, left eye, showing atrophic macular and retinal pigment epithelium
disruption and optic nerve pallor.

Figure 7. T114I/P376S mutation, proband 20 at 8 years of age. Right eye,
showing macular coloboma-like atrophy and mild optic nerve pallor.
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Figure 8. Top row, Electroretinogram (ERG), right eye, of the 47-year-old, heterozygous carrier parent of proband 2 carrying the W88X AIPL1 mutation. It shows
a significantly reduced amplitude of rod-specific scotopic to one third of normal values and of maximal combined rod and cone response; cone-specific 30-Hz
flicker and single flash cone ERGs are within normal limits. Second row, ERG of proband 2 at 27 years of age (carrying the W88X/W88X mutation) showing no
measurable responses. Third row, ERG of proband 2’s 30-year-old affected sister (carrying the W88X/W88X mutation) showing no measurable responses. Fourth
row, Typical normal findings in a 45-year-old control.

responses were within normal limits (Figure 8). The ERG
responses were reproducible on repetition.
COMPARING THE LCA PHENOTYPES
The LCA phenotypes with mutations in the other LCA genes
(GUCY2D, RPE65, CRX, CRB1, and RPGRIP1) were compared with the LCA phenotypes of the current study and
tabulated in Tables 2, 3, 4, 5, and 6. The AIPL1-related
LCA phenotype is severe in nature, with pronounced macular involvement in individuals older than 6 years with varying degrees of optic nerve pallor. Additional findings of keratoconus and cataract could be present.
Both GUCY2D-related and AIPL1-related LCA phenotypes have markedly decreased visual acuities, visual
fields, and ERGs.30,31,33 However, maculopathy, remarkable peripheral pigmentary changes, cataract, and significant optic disc pallor were not detected in patients
with mutations in GUCY2D.30,31,33 Keratoconus was reported by El-Shanti et al36 in a Jordanian pedigree. Com-

pared with the reported GUCY2D phenotype,30,31,33 the
AIPL1 phenotype appears to be similar in severity of visual loss. Phenotypical differences exist in the pattern of
pigmentary changes, cataract, and keratoconus, which
are more frequent in AIPL1-related LCA (Table 2).
The RPE65 phenotype reported in earlier studies3032,37,38 shows that the visual acuities, visual fields, and ERG
measurements were better than in the AIPL1 phenotype.
Patients with RPE65-related LCA may develop a mild maculopathy, and the documented peripheral retinal changes
are characterized as grainy and/or salt and pepper-like. The
maculopathy of patients with AIPL1-related LCA appears
to be more pronounced in all probands older than 6 years,
while the peripheral retinal changes range from mottling
to bone spicule-like formation. Cataract and keratocunus were present in one third of the patients with AIPL1related LCA. Lorenz et al32 conclude that patients with LCA
and RPE65 mutations are distinguishable on clinical
grounds, based on their measurable visual acuities, their
transient visual improvement in childhood followed by de-
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Table 2. Comparisons of Leber Congenital Amaurosis Phenotypes:
Patients With GUCY2D Mutations vs Patients With AIPL1 Mutations

Source

Sample
Size

Gene

Acuity,
Range

Refraction,
diopters

Pigmentary
Visual Field Electroretinogram Maculopathy Retinopathy Keratoconus Cataract

20

GUCY2D Counting
Severe
fingers
hyperopia
to light
perception

Nondetectable Nondetectable

Absent

Dharmaraj
et al31

6

GUCY2D 20/150 to
6 patients
light
(+1.00 to
perception
+5.50)

Nondetectable Nondetectable

Absent

Lotery
et al33

2

Current
study

26

GUCY2D 20/1333 to
2 patients
no light
(+1.50 to
perception
+4.00)
AIPL1 20/400 to
8 patients
light
(+3.00 to
perception
+7.00);
2 patients
(−0.50 to
−2.00)

Perrault
et al30

Normal at
birth, salt
and
pepper-like
changes
later
Essentially
normal
retina in
some; mild
pigmentary
changes in
others

Absent
Nondetectable Nondetectable

Pronounced
in 80%

Marked bone
spicule-like
pigmentary
changes in
84%

Optic
Nerve
Pallor

1 patient

Absent

Absent

Absent

Absent

Absent

Present in
6 of 18
patients

Present in Present
5 of 18
after 6
patients
years
of age

Table 3. Comparisons of Leber Congenital Amaurosis Phenotypes: Patients With RPE65 Mutations vs Patients With AIPL1 Mutations

Source
Lorenz
et al32

Sample
Size Gene
4

Thompson
et al37

20

Lotery
et al33

12

Current
study

26

Acuity,
Range

RPE65 20/70 to
20/200

Refraction,
diopters

Visual Field

4 patients with Preserved
hyperopia
peripheral

Electroretinogram Maculopathy
Rod,
nondetectable;
cone,
recordable
progressed to
nondetectable
Residual to
nondetectable

RPE65 20/60 to hand 7 patients with Residual
motions;
hyperopia;
most
3 patients
patients
with
20/100
myopia; 13
patients not
reported
RPE65 20/50 to light 9 patients
perception;
(+0.50 to
most
+3.50);
patients
3 patients
20/200
(−0.50 to
−1.50)
AIPL1 20/400 to
8 patients
Nondetectable Nondetectable
light
(+3.00 to
perception;
+7.00);
most
2 patients
patients
(−0.50 to
hand
−2.00)
motions

terioration in later life, measurable cone ERGs (which also
diminish in later life), measurable visual fields, and significant night blindness. The data from our study suggest
that patients with LCA and mutations in AIPL1 do not have
a similar course (Table 3).
From the several reported cases of patients with
LCA and CRX mutations, visual acuities of 20/300
to light perception, with 1 case of 20/80, were
described.15,16,19-22,31,33,39-43 Marked atrophy in the macula
was recorded in 71% of CRX-related LCA, while in AIPL1related LCA, maculopathy was pronounced in 80% of the
patients after 6 years of age. Marked pigmentary retinopathy was noticed in 84% of patients with AIPL1related LCA unlike in CRX-related LCA, where it was observed in 33% (Table 4).

Pigmentary
Retinopathy

Keratoconus

Mild

Granular

Absent

Pronounced
in 80%

Marked bone Present in
spicule-like
6 of 18
pigmentary
patients
changes in
84%

Cataract

Optic
Nerve
Pallor

Absent

Present in Present
5 of 18
after 6
patients
years

Compared with that of patients with CRB1 mutations, the phenotype of our patients with AIPL1 mutations appears to be less variable and more severe. Small
white dots and zonal retinal/choroidal hypoplasia were
seen in the patients with CRB1-related LCA23 but not in
patients with AIPL1-related LCA (Table 5). The presence of cataract, keratoconus, and optic disc pallor were
not reported in the CRB1-related LCA phenotype. The
constant features reported in the CRB1-related phenotype were moderate to high hyperopia, the relatively early
appearance of white spots, and nummular pigment clumps
in the retina.23
The RPGRIP1-related LCA phenotype has been reported in 3 patients.25 Visual acuity was light perception. Hyperopia and absence of intraretinal pigment mi-
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Table 4. Comparisons of Leber Congenital Amaurosis Phenotypes: Patients With CRX Mutations vs Patients With AIPL1 Mutations
Sample
Size Gene

Source
Jacobson et al,21
Lotery et al,33
Nakamura et al,42
Rivolta et al,41
Silva et al,22
Sohocki et al,15
Swaroop et al,43
Zhang et al40
Current study

143

26

Acuity,
Range

Refraction,
diopters

Visual Field

Pigmentary
Electroretinogram Maculopathy Retinopathy Keratoconus Cataract

CRX 20/300 to
−7.00 to +6.00 Restriction
Decreased to
light
(⬍30 degrees) nondetectable;
perception;
nonrecordable 95% decrease in
20/80 in 1
cone amplitude
patient

AIPL1 20/400 to
8 patients
light
(+3.00 to
perception +7.00);
2 patients
(−0.50 to
−2.00)

Nondetectable

Nondetectable

Pronounced
in 80%

Present in 8
of 14
patients

Present in Absent
1 patient

Marked bone
spicule-like
pigmentary
changes in
84%

Present in
6 of 18
patients

Optic
Nerve
Pallor
Present in
6 of 14
patients

Present in Present
5 of 18
after 6
patients years of
age

Table 5. Comparisons of Leber Congenital Amaurosis Phenotypes: Patients With CRB1 Mutations vs Patients With AIPL1 Mutations*

Source

Sample
Size Gene

Lotery
et al23

19

Current
study

26

Acuity,
Range

Refraction,
diopters

CRB1 20/40 to light 12 patients
perception
(+0.80 to
+5.50)
AIPL1 20/400 to
8 patients
light
(+3.00 to
perception
+7.00);
2 patients
(−0.50 to
−2.00)

Visual Field

Nonrecordable

Pigmentary
Electroretinogram Maculopathy Retinopathy

Keratoconus

Cataract

Optic
Nerve
Pallor

Decreased to
nondetectable

Present in
some

Present in
some

Present

Absent

Nondetectable

Pronounced
in 80%

Marked bone
spicule-like
pigmentary
changes in
84%

Present in
6 of 18
patients

Present in Present
5 of 18
after
patients
6 years
of age

Abbreviation: RPE, retinal pigment epithelium.
*Nummular pigmentation in the retina and retinal zonal atrophy with hypoplasia of the choriocapillaris and RPE were present in some patients in the Lotery et al
study but absent in the current study. Small retinal dots were present in many of the patients in the Lotery et al study but absent in the current study.

Table 6. Comparisons of Leber Congenital Amaurosis Phenotypes:
Patients With RPGRIP1 Mutations vs Patients With AIPL1 Mutations

Source

Sample
Size

Dryja
et al25

3

Current
study

26

Gene

Acuity,
Range

Refraction,
diopters

Visual Field Electroretinogram Maculopathy

RPGRIP1 Light
+2.60 to +6.90 Nonrecordable
perception

Nondetectable

AIPL1

Nondetectable

20/400 to
8 patients
light
(+3.00 to
perception
+7.00);
2 patients
(−0.50 to
−2.00)

Nondetectable

gration were noted in 2 patients. However, bone spiculelike pigmentary deposits in the midperipheral zone were
noted in a third patient. No evidence of maculopathy as
seen in the patients with AIPL1-related LCA was observed (Table 6).
COMMENT

The retinal phenotype of AIPL1-related LCA is that of a
severe, congenital retinal dystrophy with a notable maculopathy. The retinal appearances in our patients ranged
from near normal (in a 3-year-old and a 6-year-old) to severely atrophic (and in all patients older than 6 years) with
marked maculopathy and pigmentary retinopathy. Varying degrees of intraretinal pigment migration culminat-

Pigmentary
Retinopathy

Absent in 1 of Reported in
1 patients
1 proband
(bone-spicule
like)
Pronounced Marked bone
in 80%
spicule-like
pigmentary
changes in
84%

