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and ageing changes 

Abstract 

The retinal pigment epithelium (RPE) is a 

single layer of post-mitotic cells, which 

functions both as a selective barrier to and a 

vegetative regulator of the overlying 

photoreceptor layer, thereby playing a key role 

in its maintenance. Through the expression 

and activity of specific proteins, it regulates 

the transport of nutrients and waste products 

to and from the retina, it contributes to outer 

segment renewal by ingesting and degrading 

the spent tips of photoreceptor outer segments, 

it protects the outer retina from excessive high

energy light and light-generated oxygen 

reactive species and maintains retinal 

homeostasis through the release of diffusible 

factors. The ageing characteristics of the RPE 

suggest that in addition to cell loss, 

pleomorphic changes and loss of intact 

melanin granules, significant metabolic 

changes occur resulting, at least in part, from 

the intracellular accumulation of lipofuscin. 

This pigment has been shown to be highly 

photo toxic and has been linked to several 

oxidative changes, some leading to cell death. 

While the aetiology of age-related macular 

degeneration is complex and is as yet 

unresolved, it is likely that accelerated ageing

like changes in the RPE play a fundamental 

role in the development of this condition. 

The retinal pigment epithelium (RPE) is a 
hexanocuboidal layer of cells which is essential 
for the maintenance and survival of the 
overlying photoreceptor cells and is thought, in 
addition, to regulate the integrity of the 
choroidal capillaries. In its quest for optimal 
retinal function the RPE performs a number of 
critical functions, i.e. formation of the outer 
blood-retinal barrier, transepithelial transport 
of nutrients and waste products, transport and 
storage of retinoids, phagocytosis and 
degradation of spent outer segments, protection 
against light and free radicals and the 
production of growth factors. The structure and 
function of the RPE varies dependent on both 
location in the retina (macula vs periphery) and 
age-related changes. 

MIKE BOULTON, 
PIERRETTE DAYHAW-BARKER 

Structure of the RPE 

The RPE is a continuous monolayer of cuboidal 
post-mitotic epithelial cells located between the 
photoreceptors and Bruch's membrane.1,2 The 
apical surface of these cells contains two types 
of microvilli: long thin microvilli 5-7 J..Lm in 
length which are believed to maximise the area 
of apical plasma membrane available for 
transepithelial transport and specialised 
microvilli termed photoreceptor sheaths. Rod 
sheaths have a cylindrical conformation and 
cover only the tip of the outer segment while 
cone sheaths are more complex and can extend 
further into the interphotoreceptor matrix in 
order to reach the cone outer segments. The 
basal surface of the RPE contains numerous 
invaginations which, like their apical 
counterparts, increase the overall surface area 
for the absorption of nutrients. The lateral 
membranes of these cells are joined by a 
continuous belt of tight junctions which form 
the outer blood-retinal barrier?.4 In addition, 
RPE cells are metabolically coupled via 
intercellular gap junctions.s Cells contain a basal 
nucleus and a plethora of organelles which 
reflect the high metabolic rate of the RPE. The 
cells are particularly rich in smooth 
endoplasmic reticulum and lysosomes, which 
are distributed throughout the cell, while 
abundant mitochondria are located towards the 
base of the cell. In addition, cigar-shaped 
melanin granules 2-3 J..Lm in length are, for the 
most part, vertically orientated, lying parallel to 

one another at the base of, or within, the apical 
processes. 

The size, shape and appearance of the cells 
vary with retinal location.1,6,7 The cells in the 
macula measure about 14 J..Lm in diameter by 

12 J..Lm tall. The cells become flatter and wider 
away from the macula, with cells at the ora 
serrata measuring up to 60 J..Lm in diameter with 

cell size and shape becoming particularly 
irregular.l The darker pigmentation of the 
macula has been attributed to the greater 
distribution of melanin granules in this region.s 

Topographically, melanin denSity shows a 
slight decrease from the peripheral retina to the 
posterior pole but with an increase in the 
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macular region. However, the peak in melanin density 
may be attributed in part to the denser packing of 
melanin per unit area (cells in the macula are taller and 
narrower compared with extra-macular cells) rather than 
an increased number of melanin granules per cell. 

Transepithelial transport 

The RPE in its role as the outer blood-retinal barrier 
regulates the transepithelial transport of ions, fluid and 
metabolites via lateral plasma membrane barrier 
junctions and specialised transport proteins within the 
apical and/or basal plasma membranes.9,10 The 
asymmetric distribution and regulation of these proteins 
ensures that the RPE can determine the 
microenvironment bathing the photoreceptors. In 
particular, the RPE regulates the passage of a variety of 
ions (e.g. Cl-, K+, Na+, HC0

3
-) to and from the retina. 

