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Chapter 1

The retina is a complex multilayered neural structure lining the back of the eye. It consists 
of the neural retina and the retinal pigment epithelium (RPE) with Bruch’s membrane (BM),  
the choroid and the sclera as supportive layers underneath. The neural retina contains nine 
layers and many different cell types including the photoreceptor cells. The RPE has multiple 
functions, which are described below[1]. 

When light is projected onto the retina, the different retinal cell types work together to con-
vert the light into neuro-chemical and electrical signals that are sent through the optic nerve 
and to the brain. The first and one of the most crucial components in this system is the pho-
totransduction cascade, a biochemical system involved in maintaining the light-sensitivity 
of the photoreceptor cells. The proteins that play a role in the phototransduction cascade are 
present in both the RPE and the photoreceptors and some of them are actively transported be-
tween the two cell types (see Figure 1)[2-6]. The genes encoding these proteins are expressed 
at high levels in the RPE and the photoreceptor cells[7,8].

Figure 1. Schematic overview of the genes involved in the phototransduction cascade along with their location in 
the photoreceptors and RPE.
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ROS: rod outer segment, IPM: interphotoreceptor matrix, RPE: retinal pigment epithelium cell. RHO: rhodopsin, 
ABCA4: ATP-binding cassette, subfamily A, member 4, RDH12: retinol dehydrogenase 12, RLBP1: retinalde-
hyde-binding protein 1, RGR: retinal G protein-coupled receptor, RDH5: retinol dehydrogenase 5, RPE65: retinal 
pigment epithelium-specific protein 65kD, LRAT: lecithin retinol acyltransferase. Circle and arrows indicate the 
visual cycle, letters in square boxes indicate proteins involved[9]. A color version of this figure can be found in 
chapter 15.
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Throughout the retina there is a delicate homeostasis of incoming and outgoing molecules 
and electrolytes, in part regulated by genes expressed and proteins present in the RPE and 
photoreceptors. This homeostasis is easily disturbed by, for example, a mutation in one of the 
genes expressed in the RPE or photoreceptors, with detrimental effects on visual function.

Embryology of the RPE
Recently, the development of RPE and the retina was thoroughly described in an excellent 
review[10], see also Figure 2.

Figure 2. Embryological development of the retina. 

Reprinted with permission from Progress in Retinal and Eye Research, 14,1, Reichenbach A and Pritz-Hohmeier 
S., Normal and disturbed early development of the eye Anlagen, 1-45, Copyright (1995), with permission from 
Elsevier. A color version of this figure can be found in chapter 15.

In short, both RPE and photoreceptors are highly dependent upon each other for their de-
velopment: the embryonic RPE secretes factors required for the development of the photo-
receptors, and the developing photoreceptors contribute to the development of the RPE[10]. 
Consequently, in case of loss of the RPE, the photoreceptors and even the entire retina do 
not develop normally[10]. The retina develops from the neuroectoderm of the diencephalon. 
Around the fourth week of gestation a fold is created in the neuro-epithelium, which forms 
the future optic cup. In the sixth week, the optic cup invaginates. Two layers of neuroepi-
thelial cells now face each other, separated by a remnant of lumen that subsequently forms 
the interphotoreceptor matrix (IPM) (Figure 2). One of the layers of neuroepithelium is to 
become the RPE, the other layer the neural retina. The RPE matures under the influence of 
locally expressed genes, including OTX2, MITF, CRBP, CRABP, IRBP and RPE65[10]. Part 
of the cells of the neural retina eventually differentiate into photoreceptor cells. Neural crest-
derived mesenchyme is deposited around the optic cup, which will form the future choroid. 
The choroidal vasculature is created through angiogenesis from existing blood vessels from 
the paraocular mesenchyme[11]. At the same time, the primitive retina, now consisting of an 
RPE cell layer, an outer nuclear zone and an acellular marginal zone flanked by basal mem-
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branes, continues to differentiate. BM is formed in between the RPE basement membrane 
and the basement membrane of the choroidal endothelium. The RPE basement membrane 
becomes incorporated in the future BM. The development of BM starts on the side of the 
RPE, which is capable of synthesizing many of the extracellular matrix components that are 
present in BM[10]. Our own data show that the choroid is most likely also involved in the 
development and maintenance of BM (Booij et al (2010), manuscript in preparation).
The RPE further differentiates into a polarized structure with the creation of an apical to 
basolateral polarity and the formation of tight junctions in between the RPE cells. The tight 
junctions between the RPE cells prevent free transport of substances through the RPE cell 
layer. Therefore, the RPE subsequently expresses transporters in order to allow specific sub-
stances like ions and glucose to selectively pass the RPE.
RPE cells also interact, via their microvilli, with the photoreceptor cells as they differentiate. 
The relationships between the RPE cells and rod photoreceptors on one hand and cone photo-
receptors on the other hand are in many ways unique and testify to the close communication 
between the RPE cells and the photoreceptor cells as they develop[10].