Keratoconus

Cataract

Optic
Nerve
Pallor

Absent

Absent

Present

Present in
6 of 18
patients

Present in Present
5 of 18
after 6
patients
years
of age

ing in bone spicule-like pigment and gross pigment clumps
in the retinas were observed. Overall, a high prevalence
of macular lesions was observed in our patients compared with patients with LCA caused by mutations in the
other 5 genes implicated in this disease. Atrophic macular lesions were particularly frequent and were observed
in 16 (80%) of 20 patients; 11 harbored a premature stopcodon mutation, either in a homozygous or a heterozygous state. Macular involvement as seen on ophthalmoscopy likely begins with an indistinct dull or irregular foveal
reflex and progresses to a diffuse ill-defined area of retinal pigment stippling and atrophy, leading to a marked
atrophic maculopathy. Owing to the differences in age at
the time of first examination, it was not possible to determine the accurate age of onset of the maculopathy.
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The heterozygous carrier parent of the W88X
mutation was found to have a significant and reproducible rod ERG abnormality with essentially normal cone
ERG results. These ERG findings are significantly different from the heterozygous carriers of GUCY2D mutations, who have significant cone ERG abnormalities but
relatively normal rod ERG findings.34 The rod ERG
abnormalities in the AIPL1 carrier correlate with recent
reports showing AIPL1 expression exclusively in rod
photoreceptors in the differentiated retina.44 However,
more ERGs in carriers of AIPL1 mutations need to be
studied to better understand the role of AIPL1 in relation to rod function.
The presence of keratoconus in patients with LCA
has been well documented.45-48 The high incidence of keratoconus in patients with a homozygous sequence change
of AIPL1 in our cohort may well be significant. Keratoconus was observed in 6 probands, all with homozygous mutations. There is no definitive consensus about
the origin of keratoconus in patients with LCA. The incidence of keratoconus has been reported to be as high
as 54.5 cases per 100.0 in the general population, and it
has been noted in 29% of children with LCA and 2% of
all children with blindness.10,49 Keratoconus in patients
with LCA occurred in 2% of 0- to 14-year-olds and in
30% of 15- to 45-year-olds, further illustrating the later
onset of the pathologic corneal features in comparison
with the retinal dysplasia.50 The absence of keratoconus
prior to 9 years of age also has been well documented46
and is the case in our cohort too.
Cataract has been associated with many different
types of retinal dystrophy. Its association with retinitis
pigmentosa has been well documented.51,52 Cataract has
been noted at or beyond the second decade of life in patients with LCA.46 In this study, cataracts were observed
in 5 probands (27%). Progressive retinal degenerative
changes in association with keratoconus and cataract have
been reported during the course of the disorder.46,47 The
incidence of both keratoconus and cataract increased with
increasing age in our cohort.
The LCA phenotypes are highly variable15,23,31,32 and
change with age,46 and the phenotypes associated with
the currently known LCA genes overlap.31-33 Comparisons between the reported LCA phenotypes of different
studies23,25,30-33 are hampered by a lack of uniform assessment strategies, age matching, and uniform follow-up.
Despite these obvious difficulties, it is important to study
these LCA phenotypes in an effort to understand the evolution of disease based on genotype.
In summary, patients with AIPL1-related LCA appear to have a particularly severe phenotype, characterized by marked visual impairment, nondetectable fields
and ERGs, optic disc pallor, maculopathy, peripheral retinal bone spicule-like pigmentation, and a significant
prevalence of keratoconus and cataract.
Mutations in AIPL1 disrupt the normal function of
photoreceptors. AIPL1 is not only expressed in mature
rod photoreceptors44 but also during development in both
rods and cones.29 The dysfunctional role of AIPL1 in photoreceptor cell cycle progression leads to photoreceptor
cell death during development by disrupting the normal regulation of the cell cycle.29 More detailed under-

standing of the pathogenesis of each molecular subtype
of LCA will provide further insight into treatment.
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Abstract Leber congenital amaurosis (LCA) is a clinically and
genetically heterogeneous severe retinal dystrophy presenting in
infancy. To explain the phenotypical variability observed in two
affected siblings of a consanguineous pedigree diagnosed with LCA
and establish a genotype-phenotype correlation, we screened
GUCY2D, RPE65, CRX, AIPL1, and RPGRIP1 for mutations. The
more severely affected sibling carried a heterozygous missense mutation in the GUCY2D gene (Ile539Val), which did not segregate with
the disease phenotype. Subsequently, a homozygous nonsense mutation
(Glu102STOP) in the RPE65 gene was identiﬁed in both affected siblings, thus identifying the causative gene. This data provides evidence
for the presence of genetic modulation in LCA. It appears that the
heterozygous GUCY2D mutation further disrupts the already com-
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promised photoreceptor function resulting in more severe retinal dysfunction in the older sibling. We suggest that the unusual phenotypic
variability in these two siblings with LCA is caused by the modifying
effect of a heterozygous GUCY2D mutation observed against the
disease background of a homozygous RPE65 mutation.
Key words Leber congenital amaurosis; genetic modiﬁer;
GUCY2D; RPE65
Introduction Growing evidence points towards the simultaneous
involvement of several genes in the determination of disease.1,2 Monogenic traits are not simple, and genetic modiﬁers inﬂuence disease.3,4
Digenic segregation has been demonstrated in retinitis pigmentosa.
The affected phenotype is caused by mutations in two independent
photoreceptor-speciﬁc genes ROM1 and peripherin/RDS with structurally related proteins that interact to form a heteromeric complex at
the rims of photoreceptor disc membranes.1,5
Leber congenital amaurosis (LCA) is a severe inherited retinal dystrophy involving both rods and cones and is characterized by the onset
of blindness during the ﬁrst months of life.6 Patients typically have nystagmus and a variable appearance of the retina ranging from normal
to a retinitis pigmentosa-like picture. A non-recordable electroretinogram (ERG) conﬁrms the diagnosis.
While there is substantial variation in disease severity among families, intrafamilial similarity is commonly observed. Most cases are autosomal recessive, although a few autosomal dominant pedigrees have
been reported.7–10 Several independent genes and three loci for LCA
have been identiﬁed to date. The genes include GUCY2D (LCA1) on
chromosome 17p13.1;11 RPE65 (LCA2) on 1p31,12,13 CRX on 19q13,14
AIPL1 on 17p13.1,15 CRB1 on 1p,16 and RPGRIP1 on 14q11.17 These
genes code for proteins that fall into several functional categories
ranging from transcription factors to structural tissue components. The
three loci at which the gene are yet to be identiﬁed map to include
LCA3 on 14q24,18 LCA5 on 6q11-16,19 and LCA9 on 1p36.20 Earlyonset retinal dystrophy has been reported with mutations in LRAT,
located on chromosome 4q31.21 Mutations in TULP1 on 6p21.3 are
known to cause autosomal recessive RP.22–24
The RPE65 protein plays a crucial role in the isomerisation of alltransretinal to 11cis-retinal in the retinal pigment epithelium.25 Retinal
degeneration is mediated by continous opsin signalling, as pigment
lacking 11cis-retinal activates transduction.26
Retinal guanylate cyclase (RetGC-1), the protein encoded by
GUCY2D is important for the replenishment of cyclic Guanosine
Monophosphate (cGMP) in the photoreceptor outer segments, following light-activated depletion.27 The greatly reduced levels of cGMP
prevent photorecovery and lead to retinal degeneration.11,28
The observation of signiﬁcant intra-familial phenotypic variation
between two siblings in a consanguineous pedigree led us to study the
possibility of gene interaction and/or the modulatory effects of their
gene products.
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Fig. 1. Pedigree showing segregation
of GUCY2D and RPE65 mutations
in a consanguineous Greek pedigree.
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Report The study was conducted following informed consent in
accordance with the institutional ethics review board and the Declaration of Helsinki. We studied a three-generation consanguineous family
of Greek ancestry (Figure 1) in which two siblings were diagnosed with
LCA.29 The parents were ﬁrst-degree cousins and their complete ophthalmologic evaluation failed to identify any abnormalities. The ERGs
were performed in accordance with the ISCEV criteria, and they
included full-ﬁeld ERGs using a corneal contact electrode and obtaining responses in dark and light adapted conditions to single high- and
low-intensity ﬂashes and ﬂicker stimuli.
The proband (IV-1) presented shortly after birth with searching eye
movements and inability to ﬁxate or track moving objects. Pupillary
examination elicited a relatively sluggish response in both eyes.
Anterior segments were normal as were the fundi on ophthalmoscopic
examination. An electro-retinogram (ERG) demonstrated total
absence of electrical activity of the retina (unrecordable cone and rod
ERGs), thus conﬁrming the diagnosis of LCA.
At the age of seven, esotropia of 30 prism diopters and hyperopia of
+6.00D were noted.Visual acuity of 0.06 OD and 0.07 OS was recorded.
On fundoscopy, the optic discs appeared to be within normal limits but
salt- and pepper-like pigmentary changes were observed in the retinas.
On follow-up examinations, a slow worsening of her condition was
recorded over a period of 20 years. Fundus examination showed retinal
mottling affecting the mid and far peripheral regions, relative preservation of the macular area, slow progressive narrowing of retinal
vessels, and pallor of optic discs. Several attempts to record visual ﬁelds
proved to be unsuccessful. She had grossly limited visual ﬁelds on confrontation testing and was unable to navigate independently. Nightblindness further compounded her navigatory ability. At twenty-three
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Fig. 2. Fundus appearance of the
proband (IV-1) at 27 years of age
showing pallor of the optic disc,
attenuation of retinal vasculature,
peripheral retinal mottling, and areas
of atrophy in the macula.
Fig. 3. Optical coherence
tomography (OCT) of the proband’s
(IV-1) retina in the macular area
showed mild thinning of the foveal
retina (150 mm).

years of age, the patient’s best corrected vision was 0.015 in both eyes.
Persistent nystagmus and sluggish pupillary reﬂexes continued to be
noted. The fundus examination revealed pale optic discs, dull macular
reﬂexes, signiﬁcant arteriolar attenuation, and considerable peripheral
pigmentary changes.
At 27 years of age her visual acuity was light perception (OD) and
counting ﬁngers close to face (OS). On fundoscopy (Figure 2), pallor
of the optic discs, attenuation of retinal vasculature, peripheral retinal
mottling, and areas of atrophy in the macula were observed. Examination of the posterior pole using optical coherence tomography
(Figure 3) showed mild thinning of the foveal retina (150 mm) in the
both eyes. (Normal = ~160 mm). The thickness of the parafoveal retina
ranged from 225 to 300 mm in the right eye while in the left eye it ranged
from 280 to 290 mm. Thickening of the choroid was reported in both
eyes. She is now unable to read normal sized print, which she could do
until the age of 20. A slow, progressive decline of vision was observed
since the age of 20. She continues to experience the same level of night
blindness and uses braille.
Her younger sibling (IV-2) also presented with nystagmus and
decrease of visual function in the ﬁrst months of life. The initial clinical evaluation was compatible with the diagnosis of LCA. An ERG
obtained during the ﬁrst year of life revealed no detectable rod and
cone responses, conﬁrming the diagnosis of LCA. However, her condition remained stable. In her late teens, the best corrected visual acuity
was 20/200 (0.1) in both eyes, with less pronounced nystagmus. She
complained of nightblindness. Ophthalmoscopic examination showed
mild arteriolar attenuation in otherwise normal fundi. No extensive
macular or peripheral pigmentary changes as observed in her sister
were present. At the age of 18, her vision remained stable and, unlike
her older sibling, she was able to navigate independently. Hyperopia of
+2.50 D OD and +0.75 D OS was recorded.
At 20 years of age, her visual acuity remains at 0.05 in both eyes and
she has milder nystagmus. However, on fundoscopy (Figure 4) retinal
mottling, attenuated vasculature, and atrophic changes with clumping
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of pigment in the macula were noted. Optical coherence tomography
(Figure 5) of both macular areas showed the thickness of the retina at
the fovea to be 120 mm in the right eye and 230 mm in the left eye. The
thickness in the parafoveal area ranges from 235 to 290 mm in the right
eye and from 280 to 290 mm in the left eye. The thinning of the foveal
area in the right eye could be attributed to the atrophy of the retinal
pigment epithelium. She reads normal-sized newsprint held a few
inches close to face without magniﬁcation but with mild difﬁculty and
continues to experience night-blindness.