This is important in the polarisation/hyperpolarisation 
of cell membranes, in fluid transport and the regulation 
of pH. A number of amino acids including taurine, 
alanine, glutamine and leucine are actively absorbed 
across the RPEy,12 Glucose is passively transported via 
the GLUTl glucose transporter which is located in both 
the apical and basolateral RPE membranesY Trans-RPE 
transport is regulated by a variety of external signals of 
both paracrine and endocrine origin.9 Gases diffuse 
freely across the cell layer with high levels of oxygen 
moving from the choroid to the photoreceptors. 

Retinoid transport and storage 

The RPE plays a fundamental role in both the transport 
and storage of retinoids essential for maintenance of the 
visual cycle.14 In brief, retinol is derived from the blood 
where it is bound to serum retinol binding protein (RBP). 
Retinol is transferred into the cell via specific RBP 
binding sites localised to the basal and basolateral 
surfaces of the RPE. Once within the cell all-trans-retinol 
is immediately bound to cellular RBP and becomes 
esterified. The resultant all-trans-retinyl ester provides a 
non-toxic substrate for isomerisation to the II-cis 
conformation, which becomes bound to cellular 
retinaldehyde binding protein. ll-cis retinol is converted 
to ll-cis retinal and transported via interphotoreceptor 
matrix binding protein (IRBP) to the photoreceptors 
where, in rods, it combines with opsin to produce 
rhodopsin. A complete loop is formed by the transfer of 
retinol back to the RPE either conjugated to IRBP or as a 
function of the phagocytosis of rod outer segments. 
Esterification of retinol also provides an intracellular 
store of retinoids. 

Phagocytosis and degradation of outer segments 

Throughout life the spent tips of photoreceptor outer 
segments are ingested by the underlying RPE. It is 
estimated that in man each RPE cell is exposed to 45 

photoreceptor outer segments and that the turnover rate 
for rod outer segments is in the region of 10 days.15 The 

recognition signals for outer segment binding and 
ingestion are poorly understood although a number of 
putative receptor molecules have been identified. These 
include the mannose receptor,16 avf3

5 
integrinP CD38I8 

and Mertk.19 Once ingested the phagosome fuses with a 
lysosome to form a secondary phagosome or 
phagolysosome. The ingested outer segments are 
digested by a combination of over 40 lysosomal enzymes 
which are capable of degrading proteins, 
polysaccharides, lipids and nucleic acids. The major 
lysosomal proteases are members of the cathepsin 
family, of which cathepsin D is prominent in the RPE.20 
The end-products of degradation are either recycled or 
voided via the choroidal capillaries. In contrast, protease 
inhibitors cause a build-up of lipofuscin-like material 
within RPE cells and provide support for the view that 
lipofuscin, at least in part, results from the incomplete 
degradation of rod outer segments.21-23 

Both the phagocytic load and lysosomal enzyme 
activity vary with retinal location. The phagocytic load is 
dependent on both the type and density of the overlying 
photoreceptors.24 The RPE cells in the fovea will 
phagocytose cone outer segment tips almost exclusively, 
while those in the remaining areas will phagocytose 
primarily rod outer segments. It has been reported that 
the mean ratio of photoreceptor cells per RPE cell is 
higher in the macula compared with perimacular or 
equatorial regions;24 however, this was not substantiated 
by a subsequent study?5 Lysosomal enzyme activity 
appears to be highest in the central retina and lowest in 
the periphery?6 Whether this is a reflection of phagocytic 
load has yet to be proven. 

Protection against light and free radicals 

The constant exposure of the RPE to visible light and 
high local oxygen tensions together with the high 
metabolic activity of the RPE provides an ideal 
environment for the formation of reactive oxygen species 
with the potential to damage proteins, DNA and lipids. 
Furthermore, phagocytosis of photoreceptor outer 
segments involves the generation of reactive oxygen 
species?7 To limit oxidative damage the retina/RPE has 
evolved three lines of defence. The wavelength and 
intensity of light reaching the RPE can be attenuated by 
macular pigment which filters out reactive blue light28 
and by melanin which will act as a neutral density filter 
and reduce light levels entering the RPE.8 The RPE 
contains both enzymic (e.g. superoxide dismutase and 
catalase) and non-enzymic (e.g. glutathione, ascorbate, 
a-tocopherol, carotenoids, melanin) antioxidants which 
neutralise reactive oxygen species before they can cause 
damage to cellular macromolecules?9,30 Despite these 
controls some oxidative damage is inevitable. However, 
the cell is able to recognise damaged lipids, protein and 
nucleic acids, which it rapidly repairs or replaces.31 
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Growth factors 