Functional properties of the RPE
The RPE is a monolayer of cells that plays an essential role in ocular development, function, 
maintenance and disease. Figure 3 summarizes a number of processes that take place in the 
matured RPE: absorption of light, transport of nutrients and ions across the RPE. regulation 
of the ion balance in the subretinal space, participation in the visual cycle, phagocytosis of 
photoreceptor waste products and secretion of growth factors.

Figure 3. Schematic overview of important functional properties of the RPE. 

From: Strauss 2005, Physiol Rev
Physiological review, 85 (845-881) O. Strauss et al. Reprinted with permission from The American Physiological 
Society. A color version of this figure can be found in chapter 15.
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The RPE is essential for the protection of the neural retina against oxidative damage, caused 
by light falling onto the retina, by phagocytosis and by degradation of photoreceptor outer 
segments and, finally, caused by a limited blood supply to the RPE[10]. The melanin in the 
RPE absorbs light, thereby reducing scattering and increasing the quality of vision. This also 
helps to decrease photochemiacally induced oxidative stress in the retina. Finally, the RPE 
contains high concentrations of antioxidants (for instance superoxide dismutase, catalase, 
lutein and zeaxanthin) which protects the RPE retina from oxidative damage[10].
We used our data driven analyses to assign and/or confirm a number of additional functional 
properties to the RPE, including ATP synthesis, ribosomal activity, phosphatidylinositol sig-
naling and amino sugars metabolism.

The RPE forms the outer blood-retina barrier, preventing uncontrolled transport of substanc-
es between the eye and the circulation. In addition, the RPE actively transports excess water 
and ions like chloride, potassium and sodium away from the subretinal space toward the 
circulation through a broad range of Cl--, K+-, and Na+- transporters and co-transporters, 
excellently reviewed by Strauss[10]. It also removes photoreceptor waste products like lactic 
acid and cholesterol from rod outer segment membranes. In addition, the RPE supplies the 
photoreceptors with nutrients like glucose by transporting them through the RPE cells from 
the circulation[10].

The RPE is also involved in the regulation of the ion balance in the subretinal space. When 
photoreceptors are stimulated by light, sodium flows into the cell and potassium flows out. 
The subsequent changes in sodium and potassium concentration in the subretinal space are 
corrected for by the RPE[10,12]. Furthermore the RPE recycles retinal from the photorecep-
tor cells, which is necessary for the continuation of the visual cycle[10]. Light stimulation 
causes 11-cis-retinal to be converted to all-trans-retinal in the photoreceptor and is necessary 
for the light to be converted to an electrical signal[9] (Figure 1). The RPE secretes a number 
of growth factors that maintain the structure and cellular differentiation of the adjacent tis-
sues, such as FGF, TGF-β, IGFR, CNTF, PDGF and PEDF[10]. In addition, the RPE func-
tions as a physical support for the photoreceptors[10]. 