Fig. 4. Fundus appearance of IV-2
showing retinal mottling, attenuated
vasculature, and atrophic changes
with clumping of pigment in the
macula.
Fig. 5. Optical coherence
tomography (OCT) of the macular
area of IV-2. The thickness of the
retina at the fovea measured 120 mm.
(Normal = ~160 mm)

Genetic analysis Mutation analysis of GUCY2D, RPE65, CRX,
AIPL1, and RPGRIP1 were undertaken in the the two affected
siblings (IV-1 and IV-2).
We sequenced the coding region and intron-exon junctions of
GUCY2D, after PCR ampliﬁcation using previously published sets of
primers.11 In the more severely affected sibling (IV-1), we found heterozygosity for a missense mutation in exon 7 (Figure 6) at nucleotide
1615 (A > G). This change converts an extremely conserved isoleucine
in the kinase-homology domain to a valine (Ile539Val), and was not
detected in 58 normal control subjects of the same ethnicity. We did
not ﬁnd a second mutation in the GUCY2D gene of the proband
(IV-1), nor did we ﬁnd any sequence alterations in GUCY2D in the
other affected sibling (IV-2). The parents were tested and the
same heterozygous mutation was also found in the mother (III-2).
However, this sequence change could not be the disease-causing
mutation since it was not found in the younger sister (IV-2). Using
Ras I that generates fragments of 103 and 20 bp sizes, the parents,
III-1, and III-2, along with the affected siblings IV-1 and IV-2, were
analysed. The restriction analysis (Figure 7) conﬁrmed the presence
of the mutant allele in the proband (IV-1) and the mother (III-2)
only.
Screening the exons of RPE65 for mutations was performed using
single stranded conformation analysis followed by manual sequencing
of genomic PCR amplimers, as per previously published sets of
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Fig. 6. Sequence surrounding
nucleotide 1615 of GUCY2D in
proband IV-1 (upper) and a normal
control (lower). Arrow indicates the
mutant base, which is heterozygous
in the proband IV-1.
Fig. 7. Restriction analysis of the
GUCY2D sequence variation. The
forward oligonucleotide for exon 7
as per published data (Perrault et al.,
1996) and the new (antisense) oligo
5¢ CCG TCTTGG TTG CTG GGC
GTA 3¢ were used for ampliﬁcation.
Amplimers were digested with RasI
and analyzed on a 1% agarose gel.
The affected older sibling IV-1 and
the unaffected mother III-2 carry the
mutated alele and a normal allele,
while the younger affected sibling
IV-2 and the unaffected father III-1
carry the normal alleles.

primers.30 Sequencing revealed (Figure 8) homozygosity for a nonsense
mutation at nucleotide 304 (G > T) in both affected siblings (IV-1 and
IV-2) leading to the conversion of a glutamic acid into a premature stop
at codon 102 (E102X). This causes truncation of 80% of the C-terminal domain. Since the mutant sequence did not contain any restriction
sites, new primers were designed to generate a novel EcoRI site in
amplimers of wild-type DNA, which is absent in amplimers of mutant
DNA. Using this approach, heterozygosity for this mutation was conﬁrmed in the parents III-1 and III-2 (Figure 9). This homozygous mutation is very likely the primary cause of LCA in both siblings as it
segregates with the disease phenotype.
AIPL1, RPGRIP1, and CRX were also screened in the probands in
an effort to identify other modulating factors. However, no sequence
variants were detected.
The mother, who was a double heterozygote for the RPE65 and
GUCY2D mutations, was further subjected to a complete eye examination and ERG, in accordance with the ISCEV criteria, and was found
to be phenotypically normal.
Discussion Both retinal guanylate cyclase and the RPE65 protein
are involved in different aspects of photoreceptor function. The former
is necessary for the recovery of the dark state after photoexcitation,
while RPE65 is important in retinoid metabolism. GUCY2D in the
photoreceptor outer segments plays a pivotal role in phototransduction. It is stimulated by guanylate cyclase activating protein (GCAP)
at low calcium concentration to resynthesise cGMP depleted by light.31
Mutations in GUCY2D prevent the restoration of the basal level of
cGMP in photoreceptor cells, along with the permanent closure of the
cGMP gated cation channels.11 Evidence suggests that the heterozygous GUCY2D mutation in this family acts as a modiﬁer in the background of the RPE65 mutation and leads to a more severe phenotype
in the proband (IV-1).
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The sequence change in GUCY2D alters the highly conserved
protein kinase-homology domain of retinyl guanylate cyclase that
binds ATP and speciﬁes the afﬁnity and cooperativity of interaction
with (GCAP2) guanylyl cyclase activating protein 2.32 The isoleucine
of GUCY2D at position 539 is conserved in several species, including
Bos taurus, Canis familiaris, Rattus norvegicus, and Mus musculus.
Furthermore, this amino acid is also conserved in other members of
the membrane guanylyl cyclase family including the natriuretic peptide
receptors NPR-A and NPR-B, the intestinal receptor for E. coli heat
stable enterotoxin Sta Receptor, and the sea urchin sperm guanylyl
cyclase.33 This sequence change in GUCY2D occurs in exon 7, which is
part of the kinase homology domain of the gene.A heterozygous mutation Arg540Cys in a Dutch patient with LCA has also been detected
in exon seven.34 Heterozygous mutations in GUCY2D lead to autosomal dominant cone-rod dystrophy.35,36
Most importantly, the change in GUCY2D not being present in the
second affected sibling (IV-2) precludes to better visual function. In the
absence of further detriment in the background of a null mutation, both
the severity and the progress of the disease do not follow the same
course as seen in the older sibling (IV-1) who harbors sequence alterations in two genes. Functional studies are currently underway to evaluate the potential impact of this mutation in an in vitro model. It is
likely that the heterozygous GUCY2D mutation appears to further
disrupt the already severely compromised photoreceptor metabolism.

Fig. 8. Sequence surrounding
nucleotide 304 of RPE65 in the
proband IV-1 and the affected sister
IV-2 showing the homozygous
change G Æ T (top). Heterozygous
change observed in both
consanguineous parents III-1&2
(middle), and a normal control
(below). Arrow indicates the mutant
base, which is homozygous in both
IV-1 and IV-2.
Fig. 9. Restriction analysis of the
RPE65 mutation. A new set of
primers (5¢acatgggctctacggattgctcct3¢,
5¢cttgcagggatctggaaagcacaggtgccgaa3¢)
were used. The amplimers were
digested with EcoRI and analyzed
on a 1% agarose gel. Both affected
siblings IV-1 and IV-2 carry two
mutated alleles, while their parents
(III-1 and III-2) carry both a normal
and a mutated allele.
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The retinal pigment epithelium, besides being involved in photoreceptor renewal, maintainence, and survival, is also important for
retinoid metabolism and photo recovery. Recycling of 11cis-retinal
occurs in the retinal pigment epithelium. During phototransduction, 11cis-retinal is converted to all-trans-retinal. However, the regeneration
of 11-cis-retinal from all-trans-retinal is possible only in the pigment
epithelium where retinal isomerase is present.37 RPE65 participates
in the visual cycle, and mutations in RPE65 disrupt the synthesis of
11-cis-retinal, resulting in the absence of both 11-cis-retinal and
rhodopsin with accumualation of retinyl esters.25 Rpe65 speciﬁcally
binds to all-trans-retinyl esters in the membrane of the endoplasmic
reticulum and presents these esters as substrate to the enzyme isomerase for synthesis of the 11-cis-retinol. The conversion of 11-cisretinol to 11-cis-retinal is achieved through the action of 11-cis-retinal
dehydogenase.38
The cone degeneration observed in these patients may also be due
to the presence of a similair pathway in cones.39,40 The homozygous
mutation E102X, in exon 4 of RPE65 detected in both the affected individuals of this family, leads to a gene product with little or no residual
function. Mutations in RPE65 could explain the dysfunctional status
due mainly to the absence of the visual chromophore in the retina to
complete the visual cycle as RPE65 is essential for the regeneration of
rhodopsin.
A missense mutation in the same position (Glu102 Lys) risen as a
new mutation in combination with another inherited missense mutation (Arg 91 Trp) has been associated with LCA.30 The residual function of the mutant alleles is inadequate to sustain the visual cycle in the
retinal pigment epithelium. This causes a marked decrease in rod sensitivity.41 Unlike rods, cones appear to be able to take up and oxidise
11-cis retinol to regenerate the active photopigment through Muller
cells.42 Cone survival may also depend on rod-derived factors, and cellcell interactions are known to play a vital role coordinating photoreceptor development and survival.43 Each cone is surrounded by a
glycocalyx that creates a structural microdomain linking each cone to
a retinal pigment epithelial cell.This close interdependence and the fact
that retGC-1 is more highly expressed in cones44 could also explain why
cone survival is further compromised by the GUCY2D mutation in an
environment of altered retinal pigment epithelial function.
Variable expression of the LCA phenotype in a large genetic isolate
has been observed in patients with RPE65 mutations.45 However, since
all the additional LCA genes were not analysed in that study, it may
be more difﬁcult to postulate that the phenotype was solely dictated
by the disease-causing RPE65 mutation.45 ERG changes, notable for
decreased cone photopic waves, has been observed in heterozygous
carriers of GUCY2D-related LCA,46 but this was not observed in the
carriers of this study. ERG changes, notably cone ﬂicker timing delay,
combined with fundoscopic changes similair to fundus albipuctatens,
have been detected in carriers of RPE65-related LCA,47 however,
neither was detectable in this study. Sequence variants in more than
one LCA gene have been observed, and the pathogenic signiﬁcance is
being analysed.48
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We suggest that the unusual phenotypic variability in these two siblings with LCA is caused by the modifying effect of a heterozygous
GUCY2D mutation observed against the disease background of a
homozygous RPE65 mutation. The older sibling (IV-1), however, had
a greater degree of hyperopia and nightblindness with lesser visual
function than the younger sibling (IV-2). Night blindness, which is a
feature in patients harboring RPE65 mutations,49,50 was noted in both
siblings (IV-1 and IV-2). RPE65, which is speciﬁcally expressed in the
pigment epithelium, is essential for the re-isomerization of all-trans
retinol in the visual cycle and hence for the regeneration of rhodopsin
after bleaching. Both these processes being impaired in the patients
account for the ensuing night blindness. The presence of the sequence
variant in GUCY2D could inﬂuence the severity and the natural course
of the disease caused by the pathogenic mutation in RPE65. Both photorecovery and phototransduction are affected to varying degrees
with mutations in these genes. This family provides an example of two
structurally unlinked genes contributing to the phenotype of LCA
and further elucidates the pattern of inheritance of this heterogenous
disease.
Modiﬁer genes exert their inﬂuence on the phenotype.51 Modulation
of genetic inﬂuence may either be detrimental or protective. LCA was
originally described as a Mendelian recessive disorder by Leber.6
Although one gene is primarily responsible for the pathogenesis, one
or more independently inherited modiﬁer genes could inﬂuence the
phenotype. Sequence changes in genes play the role of modiﬁers. It has
been shown that a sequence variation, Leu in RPE65 at position 450,
is a strong genetic modiﬁer of susuceptibility to light-induced damage
in c-fos deﬁcient mice.52 The presence of additional environmental
modiﬁers could alter the phenotype, too. Increased resistence to lightinduced retinal degeneration is observed in the Leu450Met variation
of RPE65-/- mice as slow regeneration of rhodopsin occurs. However,
increased retinal degeneration occurs in mice with Leu at position
450.53 Background mutations are thus known to modulate disease
phenotypes.
Identifying modiﬁer genes will provide greater insight into the molecular, biochemical, and cellular mechanisms of visual function. Phenotypes depend on the genetic background, and understanding the role
of genetic modiﬁers in functional outcomes will in the future guide and
inﬂuence therapeutic interventions.
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Genotyping Microarray (Disease Chip) for Leber
Congenital Amaurosis: Detection of Modiﬁer Alleles
Jana Zernant,1,2 Maigi Külm,2,3 Sharola Dharmaraj,4 Anneke I. den Hollander,5
Isabelle Perrault,6 Markus N. Preising,7 Birgit Lorenz,7 Josseline Kaplan,6
Frans P. M. Cremers,5 Irene Maumenee,8 Robert K. Koenekoop,9 and Rando Allikmets1,10
PURPOSE. Leber congenital amaurosis (LCA) is an early-onset
inherited disorder of childhood blindness characterized by
visual impairment noted soon after birth. Variants in at least six
genes (AIPL1, CRB1, CRX, GUCY2D, RPE65, and RPGRIP1)
have been associated with a diagnosis consistent with LCA or
early-onset retinitis pigmentosa (RP). Genetically heterogeneous inheritance complicates the analyses of LCA cases, especially in patients without a family history of the disorder, and
conventional methods are of limited value.
METHODS. To overcome these limitations, arrayed primer extension (APEX) technology was used to design a genotyping
microarray for early-onset, severe retinal degenerations that
includes all of the ⬎300 disease-associated variants currently
described in eight genes (in addition to the six just listed, the
early-onset RP genes LRAT and MERTK were added). The
resultant LCA array allows simultaneous detection of all known
disease-associated alleles in any patient with early-onset RP.
The array was validated by screening 93 conﬁrmed patients
with LCA who had known mutations. Subsequently, 205 novel
LCA cases were screened on the array, followed by segregation
analyses in families, if applicable.
RESULTS. The microarray was ⬎99% effective in determining
the existing genetic variation and yielded at least one diseaseassociated allele in approximately one third of the novel pa-