The RPE has been shown to produce a wide variety of 
growth factors and cytokines both in vitro and in vivo?2 
These include FCF, TGF-[3, IGF-I, PDGF, VECF, TNF-cx 
and members of the interleukin family. Many of these 
pep tides are constitutively expressed although their 
function in the normal retina remains unclear. FCF and 
IGF-1 may act as neuroprotective agents,33,34 TCF-[3 may 
regulate synthesis and turnover of matrix,35 while VECF 
may control metabolic activity via the flt-1 receptor.36 In 
addition to synthesising growth factors the RPE also 
expresses receptors for most, suggesting an autocrine 
loop. Since growth factors play a major role in a variety 
of retinal pathologies, it seems logical to implicate the 
RPE in some of these events. For instance (a) RPE 
atrophy can cause choroidal capillary dysfunction 
suggesting a role for diffusible factors,37 (b) RPE cells 
synthesise VEGF38 which may be implicated in sub
retinal neovascularisation, (c) downregulation of 
neurotrophic agents such as FCF may make the retina 
cells susceptible to apoptotic cell death33 and (d) a 
variety of growth factors and cytokines are upregulated 
in RPE cells localised to epiretinal membranes?9 

Age-related changes to the RPE 

The human RPE is a non-dividing system which, with 
increasing age, is seen to undergo structural changes, 
lose melanin, accumulate the age pigment lipofuscin, 
have reduced antioxidant capacity and progressively 
accumulate deposits on, or within, the underlying 
Bruch's membrane. These age-related changes appear to 
be strongly associated with the pathogenesis of age
related macular degeneration (AMD). 

Morphology 

There have been numerous studies to determine changes 
in RPE cell density with age. However, reports remain 
contradictory and the extent of cell loss with age is 
unclear.6,7,24,25,40 The most comprehensive study has 
been undertaken by Panda-Jonas and colleagues41 who 
reported that RPE cell density decreases by about 0.3% 

per year with increasing age. It is reasonable to 
hypothesise that RPE cell loss will be greater in the 
macula compared with the periphery due to higher 
metabolic activity in the central retina. In support of this 
some workers have reported that cell density decreases 
with age, with one of the studies showing that cell loss 
was slower in whites than in blacks?4 By contrast, one 
study found no age-related change in cell density?5 If 
RPE cell loss does occur, and is at a different rate to 
photoreceptor loss, an age-related change in phagocytic 
load would be anticipated. One study has reported that 
the ratio of RPE cells to photoreceptor cells decreases 
with age across the fundus24 while a later study failed to 
reveal a significant age-related change.25 There is 
considerable evidence of morphological change to the 
RPE in aged individuals; this includes loss of cell shape, 

hyperplasia with regions of multilayered cells, atrophy 
(particularly overlying drusen) and areas of both hyper
and hypopigmentation.42,43 Whether this represents 
normal age-related changes or age-related maculopathy 
is unclear. 

Pigmentation 

There is considerable change in the pigmentation of the 
RPE with age.2,8 This is evident from fundus 
examination, in which the RPE appears darker in the 
young. This is due to a combination of loss of electron
dense melanin granules and the accumulation of less 
dense lipofuscin granules. 

A decline in the total numbers of pure melanin 
granules is observed in all regions of the retina after the 
age of 40 years.44-46 The decline in melanin granules in 
the macular RPE is about 35% between the early and late 
decades and will potentially result in decreased light 
absorption and a reduced antioxidant potential. The loss 
of true melanin granules correlates with the association 
of melanin granules with lysosomes and/ or lipofuscin 
granules.47 Melanolysosomes demonstrate loss of the 
typical cigar-shaped structure and probably represent 
melanin in the process of repair, modification or 
degradation. The origin of melanolipofuscin granules is 
unclear but has been suggested to result from the fusion 
of melanin and lipofuscin granules. However, the 
heterogeneity of melanolipofuscin granules suggests that 
this is unlikely and supports a more dynamic process 
whereby lipofuscin is actively deposited on melanin 
granules and vice versa. 

Lipofuscin granules are lipid/protein aggregates 
which continuously increase in the RPE throughout life, 
eventually occupying up to 19% of cytoplasmic volume 
by 80 years of age? Topographically, maximal 
accumulation of lipofuscin granules occurs in the 
posterior pole, albeit with a decrease at the fovea.48 This 
correlates with the density distribution of rod 
photoreceptor cells and points to outer segments being a 
primary substrate for lipofuscin/AS although autophagy 
of spent organelles will also contribute. The molecular 
composition of lipofuscin has not been fully elucidated.49 
Evidence suggests that despite its name lipofuscin is 
predominantly protein, with as little as 25% being lipid. 
The only component of lipofuscin to be identified to date 
is the chloroform-soluble fluorophore, A2E.5o A2E is a 
quaternary pyridinium salt that is the product of the 
reaction of all�trans-retinal and ethanolamine. The age
related accumulation of lipofuscin granules is considered 
by many to have an adverse effect on cell behaviour. To 
date two mechanisms have been proposed? The first is 
that lipofuscin acts directly to cause RPE dysfunction by 
congesting the cytoplasm? The second advocates that 
lipofuscin is photoreactive and given the correct 
conditions can cause RPE cell death.51,52 We have 
previously demonstrated that lipofuscin is a 
photoinducible generator of a range of reactive oxygen 
species (Le. superoxide anion, hydroxyl radical, singlet 
oxygen and lipid peroxides).52,53 The production of these 