Finally, the metabolically highly active photoreceptors continuously shed and renew their 
outer segment membranes under the influence of light. These membranes, filled with oxi-
dized and damaged photoreceptor outer segments are phagocytosed and degraded or recycled 
by the RPE[10]. 

Pathology of the RPE
A disturbance of the normal function of the RPE (described above), caused, for instance by 
mutations in genes encoding RPE proteins, can lead to malfunction of the retina and to reti-
nal degeneration. Below we will describe three important phenotypes (retinitis pigmentosa, 
Leber congenital amaurosis and vitelliform macular degeneration).
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Clinicial characteristics of retinal dystrophies
Retinitis pigmentosa
Retinitis pigmentosa (RP) is a heterogeneous group of hereditary retinal dystrophies with a 
worldwide prevalence of approximately 1 in 4,000[13]. The age of onset for RP patients var-
ies from early childhood to late in adult life. RP is characterized by night-blindness, progres-
sive constriction of the visual field, pale optic discs, narrow retinal vasculature, pigmentary 
changes in the retina and reduced electroretinogram (ERG) amplitudes[14]. 

Leber congenital amaurosis
Leber congenital amaurosis (LCA) is an autosomal recessive retinal dystrophy with a world-
wide prevalence of 1 in 35,000[15]. Severe visual impairment occurs in the first year of 
life[16,17]. LCA is characterized by a congenital nystagmus, a decreased pupillary response, 
and although the fundoscopic appearance may initially be normal, pigmentary changes oc-
cur later in the disease process in the retina and the ERG is always severely reduced[15,18]. 

Despite the differences between the RP and LCA phenotypes described above, there is also 
considerable overlap. Numerous intermediate phenotypes exist including ‘‘early onset severe 
rod-cone dystrophy’’ or ‘‘early onset retinal degeneration’’[16]. A clear clinical diagnosis 
is not always easily established, and the diagnostic criteria are frequently not agreed upon 
between ophthalmologists[19].

Vitelliform macular degeneration
Vitelliform macular dystrophy (VMD or Best disease) is an autosomal dominant macular 
disease with an estimated prevalence of 1 in 10,000[20]. The disease is characterized by the 
presence of one of six typical macular appearances involving the accumulation and subse-
quent degradation of lipofuscin in and below the RPE (see chapter 7). The clinical diagnosis 
of VMD is generally confirmed by a decreased light peak-dark trough ratio (Arden ratio) on 
the electro-oculogram (EOG).

Inheritance pattern of retinal dystrophies
In up to 29% of patients, RP is part of a syndrome, like Usher syndrome or Bardet-Biedl 
syndrome[13]. Of the non-syndromal RP cases in the Netherlands 30% is autosomal reces-
sive (AR), 22% is autosomal dominant (AD), 10% is X-linked (XL) and 37% is isolated 
(IRP) or unknown[21]. In addition, several unusual inheritance patterns, such as digenic 
inheritance[22] and uniparental isodisomy[23], in which a child inherits two copies of a 
single parental chromosome, have been observed. LCA is most frequently inherited in an 
AR way[15]. LCA was associated with mental retardation in up to 52% of patients in an 
older study (reviewed by den Hollander et al[24]). Whether syndromic forms of LCA includ-
ing mental retardation exist, remains controversial. However, more recent studies including 
computer tomography (CT) scans often exclude LCA in such patients and come to a differ-
ent diagnosis[24]. VMD is most frequently inherited in an autosomal dominant manner[20], 
although autosomal recessive inheritance has also been described[25].
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Genotypes of retinal dystrophies
Currently, 44 genes, when mutated, are known to be capable of causing RP[26]; eighteen 
(41%) of these genes have high expression levels in the RPE (top 10% of all investigated 
genes, Booij, Bergen unpublished data, see also chapter 3). For LCA, thirteen genes have 
been identified so far[26], three (23%) of these genes have high expression levels in the 
RPE (Booij, Bergen unpublished data). There is extensive genetic overlap between arRP 
and LCA, illustrated by the fact that many genes have been implicated in both arRP and 
LCA: CRB1[27,28], GUCY2D[29,30], RDH12[31,32], RPE65[17,33], and TULP1[34-36]. 
RDH12 mutations are also found in patients with autosomal dominant and recessive cone-rod 
dystrophies (CORD)[37]. In the SEMA4A and ABCR genes, mutations may lead to RP and 
cone rod dystrophy, in addition to Stargardt’s disease[38,39]. Mutations in the IMPDH1 gene 
have been described in LCA as well as in a dominant form of RP[40]. In a recently published 
article, mutations were found in the SPATA7 gene in both juvenile RP patients and LCA pa-
tients[41]. Moreover, a pedigree has been described where two parents, diagnosed with RP, 
had a daughter with a homozygous mutation in the RPE65 gene and an LCA phenotype[17].