From the Departments of 1Ophthalmology and 10Pathology, Columbia University, New York, New York; 3Asper Biotech, Ltd., Tartu,
Estonia; 4Department of Pediatric Ophthalmology, Massachusetts Eye
and Ear Inﬁrmary, Harvard Medical School, Boston, Massachusetts; the
5
Department of Human Genetics, Radboud University Nijmegen Medical Center, Nijmegen, The Netherlands; 6Hôpital Des Enfants Malades,
Paris, France; the 7Department of Pediatric Ophthalmology, Strabismology and Ophthalmogenetics, Klinikum, University of Regensburg, Regensburg, Germany; the 8Johns Hopkins University, Baltimore, Maryland; and the 9Montreal Children’s Hospital, McGill University Health
Center, Montreal, Quebec, Canada.
2
Contributed equally to the work and therefore should be considered equivalent authors.
Supported, in part, by National Eye Institute Grant EY13435 (RA),
Research to Prevent Blindness (RA), Foundation Fighting Blindness
USA (FPMC, AIdH), Deutsche Forschungsgemeinschaft Grants DFG
Lo457/2-3 and Lo457/5-1), Pro Retina Deutschland eV, Regensburger
Forschungsförderung in der Medizin (MNP, BL), and Foundation Fighting Blindness Canada (RKK).
Submitted for publication January 28, 2005; revised March 25,
2005; accepted April 4, 2005.
Disclosure: J. Zernant, None; M. Külm, Asper Biotech, Ltd. (E);
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tients. More than two (expected) variants were discovered in a
substantial fraction (22/300) of the patients, suggesting a modiﬁer effect from more than one gene. In support of the latter
hypothesis, the third allele segregated with a more severe
disease phenotype in at least ﬁve families.
CONCLUSIONS. The LCA genotyping microarray is a robust and
cost-effective screening tool, representing the prototype of a
disease chip for genotyping patients with a genetically heterogeneous condition. Simultaneous screening for all known
LCA-associated variants in large LCA cohorts allows systematic
detection and analysis of genetic variation, facilitating prospective diagnosis and ultimately predicting disease progression.
(Invest Ophthalmol Vis Sci. 2005;46:3052–3059) DOI:
10.1167/iovs.05-0111

L

eber congenital amaurosis (LCA) deﬁnes a clinically and
genetically heterogeneous group of congenitally blind patients. It is diagnosed as an early-onset, bilateral retinal dystrophy associated with a severely diminished or absent electroretinogram (ERG) before the age of 1 year.1 Shortly after birth,
patients usually present with poor ﬁxation, nystagmus, photophobia, and amaurotic pupils. Later, in most patients, a large
variety of retinal changes appear, including salt-and-pepper
pigmentation, attenuated vessels, and atrophy of the retinal
pigment epithelium (RPE). LCA is mostly inherited as an autosomal recessive, genetically heterogeneous (multigenic) disorder. Mutations in at least eight genes have been associated with
the retinal pathology consistent with the diagnosis of LCA
and/or early-onset RP. Since the identiﬁcation of guanylate
cyclase 2D (GUCY2D)2 in 1996 as the ﬁrst LCA gene, mutations in ﬁve more genes—AIPL1, CRB1, CRX, RPE65, and
RPGRIP1— have been shown to cause LCA.3,4 Variant alleles in
some other genes, such as LRAT, MERTK, PROML1, and
TULP1 have been described in patients with early-onset RP.
Altogether, our current knowledge explains ⬍50% of the genetic causality of LCA.5
Clinical and genetic heterogeneity has substantially complicated the assessment of the genetic determinants in LCA cases,
especially the sporadic ones. Disease-associated alleles in the
six major genes have shown substantial heterogeneity. Currently, ⬎300 disease-associated variants have been identiﬁed in
all known LCA-associated genes; however, only a few of these
alleles have been detected in more than 1 or 2 families. After
tedious screening with single-strand conformational polymorphism (SSCP) analysis, denaturing high-performance liquid
chromatography (DHPLC), and direct sequencing, the most
comprehensive studies have been able to determine from
⬃28%6,7 to ⬃45%5 of all disease-causing alleles. Important
factors that inﬂuence mutation analysis are the effort and the
cost of screening all LCA-associated genes. Currently, mutation
analysis involves screening at least 80 amplicons (exons) that
encompass the entire open reading frames of the eight genes.
Therefore, all available mutation detection techniques remain
labor intensive, time consuming, and expensive.
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To overcome these challenges and to generate a high volume, cost-effective, and efﬁcient screening tool, we developed
the LCA genotyping microarray. The LCA array contains all
currently known (⬎300) disease-associated genetic variants
and several common polymorphisms from eight genes involved in early-onset severe retinal dystrophies (Supplementary Table S1, http://www.iovs.org/cgi/content/full/46/9/
3052/DC1). In this report, we describe the efﬁciency of the
chip for the genetic analysis of LCA and discuss several applications made possible by the array.

METHODS
Study Subjects
LCA patient cohorts (298 unrelated individuals) were derived from two
locations in North America: Wilmer Eye Institute (Johns Hopkins University, Baltimore, MD) and Montreal Children’s Hospital (Montreal,
Quebec, Canada); and from two centers in Europe: University Medical
Centre (Nijmegen, The Netherlands); and Hôpital Des Enfants Malades
(Paris, France). The Nijmegen Center cohort included patients from
Germany, the Netherlands, and Belgium. Of the 298 patients, 93 had
been screened for mutations in six LCA genes at the four centers. The
remaining 205 patients, recruited at the U.S., Canadian, and Dutch
centers, had not been screened. Collections of matched control samples (200 unrelated individuals) were ascertained at the same locations.
Research procedures were in accordance with institutional guidelines
and the Declaration of Helsinki. Informed consent was obtained at
each Center from all patients after the nature of procedures to be
performed was fully explained.
A more detailed description of clinical procedures has been published.5,8 Brieﬂy, the inclusion criteria for patients with LCA were the
following: (1) onset of symptoms—that is, severe impairment of visual
function in early infancy; (2) nondetectable or severely diminished
ERG before the age of 1 year; and (3) an absence of systemic disease
features. Collected detailed clinical data included the age of onset,
history of the patient and family (compatible with autosomal recessive
inheritance), visual acuity (if measurable), electroretinography, and
fundus photography. Detailed interviews with parents (and patients, if
applicable) were conducted, and pedigrees were established.

Molecular Methods
Sixty amplicons from eight genes were PCR ampliﬁed, as described
previously.9 Primer sequences are available on request. In the ampliﬁcation mixture, 20% of the dTTP was substituted by dUTP.10 The
ampliﬁcation products were concentrated and puriﬁed (GENErALL
PCR kit; General Biosystems, Inc., Seoul, Korea). The fragmentation of
ampliﬁcation products was achieved by adding thermolabile uracil
N-glycosylase (Epicenter Technologies, Madison, WI) and the following heat treatment.10
One-sixth of every ampliﬁcation product was used in the primer
extension reaction on the LCA array. Each arrayed primer extension
(APEX) reaction consisted of a fragmented and denatured PCR product, 4 units of DNA Polymerase (ThermoSequenase; GE Healthcare,
Piscataway, NJ), 1⫻ reaction buffer, and 1.4 M ﬁnal concentration of
each ﬂuorescently labeled ddNTP: Texas red-ddATP, ﬂuoresceinddGTP (GE Healthcare), Cy3-ddCTP, and Cy5-ddUTP (NEN; Boston,
MA). The reaction mixture was applied to a microarray slide for 15
minutes at 58°C. The reaction was stopped by washing the slide at
95°C in double-distilled water (Milli-Q; Millipore, Bedford, MA).11 The
slides were imaged (Genorama QuattroImager; Asper Biotech, Ltd.,
Tartu, Estonia) and the sequence variants were identiﬁed with a computer program (Genorama Genotyping Software; Asper Biotech,
Ltd.).9,12
Array-identiﬁed variants were conﬁrmed by direct sequencing with
dye termination chemistry (Taq Dyedeoxy Terminator Cycle Sequencing kit; Applied Biosystems, Inc. [ABI], Foster, City, CA), according to

the manufacturer’s instructions. Sequencing reactions were resolved
on an automated sequencer (model 377; ABI).

Electronic Databases
Databases used in the study included Online Mendelian Inheritance in
Man (OMIM), http://www.ncbi.nlm.nih.gov/omim (National Center
for Biotechnology Information, National Institutes of health, Bethesda,
MD); RetNet Retinal Information Network, http://www.sph.uth.tmc.edu/Retnet/home.htm (University of Texas Houston Health Science
Center, Houston, TX); The Genome Database (GDB), http://gdbwww.gdb.org/gdb/ (RTI International, Research Triangle Park, NC); and
the Retina International Scientiﬁc Newsletter Mutation Database:
http://www.retina-international.org/sci-news/mutation.htm
(maintained by Markus Preising, Molecular Genetics Laboratory, University
of Regensburg, Regensburg, Germany).

RESULTS
Design of the LCA Microarray
Microarrays were designed and manufactured with APEX technology.13,14 A detailed description of the methodology is available elsewhere (www.asperbio.com; Asper Biotech, Ltd.).10,12
Brieﬂy, 5⬘-modiﬁed, sequence-speciﬁc oligonucleotides are arrayed on a glass slide. In general, these oligonucleotides are
designed with their 3⬘ end immediately adjacent to the variable
site. PCR-prepared and -fragmented target nucleic acids are
annealed to oligonucleotides on the slide, followed by sequence-speciﬁc extension of the 3⬘ ends of primers with dyelabeled nucleotide analogues (ddNTPs) by DNA polymerase.
The APEX reaction is, in essence, a sequencing reaction on a
solid support.
One advantage of APEX, compared with other common
microarray-based techniques, such as hybridization with allelespeciﬁc oligonucleotide probes, is that all variable nucleotides
are identiﬁed with optimal discrimination at the same reaction
conditions, rendering this approach far more speciﬁc for multiplex mutation detection.15 This method successfully detects
single-nucleotide polymorphisms (SNPs), deletions, and insertions in heterozygous and homozygous patient samples.11,12
APEX also permits at least one order of magnitude higher
power of discrimination between genotypes, when compared
with hybridization-based techniques.15 Template-dependent
extension reactions with four uniquely dye-labeled ddNTPs
yield covalent bonds between an oligonucleotide and a dye
terminator. This allows stringent washing of slides after APEX,
yielding minimal background signal. The time required for
complete APEX analysis, including sample preparation, is less
than 4 hours. Once designed, these microarrays can be modiﬁed (upgraded) easily with new variants.
By systematic analysis of all published, reported, and communicated data, we compiled the most comprehensive database of LCA-associated variants (Supplementary Table S1). The
number of sequence changes currently considered diseaseassociated exceeds 300. By design, we included on this chip all
variants from the coding region and adjacent intronic sequences of the eight LCA/early-onset RP genes: AIPL1, CRB1,
CRX, GUCY2D, RPE65, RPGRIP1, MERTK, and LRAT. Intronic
sequences were included only in cases with predicted or documented involvement in splicing. Several common polymorphisms were also included, mainly from the coding regions
(K192E and E1033Q in RPGRIP1, A52S and L782H in
GUCY2D, D90H in AIPL1), to facilitate haplotype assignments.
The resultant LCA microarray contains 307 variants (Supplementary Table S1, Table 1). Each sequence change was designed to be queried in duplicate from each sense and antisense strand by the software (Genorama Genotyping Software;
Asper Biotech, Ltd.).
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TABLE 1. Genetic Variation in LCA Genes

Known
LCA Gene Exons Amplicons Mutations
AIPL1

6

6

25

CRB1

12

13

68

CRX

3

3

29

GUCY2D

20

14

67

RPE65

14

10

81

RPGRIP1

24

18

32

Total

79

64

302

Mutation
Frequency
in LCA
(%)
5.816*
3.45
9.0–13.517,18
10.05
2.019
2.820
0.65
6.06,21
20.322
21.25
6.86
8.223
11.424 15.625
6.15
5.326
5.627
4.55

LCA
Array
(%)
7.8
5.4
1.5
11.7
2.4

4.9
33.7

* Mutation frequencies are shown with the reference sources.