species is wavelength-dependent, being greatest in the 
blue light region of the visible spectrum. Analysis of blue 
light photoreactivity in isolated human RPE cells 
demonstrates a marked increase in oxidative activity as 
donor age increases, which is predominantly due to 
lipofuscin. Subsequent biochemical studies 
demonstrated that lipofuscin could photoinduce 
extragranular lipid peroxidation and inhibition of 
enzyme activity. 54 More recently we have confirmed the 
phototoxic potential of lipofuscin in a cellular system 
containing a full complement of antioxidants and 
implicated it in cell dysfunction such as occurs in ageing 
and retinal diseases.55 In brief, exposure of lipofuscin-fed 
cells to short-wavelength visible light caused loss of 
lysosomal integrity, cytoplasmic vacuolation and 
membrane blebbing culminating in cell death. This 
correlated with lipid peroxidation and protein oxidation 
of cellular components. 

Antioxidant status 

There is considerable evidence that antioxidants are 
implicated in the ageing process. Transgenic experiments 
on Drosophila have shown that molecular genetic 
regulation of antioxidant systems can facilitate extended 
longevity, presumably by slowing down the ageing 
process.31 There is limited information of the changes in 
antioxidant levels within the RPE with age. Friedrichson 
et al.56 reported an age-related decrease in vitamin E 
levels in the macular RPE after 70 years of age while 
levels in peripheral cells remained constant throughout 
life. Catalase activity has been shown to increase with 
age (perhaps indicative of excessive hydrogen peroxide 
generation) while SOD activity showed no correlation 
with donor age.57 Castorina et al.58 have demonstrated an 
age-related correlation between lipid peroxidation and 
antioxidant enzyme activity. Despite the potential 
association between oxidative stress and RPE 
dysfunction, the mechanism by which this may lead to 
cell damage is unclear. However, numerous studies have 
shown that oxidative stress can induce apoptosis in 
cultured RPE cells.59 

Molecular damage and senescence 

Theories of ageing are manifold but tend to favour the 
accumulation of random error.31 This can occur through 
a variety of both enzymatic and non-enzymatic reactions 
which can cause molecular damage. Numerous studies 
have reported increased mitochondrial DNA, nuclear 
DNA, protein cross-linking and lipid hydroperoxides in 
aged cells compared with their younger counterparts. 
These changes which cause cell damage have yet to be 
confirmed for the RPE. However, exposure to oxidative 
stress can elicit such molecular damage in cultured RPE 
cells.55,6o Hjelmeland and colleagues61,62 have recently 
reported that the RPE in aged human eyes stains for 
senescence-related f3-galactosidase. Using a cell culture 
model they have shown an association between 

senescence and telomere loss. Whether telomere 
shortening plays a role in non-replicative RPE cells 
in vivo has yet to be ascertained. 

Advanced glycosylation 

There is gathering evidence that the age-related 
accumulation of advanced glycosylation end products 
(AGEs) in the retina may contribute to RPE dysfunction 
and AMD. AGEs accumulate within Bruch's membrane63 
and in addition may represent a component of lipofuscin 
which contains Schiff bases and fluorophores49 - both 
features in the genesis of AGEs. Furthermore, AGEs may 
compromise lysosomal enzyme activity, since they have 
been shown to inhibit lysosomal enzyme activity in other 
cell types64 Interestingly, overall lysosomal enzyme 
activity has been demonstrated to increase in the RPE 
with donor age, although this may simply reflect an 
increase in the number of lysosomes in response to 
lipofuscin accumulation?6 The accumulation of AGEs 
may also affect growth factor production as they have 
been shown to elevate VEGF and PDGF production by 
RPE cells in vitro.65,66 

Relationship between ageing and disease 

The association between natural ageing changes and age
related disease is complex.31 It is evident that many of 
these age-related changes are manifest preceding the 
onset of age-related maculopathy. Furthermore, it is 
becoming clear that ageing is a combination of both 
genetic and environmental factors which, in certain 
individuals, may predispose to disease?O Certainly, the 
intracellular accumulation of lipofuscin and changes in 
Bruch's membrane are prominent in eyes with AMD and 
represent excessive ageing changes.2,55 
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