In contrast to RP and LCA, VMD is caused by mutations in a single gene, Best1 (NM_004183). 
This gene is transcribed into the bestrophin-1 protein, that is located in the basolateral 
membrane of RPE cells[42-47]. The bestrophin-1 protein is expressed at high levels in the 
RPE[7,42] and functions as a calcium-dependent chloride channel. Although only a single 
gene appears to be involved in VMD, the situation is complicated by the large number of 
phenotypes that can be caused by mutations in the Best1 gene. With the recent finding of 
an autosomal dominant form of RP caused by mutations in the Best1 gene[48], there are 
now five partially overlapping ocular phenotypes associated with Best1 mutations: VMD, 
adult-onset VMD, autosomal-dominant vitreoretinochoroidopathy (ADVIRC), autosomal-
recessive bestrophinopathy (ARB) and dominant RP.

Mutation detection in retinal degeneration
In addition to the three retinal phenotypes described above (RP, LCA and VMD), many more 
diseases affecting the retina and/or the RPE can occur. For a total of thirty different retinal 
phenotypes, many of which show overlapping features, approximately 150 retinal disease 
genes have now been identified. On average more than five different genes have to be consid-
ered per phenotype. This genetic heterogeneity combined with the complex nature of retinal 
phenotypes prevents efficient identification of disease-causing mutations[13,49]. The iden-
tification of a causative mutation is important for confirmation of the clinical diagnosis and 
inheritance pattern, for predictions of clinical course of the disease, for genetic counseling 
and family planning and for future (gene-targeted) treatment.  

Many different phenotypes, caused by mutations in genes expressed in the RPE or the pho-
toreceptors, have been described[26]. In fact, this thesis showed that the great majority of 
genes involved in retinal diseases are expressed at high levels in the RPE or the photorecep-
tors [8,50] (Figure 4). 
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Figure 4. Schematic overview of genes involved in the visual cycle that, when mutated, are responsible for causing 
a retinal phenotype. 
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ROS: rod outer segment, IPM: interphotoreceptor matrix, RPE: retinal pigment epithelium cell. Circle and arrows 
indicate the visual cycle[9]. Boxed names indicate genes, see Figure 1. RP: retinitis pigmentosa, CSNB: congenital 
stationary night blindness, LCA: Leber congenital amaurosis, RP: retinitis punctata albicans. A color version of 
this figure can be found in chapter 15.

Scope of the thesis
This thesis describes the functional properties of the healthy RPE (chapters two and three) 
and its influence on the adjacent Bruch’s membrane (BM). We based our findings on gene 
expression levels and functional annotations (chapters three and five), including a review 
of the functional properties of BM (chapter four). We also described a number of retinal 
degenerations that can be caused by mutations in genes expressed in the RPE: retinitis pig-
mentosa (RP), Leber congenital amaurosis (LCA) (chapter six) and Best vitelliform macular 
degeneration (VMD) (chapter seven). Finally, we described a new large scale screening tool 
for the simultaneous detection of mutations in multiple retinal disease genes (chapter eight). 
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