Validation of the LCA Array
Validation of the array served a dual purpose: to estimate the
efﬁciency of the array in detecting variants on the chip by
screening samples with known variants and to gauge its efﬁciency in detecting disease-associated alleles in LCA cohorts,
compared with other methods, such as SSCP and direct sequencing. The overall efﬁciency of the array was enhanced by
designing primers with mismatched or modiﬁed bases for several variants where sequence presented additional challenges
(e.g., hairpin loops, and repeats). Currently, all 307 variants are
detected by the latest version of the chip; 294 positions are
detected from both strands, whereas 13 (4.2%) variants are
detected reliably from one strand. Since the same oligonucleotides detect both mutant and wild-type (wt) sequence, these
data were obtained with positive controls for 102 variants and
with wt (control) DNA for the rest.
The array, which originally contained 267 variants, was
validated in a cohort of 93 conﬁrmed LCA samples collected at
the four centers. The initial screening by SSCP or DHPLC had
resulted in the detection of 99 variants that were deemed
disease-associated by conﬁrmed clinical assessment and segregation analysis.17,21,22 These comprised 145 alleles (78%) and 5
“modiﬁer” variants (the third sequence change in a different
gene from the causal) in 99 positions. Four variants, which had
been described by SSCP/DHPLC gave a wt signal on the array;

these results were conﬁrmed by direct sequencing. Most likely,
these represent false-positive results due to an experimental
error.
The microarray screening detected 20 additional alleles
missed by other methods and found new changes in 15 of the
93 samples, bringing the total to 154 alleles and 16 “modiﬁer”
variants in 105 positions. The six variants missed (or not
described) in studies employing SSCP/DHPLC methods included the V96I change in AIPL1, the R769Q and R1331H
variants in CRB1, the A132T change in RPE65 , the D1114G
change in RPGRIP1, and the del V1020_L1022 variant in
GUCY2D. Altogether, the LCA array identiﬁed 83% of all
known disease-associated alleles in this preselected cohort. All
variants detected by the array were conﬁrmed by direct sequencing, and no conﬂicting sense/antisense calls or false
positives were identiﬁed; i.e., all variants included on the array
are detected with 100% accuracy.

Screening Test Populations on the
LCA Microarray
To evaluate the LCA array further, we screened 205 previously
unanalyzed patients with LCA of diverse ethnicity derived from
three of the four participating centers. At each center, the best
effort was made to avoid phenocopies and cases with questionable diagnoses. In each North American cohort, the ethnicity of subjects was mostly consistent with “European American”; however, approximately one-third of the samples
originated from Asian ethnic groups (e.g., Indian, Pakistani,
Iranian). The European cohort mainly contained patient samples from Germany, The Netherlands, and Belgium. The chip
screening results for these cohorts are summarized in Table 2.
The screening efﬁciency of the LCA array was remarkably
similar in all three cohorts, yielding from ⬃20.3% (the Canadian sample) to 23.8% (the U.S. sample) of all possible diseaseassociated LCA alleles (Table 2). The LCA array detected at least
one disease-associated allele in approximately one third of
patients. The remarkably similar mutation detection rate in all
cohorts suggests a similar frequency of known disease-associated LCA alleles across all populations. However, the frequency
of individual alleles showed substantial differences between
the screened patient populations. For example, mutations
were frequent in the AIPL1 gene in the Dutch cohort (⬃20%),
but very rare in the cohort from Baltimore. At the same time,
CRB1 alleles accounted for the LCA phenotype in 8.5% of cases
from Baltimore, but they were not detected at all in the Nijmegen cohort included in this study. However, in an independent
cohort from the same center, CRB1 mutations were a frequent
cause of LCA (Cremers F, unpublished data, July 2005). Disease-associated alleles from GUCY2D and RPGRIP1 were relatively evenly distributed across all cohorts. Almost no mutations were found in the CRX and RPE65 genes in the entire

TABLE 2. Screening Efﬁciency of the LCA Array in Three Patient Cohorts
Nijmegen, The Netherlands
41 Patients (82 Alleles)

Montreal, Canada
59 Patients (118 Alleles)

Baltimore, MD
105 Patients (210 Alleles)

Gene

Patients

Alleles

%

Patients

Alleles

%

Patients

Alleles

%

AIPL1
CRB1
CRX
GUCY2D
RPE65
RPGRIP1
Total

8
0
0
4
0
2
14
(34%)

10
0
0
4
0
3
17
(20.7%)

19.5
0
0
9.8
0
4.9
34

4
2
1
8
1
2
18
(30.5%)

6
2
1
11
1
3
24
(20.3%)

6.8
3.4
1.7
13.6
1.7
3.4
30

4
9
2
12
4
6
37
(35%)

6
14
2
17
5
6
50
(23.8%)

2.9
8.6
1.9
11.4
3.8
5.7
35
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screened patient population, although the RPE65 gene is represented on the array by the largest number (81) of alleles
(Supplementary Table S1; Table 1). This observation suggests
that allelic variation in the RPE65 and CRX genes is more likely
associated with the diagnosis of early-onset severe retinal dystrophies rather than with LCA, if characterized by strict criteria.5
Three variants were found in all three patient cohorts. The
most frequent allele in the Dutch cohort, W278X in AIPL1
(29% of all alleles found), was detected once in Canadian
samples and twice in samples from Baltimore (both 4%).
C948Y in CRB1 and P701S in GUCY2D had similar frequencies
in all the three sample cohorts, 6% to 8% and 11% to 12%,
respectively, whereas P701S was also the most frequent allele
in Canadian samples. The CRB1 variant 611_617 delAAATAGG
was the most frequent allele in samples from Baltimore (14% of
alleles), but was completely absent in other cohorts. The segregation of this mutation with the disease in families of PuertoRican origin clearly suggests a founder effect. The Canadian
cohort showed the highest heterogeneity —17 different variants accounting for 24 disease-associated alleles. In the Dutch
samples, we found 17 alleles (8 different variants), whereas 50
alleles (23 individual variants) were detected in the Baltimore
cohort. In summary, comprehensive microarray analysis currently allowed the identiﬁcation of the causal gene in approximately one third of all LCA samples.
The pathogenicity of alleles on the chip was inferred from
all available published data and further analyses of speciﬁc
alleles in this study. All alleles, except for a small selection of
clearly deﬁned common polymorphisms, had been deﬁned as
“disease-associated” by a combination of criteria applied to all
genetic studies, including: (1) the cosegregation of an allele
with the disease phenotype in a family; (2) the absence of the
allele in a substantial number (⬎200 chromosomes) of subjects
deﬁned as “general population”; and (3) the determined or
deducted effect of a variant on the protein function. However,
even including all these, several alleles cannot be called highly
penetrant and/or 100% disease associated. These fall into two
major categories: The ﬁrst group includes those variants detected only once in a patient with LCA, which should be called
“rare variants” by most strict criteria, unless deﬁnite information on a functional consequence of a sequence change is
available. Analyses by mutagenesis to assess the effect of various alleles on the protein function have been performed for
GUCY2D,28 –31 AIPL1,32,33 and CRX,34,35 but these studies
have examined a limited number of alleles in tests that are
often not directly coupled to the (proposed) protein function.
The second group includes a few variants, with higher than
expected frequencies in the general population for a highly
penetrant allele. Some variants from this category include the
D1114G variant in RPGRIP1 and the P701S missense change in
GUCY2D. For example, the allele frequency of the P701S
variant in the general population of white origin is ⬃2%. If this
variant were disease-associated with complete penetrance, the
disease prevalence for GUCY2D-associated LCA alone would
be 1 in 2500, at least 20 times more than observed. We
detected this variant in ⬎5% of patients with LCA, including
three homozygous probands derived from extended families of
Iranian origin. Segregation analyses conﬁrmed that the P701S
variant cosegregated with the disease in all three extended
pedigrees, one of which (LCA-108) is shown in Figure 1.
Moreover, patient IV-3 from this pedigree was heterozygous
for P701S. Direct sequencing of the GUCY2D gene in this
patient revealed another, previously unknown, missense allele
H945R on the other chromosome, further supporting the conclusion that GUCY2D is the disease gene in this family. Another
explanation for the P701S allele’s being disease associated in
Iranians is the founder effect—that is, the possibility of another

FIGURE 1. Pedigree of a family segregating LCA with the GUCY2D
P701S variant.

variant’s being in cis with P701S in Iranians, but not in other
populations. However, we did not ﬁnd any other variants in
GUCY2D on the same chromosome with P701S. In conclusion,
our current data— complete segregation of this variant with
the disease in three extended pedigrees, lack of nonsymptomatic homozygotes, and compound heterozygosity in one patient—support P701S as being associated with LCA, at least in
some populations.

Multiple Alleles in Patients with LCA, Suggesting
Modiﬁers of the LCA Phenotype
Screening on the LCA chip revealed multiple cases in which
possibly disease-associated alleles were detected in more than
one gene in one patient. These included 12 cases in which
heterozygous alleles from two genes were found, and 10 cases
in which homozygous or compound heterozygous variants
from one gene were detected, together with a heterozygous
allele from a different LCA gene—a total of 22 of 300 (7.3%).
The odds of detecting a third allele by chance can be
calculated as follows. The incidence of LCA is estimated to be
between 1 in 50,000 and 1 in 100,000 persons (i.e., approximately 1/75,000). Assuming that six LCA genes account for
approximately 50% of the cases, we could expect a total of 12
LCA genes, resulting in 1 in 900,000 individuals harboring a
speciﬁc genetic form of LCA. This means that 1 in 225,000
marriages is at risk, and that 1 in 474 individuals carry a speciﬁc
LCA-associated genetic defect. Therefore, it is expected that 12
of 474, or 1 in 40, individuals are carriers of a disease-causing
LCA mutation by chance. Consequently, in this study we expected to ﬁnd 300/40/2, or 3 patients, with LCA who carry a
disease-causing mutation by chance alone. The same result is
obtained by using the Hardy-Weinberg equilibrium and basic
binomial statistics. However, we detected a modiﬁer allele in
22 cases, a statistically signiﬁcant difference (P ⬍ 0.0001;
Fisher exact test). An inclusion of a more prevalent allele in the
analysis, such as the GUCY2D P701S variant described earlier,
would increase (double) the number of expected modiﬁer
alleles. The data shown in the previous section strongly suggest
at least a modiﬁer, if not a causal, status for P701S, which
justiﬁes the inclusion of this allele in the statistical analyses.
Moreover, it would not change the conclusion that the frequency of detection of the modiﬁer alleles by the array is
signiﬁcantly different from that expected by chance alone.
Unfortunately, nearly all of these cases were sporadic or
simplex, and no other siblings were available for segregation
analysis and/or phenotype comparison. Five families with
more than two LCA-associated alleles and multiple affected
individuals were available for detailed clinical and genetic analysis (Fig. 2).
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FIGURE 2. LCA pedigrees harboring
mutant alleles from more than one
LCA gene.

In a family of Palestinian origin, LCA-001 (Fig. 2A), the
homozygous Q163X allele of the AIPL1 gene segregated with
the disease. An additional T273L missense allele from CRX was
detected in patient II-2. LCA was diagnosed in the affected
proband (II-2) in early infancy with a severely diminished ERG.
The presence of keratoconus and cataracts was noted by the
end of the ﬁrst decade of life. There was a history of night
blindness, and the visual acuity was light perception (LP) in
both eyes. Retinal examination showed pale optic discs, arteriolar attenuation, and marked intraretinal pigment migration.
Atrophic changes were seen in the macula, and the foveal
reﬂex was ill deﬁned. Individual II-4, who did not harbor the
CRX T273L allele, presented with a similar phenotype, although he was clearly less severely affected than II-2 at a
comparable age.
In a consanguineous Greek family, LCA-201, the disease
phenotype was caused by a homozygous E102X RPE65 mutation (Fig. 2B). The older sibling (III-1) had inherited an additional GUCY2D I573V variant from her mother. Because the
mother is asymptomatic, we can exclude multiallelic inheritance; however, the older sister with three alleles clearly had a
more severe visual dysfunction than did her younger sibling
(III-2) at a comparable age. Speciﬁcally, at age 23, the older
sibling (III-1) had best corrected visual acuity of 20/1300
(0.015) in both eyes, very limited visual ﬁelds by confrontation,
night blindness, sluggish pupils, and roving nystagmus. The
fundus examination revealed pale optic discs, dull macular
reﬂexes with diffuse yellowish stippling, signiﬁcant arteriolar
attenuation, and considerable peripheral pigmentary changes.
At a similar age, the younger sibling (patient III-2) had a visual
acuity of 20/400 (0.05) in both eyes, with less-pronounced
nystagmus. Ophthalmoscopic examination revealed mild arteriolar attenuation with areas of pigment clumping and atrophy
in the macula, in addition to generalized mottling of the retina.
However, unlike her older sibling, she was able to read normalsized newsprint with the aid of a magnifying device and to
navigate independently.36
In a consanguineous family from India, LCA-283, a homozygous R302L variant of the AIPL1 gene cosegregated with the
disease (Fig. 2C). Of the three affected members, one (IV-1)

harbored an additional CRB1 R1331H allele. This patient’s
phenotype was advanced compared with her sister’s (IV-2).
Speciﬁcally, her retinal features included chorioretinal atrophy,
extensive pigmentary mottling, narrowing of retinal arterioles,
and stippling of the macula, with (extensive) areas of atrophy.
In addition, she had severe keratoconus and cortical cataracts.
Her younger sister, examined at a comparable age, had only a
few peripheral bone-spicule–like pigmentary deposits and tiny
areas of pigmentary atrophy and stippling in the macular region, moderate keratoconus, and clear lenses. Their cousin
(IV-5), who also did not have the third allele, was younger at
the time of clinical examination, excluding a direct phenotypic
comparison.
In an extended pedigree belonging to the Old Order River
Brethren, a religious isolate of Swiss descent residing in eastern
Pennsylvania (LCA-180; Fig. 2D), the disease-causing gene had
been linked to a new locus on 6q14.37 Of the two affected
siblings, one had inherited an additional GUCY2D P701S allele.21 When compared at the same age, the sibling with three
alleles presented with a more severe ocular phenotype and
experienced greater difﬁculty with decreased visual function.
Retinal examination revealed higher hyperopia and more extensive peripheral pigmentary mottling.
Finally, in a Puerto-Rican family (LCA-064, Fig. 2E), the LCA
phenotype was caused by a homozygous S448X nonsense
mutation in GUCY2D in a single affected child. Although the
patient had no affected siblings, the phenotype was not consistent with the usual one in GUCY2D-associated cases.5,38 It
appears to have been modiﬁed by an additional CRX allele,
A158T, which resulted in the development of a prominent
macular coloboma in both eyes. Most recently,38 we reviewed
the clinical phenotype of 28 patients with LCA from three
independent studies, who had GUCY2D mutations and found
that none of them had documented maculopathy, whereas we
found that most of the patients with LCA with CRX mutations
have maculopathy or macular coloboma.
In summary, these cases, although limited to ﬁve families,
offer the ﬁrst clues to how alleles from other than the primary
disease-causing LCA gene can modify the disease presentation.
The fact that heterozygous alleles from LCA genes can have a
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modifying effect on the disease expression is further supported
by observations that heterozygous carriers of LCA-associated
genes, such as parents of patients with LCA with CRB1,
GUCY2D, AIPL1, and RPGRIP1 mutations, who can have mild,
but clearly detectable by ERG, defects of visual processes38,39
(Koenekoop RK, unpublished data, July 2005).

DISCUSSION
We designed and validated a comprehensive mutation-detection system for Leber congenital amaurosis, the “disease chip”
which contains all known disease-associated genetic variations
in eight genes. The DNA from ⬎300 patients, who had phenotypes consistent with LCA, was screened with the array.
Validation included determining the efﬁciency of detecting
known mutations and the overall efﬁciency of screening new
cohorts with LCA or early-onset autosomal recessive (ar)RP.
The chip was 100% effective in detecting known variants; 293
positions were reliably detected from both strands and 13
(4.2%) positions from one strand (Supplementary Table S1).
During routine screening, an average ⬃1% of positions on the
chip remained unreliably detected in any given experiment.
This resulted from weak or undetectable signals in some positions, either due to a weaker PCR product, inefﬁcient hybridization-extension on a particular oligonucleotide, or from a
combination of both, in some experiments. Therefore, in an
average experiment, the LCA chip’s efﬁciency can be estimated to be ⬃99%.
The chip alone determined possible disease-associated alleles in approximately one third of patients with LCA from
novel, previously unscreened cohorts. These results suggest
that the LCA array is an efﬁcient screening tool for known
variants and that its efﬁciency for screening patient populations with LCA is comparable to other methods, but substantially (⬎10 times) faster, much cheaper, and less labor intensive. The LCA array supplies several major applications,
including (1) quick and affordable (pre-) screening of all patients with a clinical diagnosis of LCA, allowing the pinpointing
of the disease-causing gene in ⬎30% of patients with LCA; (2)
conﬁrmation of the clinical diagnosis and selection of applicable patients for emerging clinical trials (e.g., for those with
RPE65 mutations); and (3) simultaneous screening for all
known LCA-associated variants in large LCA cohorts, for systematic detection and analysis of genetic variation, including
modiﬁer alleles, therefore facilitating prospective diagnosis and
predicting disease progression.

Efﬁciency of the LCA Array
Because by design the LCA array detects only known variants,
the expected efﬁciency of the chip can be calculated based on
several assumptions: (1) the number of patients with LCA
screened for new mutations from each ethnic group (i.e.,
whether the array is representative of any given population);
(2) the average fraction of alleles that are expected to be found
by direct sequencing; and (3) the estimated number of yet
unknown alleles for any ethnic group. For example, recent
studies screening sizable cohorts of patients with LCA have
detected LCA-associated alleles in the six major genes from
28%7 to 44% to 45%5 of all screened patients with LCA.
Assuming that, in the six genes, an average of 40% of the
mutations remain to be discovered across all populations of
European descent and that no more than 45% of all possible
alleles can be detected even by direct sequencing of patients
with LCA,5 the LCA array is currently expected to detect ⬃27%
(100 ⫻ 0.6 ⫻ 0.45) of disease-associated alleles in populations
of European origin. The number could be higher in some
populations in which more cases have been screened (Dutch

and French) and lower in the others, in which studies with
limited numbers have been conducted (English and Spanish).
These calculations also assume that all major alleles have been
found in European populations, such as the W278X allele in
AIPL1 and the C948Y allele in CRB1.
The experimental data correlated with theoretical calculations. The array detected ⬃22% of all possible LCA-associated
alleles in ⬃33% of patients across all cohorts (Table 2). As
expected, in most of the patients, the array detected both
disease-associated alleles, which is the result of the enrichment
of individual alleles in speciﬁc ethnic groups due to founder
effects. More robust and closer-to-predicted results are expected in smaller, carefully characterized cohorts derived from
a single clinical source. In addition, after the completion of the
screening described in this study, we updated the array with
the most recently discovered new gene, RDH1240,41 and 68
new mutations, bringing the total number of alleles on the LCA
array to 370. Therefore, it is reasonable to suggest that the
latest version of the LCA array is even more efﬁcient than the
one described herein.

Comparison to Other Studies and/or Methods
Two classes of mutation-detection methods have been applied
to screening the six genes in LCA cohorts: those involving
separation of PCR products based on conformation changes
(e.g., SSCP, DHPLC) and those directly sequencing the open
reading frames of all six genes. Although direct comparison of
the LCA array’s efﬁciency in detecting genetic variation in
patients with LCA to these methods is tempting, one should
consider the basic difference between mutation detection
(SSCP, direct sequencing) and genotyping (LCA array) methods. The former are supposed to detect all variation in analyzed
sequences—the latter, only known variants. However, even
with these restrictions, the efﬁciency of the LCA array stands
out.
The array routinely detected LCA-associated alleles in approximately one third (⬃34%) of patients, which is better than
SSCP-based studies,7 and approximately 10% lower than in
studies in which direct sequencing of well-characterized cohorts was used and in which the average detection rate was
44%. Available data suggest that direct sequencing of patients
with sporadic cases of LCA would currently detect ⬃10%
alleles in addition to those found with the LCA array. However,
the cost and effort involved (⬃160 sequencing reactions per
sample) is at least one order of magnitude higher than with the
chip. Therefore, although direct sequencing of large cohorts of
patients with LCA remains expensive, one could consider selective sequencing of the speciﬁc gene in the fraction of all
patients in whom the LCA array currently identiﬁes only one
allele.
When comparing chip screening results with those obtained from various studies in which different screening methods (mostly SSCP) were used, several interesting observations
emerge (Table 1). First, the fraction of the disease load was
consistent in only three of six genes (AIPL1, CRX, and RPGRIP1). Of these, CRX seems to be associated with the lowest
percentage (⬃2%) of LCA cases. The estimated role of the
other three genes, CRB1, GUCY2D, and RPE65, varied widely
from 2.5% to ⬎20% (Table 1). Some variation of a causal gene
load estimated from the analysis in separate cohorts is expected. The objective reasons include, for example, substantial
differences in the ethnicity of patients with LCA (e.g., the high
incidence, ⬎20%, of GUCY2D alleles in populations of Mediterranean origin5) and in screening methods. The LCA array
identiﬁes known alleles, whereas the other methods (e.g.,
SSCP) also detect new variants. However, subjective reasons,
which tend to inﬂuence the results even more, include differ-
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ences in clinical diagnostic criteria and in interpreting results
(i.e., determining whether a variant is disease associated, as
discussed earlier). For example, mutations in RPE65 have been
associated with the disease in 2.4% to 15.6% of cases (Table 1).
It has been suggested24 that this reﬂects differences in deﬁning
the disease phenotype (early-onset RP versus LCA) rather than
the actual variation in the disease phenotype. Another likely
explanation has to do with the screening of relatively small
cohorts in which even a small number of detected alleles
would have a signiﬁcant impact on the disease load. It is clear,
however, that if a cohort has been ascertained by strict criteria
for LCA and is of sufﬁcient size, the fraction of RPE65-associated alleles will remain relatively small. Furthermore, these
observations strongly suggest that the molecular screening of
patients with similar diagnoses (e.g., the entire spectrum of
arRP) has to be performed for all RP-associated genes, to
achieve a conclusive diagnosis in each case.

Modifying Effects of Third Alleles
In 22 of 300 patients with LCA, we found variants in more than
one gene. In 10 of these, we found a homozygous defect in one
and a heterozygous defect in a second gene. In ﬁve of these
latter cases, we were able to obtain enough clinical information and compare the severity and type of phenotypes between
age-matched affected siblings, one with the homozygous defect alone, another with the same homozygous defect plus a
heterozygous defect in another gene. We assume that the
homozygous defect is causal, and we provide evidence that the
heterozygous defect modiﬁes the LCA phenotype by an additive effect. In four cases, the phenotype was clearly more
severe in the affected individual with the three alleles. In one
case, the phenotype was strikingly different in the affected
patient with three alleles from the reported phenotypes associated with this gene (GUCY2D).

SUMMARY
In conclusion, although the assessment of disease-associated
variation in LCA still represents a difﬁcult task for ophthalmologists and geneticists, the LCA array offers a prototype diagnostic tool to advance our knowledge substantially, speciﬁcally
in LCA-associated disease and in ophthalmic genetics in general. It also represents the ﬁrst instance in which modiﬁer
alleles can be detected in a single screening reaction, therefore
improving molecular diagnosis and providing more accurate
visual prognosis and suggestions of treatment options. The LCA
disease chip is available to the entire scientiﬁc community for
effective, high-throughput, accurate, and affordable screening
of all populations of interest.
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The description of Leber congenital amaurosis (LCA) by Theodor Leber (Leber 1869), although
valid more than a hundred years later, has numerous caveats. The clinical heterogeneity of
this disorder has signiﬁcantly expanded; the high genetic heterogeneity was not anticipated.
Patients with LCA show a total loss of retinal function as evidenced by the markedly attenuated
or absent ERG. LCA may be associated with renal, neuronal and skeletal abnormalities, as
noted in Senior-Løken, Joubert and Saldino-Mainzer syndromes respectively. LCA has been
shown to be caused by mutations in thirteen genes, each with a different function in the retina
(Chapter 2).

8.1 A novel locus for LCA: LCA 5
Molecular genetics plays an important role in understanding inherited ocular disease (Musarella
et al 1992, Petrash et al 1992). The positional candidate gene cloning approach has become
the predominant method of gene identiﬁcation (Collins et al 1995). A mostly completed human
genome sequence is now available and efforts to identify the gene at the LCA5 locus will be
continued (IHGSC 2004). Using serial analysis of gene tags (SAGE) and expressed sequence
tags (EST) databases, much information can be gained and more candidate genes will be
identiﬁed. The inosine monophosphate dehydrogenase type 1 (IMPDH1) gene was identiﬁed as
the causative disease gene in ADRP at 7q31.1, using solely murine retinal SAGE data (Bowne
et al 2002, Blackshaw et al 2001). This gene has recently also been implicated in LCA (Bowne
et al 2006).
Based on their chromosomal location and expression, GCAP, IMPG1, ELOVL4, LGS,
POU3F2, GABA, FASH3BL, GAMMA, RIM1 and FKL1370 were screened for mutations without
success in affected members of the Old Order River Brethren kindred (Chapter 3). Thus far
1557 genes have been detected on chromosome 6 at the conclusion of the human genome
project sequencing (Mungall et al 2003). Ninety six percent of the protein coding genes have
been identiﬁed and the chromosome also harbors the largest transfer RNA cluster co-localizing
with the region of highest transcriptional activity (Mungall et al 2003). This, along with the additional genetic and molecular information obtained from the ever increasing electronic databases
on human and other organisms enabled identiﬁcation of the responsible gene and establish the
molecular defect.
Very recently the LCA5 gene also known as C6ORF152 has been identiﬁed and the encoded
protein lebercilin localizes to the connecting cilium in rods and cones.
The original critical interval described was about 33 Mb, and contained more than 100 genes
(Dharmaraj et al 2000). (Chapter 3). A 9 Mb interval containing about 25 genes was identiﬁed
in a non-consanguineous patient using homozygosity mapping (den Hollander et al 2007). Candidate genes within this interval were identiﬁed in the Ciliary Proteome Database (http://www.
ciliaproteome.org/) and C6ORF152 was screened as it showed weak similarity to CEP290.
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The shared homozygous haplotype in the 3 Pakistani families was 780-kb and contained only
3 genes, C6ORF152 being one of them. A large deletion overlapping the promoter and nonprotein coding exon 1 was identiﬁed in the affected members of the Old Order River Brethren
family. Other mutations too have been detected in several affected individuals (den Hollander
et al 2007).

8.2 Genotype-Phenotype considerations
8.2.1 General observations
Although progress in the understanding of the molecular mechanisms underlying LCA have
steadily grown, genotype-phenotype correlations are not straightforward. Mutations in the eleven
known LCA-associated genes, only in rare cases are associated with a distinct phenotype, but
generally show overlapping phenotypes (Lotery et al 2000, Dharmaraj et al 2000, Hanein et al
2004, Yzer et al. 2006) (Chapters 4 & 5). CRB1 mutations for instance have been detected in
RP with PPRPE and also in ARRP without PPRPE, besides causing LCA (den Hollander et al
2004). As the number of patients in whom both genotypic and phenotypic data being available
is too small it is often difﬁcult to generate statistically signiﬁcant information.
8.2.2 Locus or gene-based phenotypical characteristics
All LCA genes show a high degree of allelic heterogeneity, which contributes to the huge phenotypic variability. (Suthers et al 1992, Riccardi et al 1993). Differences in the phenotypes in two
kindreds mapping to LCA5 wherein the maculopathy was more pronounced in the Pakistani
pedigree in comparison to the Old Order River Brethren typify phenotypic variability within a
locus (Dharmaraj et al 2000, Mohamed et al 2003). This makes both prognosis and the natural
course of the disease difﬁcult to ascertain and genetic counseling more guarded. The phenotypic variability seen in patients from these diverse populations mapping to LCA5, further proves
the diversity of this disease.
RDH12-associated LCA presents as progressive rod-cone degeneration perhaps due to the
longer survival of cones in these retinas as is also observed in RPE65-associated LCA. Interestingly, both these genes are involved in retinoid metabolism. With the increasing involvement of
rods in LCA and the longer survival of cones, photopic function may be preserved longer, as
noted in RDH12, AIPL1 and RPE65–associated LCA. Early rod dysfunction is also noted in the
carriers of AIPL1-associated LCA (Dharmaraj et al 2004).
RPE65 and TULP1-associated LCA present as severe early onset retinal dystrophies.
Absence of autoﬂuorescence is observed in the RPE65-associated phenotype (Lorenz et al
2004). Photoreceptor function that can be rescued as delineated by the presence of normal
autoﬂuorescence in some patients with LCA in the second decade of life has been reported
(Scholl et al 2004). Increasingly poor vision at night is a common complaint in patients with
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mutations in genes affecting the retinoid metabolism as noted in RPE65 mutations (Dharmaraj
et al 2000, Lorenz et al 2000).
Patients with mutations in AIPL1 and RPE65 have a prominent pigmentary maculopathy
(Dharmaraj et al 2004). AIPL1-associated LCA shows early macular involvement in a signiﬁcant
proportion of patients. Macular coloboma–like lesions have been observed in patients with
mutations in CRX, perhaps due to maldevelopment (Sohocki et al 1998, Silva et al 2000, Rivolta
et al 2001, Tzekov et al 2001).
Patients with CRB1 mutations causing LCA, in several instances show a Coats-like phenotype
(den Hollander et al 2004) and a thickening of the retinal layers by OCT, unlike that seen in other
LCA patients (Jacobson et al 2003). Retinal thinning is easier to understand as it occurs due to
thinning of the RPE and the photoreceptor layer. Both the presence of a Coats like-phenotype
and RP with PPRPE due to CRB1 mutations hitherto lack a sufﬁcient explanation. GUCY2Dassociated LCA is a severe but stable phenotype with frequent complaints of photophobia, due
perhaps to the impaired production of cGMP with the persistent closure of the cGMP-gated
cation channels (Perrault et al 1996). CRX-associated LCA is the only subtypes of LCA with a
dominant mode of transmission wherein affected parents have affected offspring (Sohocki et al
1998, Rivolta et al 2001, Koenekoop et al 2002). De novo mutations have been identiﬁed in CRX
and IMDH1-associated LCA (Sohocki et al 1998, Rivolta et al 200, Bowne et al 2006).
RD3 mutations causing truncation of the protein involved in transcription lead to LCA (Friedman et al 2006). The phenotype observed shows pigmentary migration with atrophic maculopathy not unlike those observed in patients with RPE65, or AIPL1 mutations.
CEP290 mutations cause LCA, Senior-Løken and Joubert syndromes (den Hollander et al
2006, Perrault et al 2007). Mutations in this gene account for the largest number of Caucasian
patients with LCA (den Hollander et al 2006, Perrault et al 2007) Neuropsychomotor delay, early
cerebellar anomalies and renal anomalies have been noted in patients with CEP290 mutations
(den Hollander et al 2006, Perrault et al 2007).
8.2.3 Recurrence of LCA sequence variants
Mutations in rare recessive diseases such as LCA may have a founder basis. Therefore, the
presence of founder mutations was explored. A common Finnish founder mutation in GUCY2D
causing LCA (2943delG) has been detected even in an outbred population. F565S appears to
be a common mutation in GUCY2D occurring in families of North African descent (Hanein et al
2004). Another common founder mutation detected in RPE65 (Y368H) accounts for disease in
an isolated Dutch population (Yzer et al 2003).
To date, few recurrent mutations have been found the LCA genes, with the W278X mutation
in AIPL1 being the most common in our study (Chapter 5, Dharmaraj et al 2004). It has been
detected homozygously in consanguineous families as well as in combination with other mutations in patients born of non-consanguineous union, and shows a high incidence in populations
of South-East Asian descent (Damji et al 2001, Dharmaraj et al 2004). The presence of this
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mutation in most instances leads to a very severe LCA phenotype (Dharmaraj et al 2004). The
P23H rhodopsin mutation causing ADRP also is a founder mutation, accounting for ~40%
of rhodopsin mutations in the USA (Dryja et al 1990, Berson et al 1991). Though most LCA
variants are rare, most are recurrent and hence, it is worthwhile to use a microarray “disease”
chip as a ﬁrst pass screening tool in every new case of LCA. The use of the LCA disease chip
in any given patient with the clinical diagnosis of LCA has a 30-60% likelihood of detecting one
or two mutations (Chapter 7, Zernant et al 2005, Yzer et al 2006, unpublished data Allikmets
et al 2007).
8.2.4 Frequency of LCA variants
The frequency of mutations in each subtype of LCA is dependent on the populations screened.
Twenty one percent of patients with LCA had mutations in CEP290 (den Hollander et al 2006).
However the origin of these patients were Western European and Canadian (den Hollander et
al 2006). In an Indonesian LCA cohort, RPE65 mutations were predominant (9.5%), followed by
AIPL1 mutations (4.8%), while no mutations in GUCY2D were detected (Sitorus et al 2003). On
the other hand, in a largely North African population, GUCY2D mutations were more common
(Hanein et al 2004). A predominance of CRB1 mutations (~13%) was observed in the Netherlands and Germany, while CRB1 mutations accounted for 11% and 10% of patients from the
United States of America and North Africa/France respectively (den Hollander et al 2001, Lotery
et al 2001, Hanein et al 2004). A predominance of GUCY2D mutations has been detected in
patients from Mediterranean countries (Hanein et al 2004). More patients of Asian descent
have mutations in AIPL1 and RPE65 while more patients of Caucasian orgin have mutations in
CEP290 (Dharmaraj et al 2004, Joseph et al 2002, Perrault et al 2007).
The LCA patients analysed in this thesis were collected world-wide and a predominance
based on ancestral origins were not noted, although 19% of all AIPL1 mutations were noted in
patients from the Indian sub-continent, and 27% of mutations were detected in patients from
South-West Asia (Chapters 4 & 5, Dharmaraj et al 2000, Dharmaraj et al 2004). Mutations in
LCA5 were detected in patients of world-wide orgin (den Hollander et al 2007).

8.3 Modiﬁer effects
Modiﬁer genes studied so far play a small role in disease. In LCA the role of modiﬁers has been
noted in disease progression (Chapter 6).
The genotyping microarray which is a “disease” chip has become useful in the detection of
modiﬁer alleles in LCA. As multigenic inheritance complicates the genetic analyses of LCA this
arrayed primer extension technology has allowed the testing of > 300 disease-associated variants in a single experiment. As it has shown 99% effectivity in determining an existent genetic
variation, 33% in identifying another variation and 7% in identifying more than two variants, it is
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a useful diagnostic aid for screening all patients diagnosed with LCA. Since the severity of the
disease has been shown to increase in the presence of several modiﬁers, it may be a predictor
of disease progression (Chapter 7).

8.4 Future direction
Mutation detection is possible using different methods and each method has its own advantages
and disadvantages (Table 1). When mutation detection in small genes is undertaken sequence
analysis is used while capillary heteroduplex analysis can be performed when large genes are
analysed. Currently semi-automated techniques provide accurate and rapid results. When the
price of nucleotide sequencing will reduce another 2 to 4-fold, mutation scanning technology
will become obsolete.
As evidenced by Hanein et al (2004), 70% of the detected mutations in LCA were previously
reported, while 30% of the mutations identiﬁed were novel. The use of the LCA disease chip in
any given patient with the clinical diagnosis of LCA has ~30% likelihood of detecting a mutation
(Allikmets 2004). The LCA microarray chip may be used as a genetic screening tool in ocular
genetics, thus translating research from the bench to the bedside.
Finding novel genes expressed in the RPE and the photoreceptors using the Affymetrix
gene chip technology will provide valuable information regarding candidate genes and this will
be of great value in gene identiﬁcation (Yu et al 2004). As the number of genes causing retinal
degeneration increase it is possible to identify disease causing mutations in ~ 60% of patients
with AD RP (Daiger 2004).
Providing replacement for the mutant factors, inhibiting apoptotic pathways or stimulating
anti-apoptotic pathways, down-regulating mutant gene expression, providing gene replacement and speciﬁcally targeting gene correction, will help pave the way for treating this hitherto
untreatable disease.
LCA being a disease leading to profound visual loss in infancy, it is promising to note that
AAV-mediated correction of the deﬁcit in rpe65 -/- mice in utero leads to restoration of visual
function (Dejneka et al 2004). Gene replacement therapy, even with relatively modest structural
improvement leads to improved central visual function (Schlichtenbrede et al 2004). Although
both dogs and mice have beneﬁted from RPE65 gene therapy it is still important to target
therapy only in regions of intact photoreceptors identiﬁed by the normal thickness of the retina
(Jacobson et al 2005). Since the ﬁnal outcome of all the pathogenic mechanisms leads to a
loss of photoreceptor function, pharmacotherapy aimed at pre-apoptotic pathways preserves
vision by decreasing retinal degeneration (Milam et al 1998). The temporal proﬁling of gene
expression in developing normal retinas and in murine retinas of retinal degeneration would aid
in the identiﬁcation of pre-apoptotic signaling molecules which could be targeted with drugs
(Yu et al 2004).
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In an effort to slow down, prevent or reverse cell death in the retinal photoreceptors it has
become more important to understand cellular mechanisms from genes to disease. Both
RPE65 and RDH12 mutations leading to loss of photoreceptor function could be amenable to
therapy targeting the metabolism of retinoids. Pharmacological intervention using 9-cis retinal,
a functional analog of 11-cis retinal, results in improved and sustained retinal function (Van
Hooser et al 2002). Mutation-independent approaches to treat the degenerative retinopathy
of LCA need to be employed to circumvent the difﬁculties encountered with heterogeneity and
targeting the causes of retinal degeneration may be one option. The mechanisms by which
retinal degeneration occurs in LCA may be numerous; nevertheless it results in loss of both rod
and cone function. The primary loss of rods as seen in rhodopsin mutants results not only in
cone cell loss, but also the loss of second order neurons like ganglion cells. Cells expressing
mutant protein perhaps trigger a number of other cellular pathways resulting in wide spread
retinal degeneration. If apoptosis is the only ﬁnal common denominator of all dysfunctional
retinal cellular pathways then modulating apoptosis would result in cell rescue. Bcl over expression and the inhibition of pre-apoptotic proteins and caspase have led to the rescue of retinal
function (McGuire et al 2004).
Most of the treatment strategies for LCA have been initiated on the premise that the second
order neurons are intact and are capable of transmitting impulses to the brain. It is important to
understand the time of onset of degeneration in each subtype of LCA and the window during
which second order neuron function is within normal limits. The plasticity of the visual pathway
and the occipital cortex are also a key factor to the timing of targeted therapy. It is encouraging
to note adequate myelination of the optic radiation and a degree of retained cortical function
in patients with LCA, despite ganglion cell loss (Noble & Carr 1978, Steinlin et al 1992, Kujala
et al 2000, Burton et al 2004, Sadato et al 2004). The plasticity of the neural retina following
remodeling secondary to retinal degeneration allows for more therapeutic options (Jones et al
2003). The use of retinal prosthesis will however bypass the dysfunctional cell types in the retina
but currently only few trials are underway. However, the results in terms of potential beneﬁts for
patients will prove invaluable.

8.5 Conclusion
LCA, despite being a relatively rare disease, has been well studied over the last years. Understanding the genetics has also improved lately with mutations in thirteen genes now identiﬁed
for this disease. Analysis of the phenotype and establishing a relationship with the genotype
remains a challenge. With the advent of laboratory automation, the human genome project took
on an accelerated role and the information obtained from these high throughput centers ushered
in bioinformatics that aided gene discovery. Although the human genome has been sequenced
to a large extent facilitating greater access to novel gene identiﬁcation, further research and
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analysis are required to fully understand the information embedded in this vast repository of
sequence. Studying the biochemical and molecular basis of LCA are imperative to its greater
understanding. As the disease is both clinically and genetically heterogeneous, treatment too
may have to follow different paths. Animal models of LCA have increased our comprehension of
the disease and may provide an avenue for clinical trials, although they may not truly represent
human disease. Molecular diagnosis in LCA will permit an accurate diagnosis with clearer visual
prognosis (Chapter 7).
Gene therapy, cell transplantation, pharmacogenomic based therapy and retinal prosthesis
are all future considerations in the treatment of this disease. Pioneering treatment for LCA
involves issues of consent, ethical approval, safety, and the efﬁcacy of new clinical trials. Greater
collaboration within the scientiﬁc community, the pharmaceutical industry and the regulatory
bodies will propel the therapeutic options for this rare infantile retinal dystrophy far ahead.
Providing support to patients and their families is furthered by the numerous support groups. If
in the last decade we have learned more about the molecular genetics of LCA than in the whole
of the last century, how much more will we discover in the coming decade!
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9.1 Summary
Leber congenital amaurosis (LCA), a clinically and genetically heterogeneous retinal disease
has been studied intensively in the past decade. LCA causes photoreceptor degeneration
or aplasia in a number of ways and is at the severe end of the retinal dystrophy spectrum.
Greater understanding of the pathogenesis might pave the way for more focussed and pertinent
treatment strategies to alleviate this disorder. Finding answers to this severe form of retinal
dystrophy will perhaps solve the conundrum of the pathogenesis of more common causes of
retinal dystrophies like age-related macular disease and other hereditary retinal diseases.
Complete clinical characterization of each subtype of LCA based on the molecular genetics
will suggest the type of therapy necessary. Understanding the natural history of the disease from
a molecular perspective will also provide greater knowledge for counseling and is absolutely
necessary to evaluate treatment effects.
In this thesis, the genetics of Leber congenital amaurosis was investigated in an effort to
understand this rare retinal dystrophy and the study of consanguineous kindreds with LCA
collected worldwide was undertaken. Initially the affected members of an Old Order River Brethren kindred were screened in the then known genes that cause LCA, namely CRX, GUCY2D,
RPE65. Genotyping using genome-wide markers was performed in an effort to ﬁnd novel loci
and genes involved in LCA. Employing genome-wide linkage analysis, a new locus for LCA was
identiﬁed at the proximal end of chromosome 6q (Chapter 3).
As information about the genes involved in LCA became available, these genes were
sequenced in the patients with LCA and their phenotypes analysed. Comparison of the phenotypes resulting from each genotypic subset of LCA was undertaken in an effort to identify the
possible speciﬁc clinical appearance and understand the natural history (Chapter 4).
The phenotype of AIPL1-associated LCA was analysed in a large cohort and this was further
compared with other LCA phenotypes (Chapter 5).
The identiﬁcation of phenotypic variability with the genotype and the role of modifying inﬂuences were also studied. It also became important to understand the genetics of LCA in the
light of ﬁnding more than two sequence variants in the LCA genes in some patients. A further
study to explain the role of modiﬁer genes was undertaken (Chapter 6).
A novel microarray method used to screen for mutations in patients with LCA was employed
which enabled the correlation of phenotypic variance with genetic modiﬁers and multi-allelism
(Chapter 7).
In the study of the genetic and molecular basis of Leber congenital amaurosis, further heterogeneity of the disorder both clinically and genetically was established in the ﬁnding of another
locus and several phenotypic characteristics. In the future it is hoped that we will be able to treat
LCA. However this may be dependent on the genotype rather than the phenotype.
As each gene implicated in the pathogenesis of LCA inﬂuences retinal function in diverse
ways ultimately leading to severe visual impairment, it becomes important to study the disease
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from the embryonic stage and understand its evolution. All the genes implicated in LCA ultimately lead to photoreceptor dysfunction. Targeting the ﬁnal common pathway of cell death
could perhaps rescue the photoreceptors.
In all the divergent genotypes of LCA, therapy aimed at restoring the functional activity of
the target cells, slowing the process of degeneration and arresting the disease process will be
beneﬁcial in this hitherto intractable heritable ocular disease. Early steps towards clinical trials
with extensive protocols and stringent safety guidelines will soon be underway.

9.2 Samenvatting
Amaurosis congenita van Leber (LCA), een klinisch en genetisch heterogeen ziektebeeld, werd
in het afgelopen decennium intensief bestudeerd. Patiënten met LCA vertonen een degeneratie
of dysfunctie van fotoreceptoren. LCA is de meest ernstige retina ziekte van het grote spectrum
van retina dystroﬁën. Een betere klinische karakterisatie van ieder subtype van LCA gebaseerd
op de moleculaire oorzaken zal counselling verbeteren. Een beter begrip van de pathogenese
van deze ziekte vormt de basis voor nieuw te ontwikkelen behandelmethodes. Het ophelderen
van deze ernstige vorm van retina dystroﬁe zal mogelijk ook nieuwe inzichten verschaffen in de
pathogenese van meer frequent voorkomende oogziekten zoals ouderdoms maculadegeneratie.
In dit proefschrift werden de genetische oorzaken van LCA bestudeerd door de analyse
van wereldwijd verzamelde consanguine families met LCA. Aanvankelijk werden de aangedane
personen van een Old Order River Brethren familie geanalyseerd op mutaties in de destijds
bekende LCA genen, nl. CRX, GUCY2D, en RPE65. De lokalisatie van de moleculaire oorzaak
in deze familie werd bestudeerd d.m.v. een genoom koppelingsstudie, en een nieuw locus voor
LCA LCA5) werd gevonden op chromosoom 6q (Chapter 3).
Met het bekend worden van meer genen voor LCA werden deze middels sequentie analyse
geanalyseerd in het DNA van de verzamelde patiënten en werden hun fenotypes nauwkeurig
bestudeerd. Een genotype-fenotype correlatie werd gemaakt om genspeciﬁeke klinische beelden te onderscheiden en om het klinisch beloop beter te kunnen inschatten (Chapter 4).
Het fenotype van AIPL1-geassocieerde LCA werd geanalyseerd in een grote groep patiënten
en werd vergeleken met andere LCA fenotypes (Chapter 5).
De identiﬁcatie van fenotypische verschillen t.g.v. verschillende moleculaire oorzaken en de
rol van modiﬁcerende factoren werden bestudeerd. Bij sommige patiënten werden meer dan
twee varianten in een LCA gen gevonden (Chapter 6).
Een nieuwe LCA mutatie microarray chip werd gebruikt om mutaties op te sporen in patiënten met LCA, waardoor er een correlatie gemaakt kon worden tussen fenotypische variatie, de
aanwezigheid van modiﬁcerende genetische factoren, en het voorkomen van meer dan twee
mutaties in een patiënt (Chapter 7).
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Omdat ieder gen betrokken bij de pathogenese van LCA de retina functie op diverse manieren kan beïnvloeden, is het belangrijk de ziekte in diermodellen te bestuderen vanaf het embryonale stadium. Alle genen betrokken bij LCA leiden uiteindelijk tot fotoreceptor dysfunctie. Het
beïnvloeden van de laatste fase van fotoreceptor celdood zal mogelijk aanleiding geven tot een
vertraging van het ziekteproces. Binnen de diverse genotypisch verschillende vormen van LCA,
zal een therapie gericht op het herstel van de functie van de betreffende cellen of het vertragen
van het degeneratieproces, zeer belangrijk zijn in deze tot dusver onbehandelbare ziekte.
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