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v

When studying the eye, one cannot help to be fascinated by its complexity, its 
functionality, and its beauty. When working on the retina, the most fascinated 
cell, at least in our humble opinion, is the retinal pigment epithelium (though 
we do acknowledge that opinions might differ here, researchers tend to find 
their own field to be the most interesting subject in the world). The retinal 
pigment epithelium (RPE) has many functions, many aspects, and many ways 
to be elucidated. When this introduction was written, the term “retinal pig-
ment epithelium” had 14,142 hits in PubMed. We are aware that neither we 
nor any other book could possibly do justice to the knowledge about this cell 
type, nor do we make any claim to be complete. However, the last compre-
hensive book on the retinal pigment epithelium was published more than 20 
years ago, and we felt the urge and the need to present a compendium on the 
modern RPE, as it is studied in the twenty-first century.

We have divided the book in five different aspects: (1) physiological RPE 
function, (2) RPE in disease, (3) RPE in diagnostics, (4) RPE in therapy, and 
(5) RPE models to portray the different aspects of RPE research.

In the first chapter, “RPE Histopathology and Morphometry,” Szalai, 
Nickerson, and Grossniklaus introduce the histology, morphology, distribu-
tion, and topography of these cells, comparing the physiological appearance 
with changes seen in age and furthermore in pathological conditions such as 
age-related macular degeneration, retinal dystrophies, proliferative retinopa-
thies, mitochondrial disease, and tumors.

A major characteristic of the RPE is its polarity, and the functions associ-
ated with it. Rizzolo gives an overview on “RPE Polarity and Barrier 
Function,” describing the unique polarity of the RPE (considered to be 
“upside down” or rather “right side up” due to reversed membrane polarity), 
explaining the blood-retinal-barrier and its maturation and the structure and 
composition of tight junctions, stressing the claudins, and introducing reader 
into the ways of analyzing barrier function. Finally, the breakdown of the bar-
rier in pathological situation, such as edema, is covered.

A major function of the polarized RPE cells is the phagocytosis of shed 
photoreceptor outer segment fragments, which is covered in this volume by 
Müller and Finnemann in their chapter “RPE Phagocytosis.” The authors 
introduce the reader to the experimental approaches to study phagocytosis in 
RPE cells and give insights into the molecular mechanisms of phagocytosis, 
including the recognition and binding by the RPE cells, consequent signaling 
pathways, as well as processing and degradation of the phagocytosed  material. 
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Finally, they cover defects in the process and its relevance to retinal 
diseases.

In order to fulfill its functions, ion channels play an important part in RPE 
cells. In their chapter “Ion Channels of the Retinal Pigment Epithelium,” 
Reichhart and Strauss introduce the reader into the profile, function, and 
pathological role of ion channels. Both apical and epithelial transports are 
covered, as well as their role of ion buffering in the subretinal space. Also, a 
major topic is the role of Ca2+ signaling in RPE function.

Vascular endothelial growth factor (VEGF) is a major cytokine in health 
and disease in the retina, with the RPE being an important source, as described 
in this volume by Klettner. The chapter “RPE and the Vascular Endothelial 
Growth Factor” introduces VEGF and its regulatory mechanisms; gives an 
overview on its roles in development, adult, and diseased retina; and elabo-
rates on regulatory mechanisms under various conditions, such as hypoxia, 
oxidative stress, inflammation, and hyperthermia.

The chapter “The RPE cell and the Immune System” by Detrick and 
Hooks covers the important role of the RPE in the innate immunity of the 
retina. Components of the innate immunity, such as toll-like receptors, cyto-
kines, and complement, are introduced, and the role of the RPE in their inter-
action with microglia, in immune regulation, and in adaptive immune 
responses is described.

The RPE is involved in the development of different ocular diseases. In 
their chapter “The RPE in Myopia Development,” Zhang and Wildsoet 
describe the role of the RPE in eye growth and refractive development, cover-
ing the changes of the RPE in high myopia and their part in regulation of eye 
size, elucidating on the role of different cytokines, neurotransmitters, and ion 
channels.

Dik, Bastiaans, and van Meurs address “Retinal Pigment Epithelium in 
Proliferative Disorders,” with the focus on the molecular regulation of the 
RPE’s contribution to proliferative disease. In their chapter, after an introduc-
tion into the mechanisms of fibrosis in the retina, they elaborate on the epithe-
lial mesenchymal transition and contributions of the RPE to inflammation as 
well as to angiogenesis.

In the chapter “Retinal Pigment Epithelium in Health and Disease: 
Maturation, Aging and Age-Related Macular Degeneration,” Ach, Tarau, 
and Curcio elaborate on the development, differentiation, and transdifferen-
tiation of the RPE, stressing on alterations in adolescence and age as they 
present in the RPE, leading up to the changes seen in age-related macular 
degeneration (AMD).

Taking the topic of AMD further, Kaarniranta, Salminen, and Kauppinen 
shed more light on the role of the RPE in the pathology of AMD in chapter 
“Retinal Pigment Epithelium in Age-Related Macular Degeneration,” 
stressing the role of proteasomes and lysosomal autophagy, organelle cross-
talk, and inflammation in the development of this disease.

A different aspect is covered by Schnabolk, Obert, and Rohrer in their 
chapter “Sex Related Differences in Retinal Pigment Epithelium and 
Retinal Disease.” The authors discuss the importance of sex hormones and 
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the sex (and gender) differences within the eye, in RPE function, and in reti-
nal disease, with a special focus on autoimmune diseases.

The role of the RPE in diagnostics is covered in two chapters. Hassenstein 
and Grohmann describe the role of the RPE in Optical Coherence 
Tomography, where they introduce the different techniques of OCT used 
and elaborate on the appearances of the RPE in several diseases.

Dithmar and Celik cover RPE Autofluorescence in their chapter, intro-
ducing the fluorophores responsible and the imaging devices making RPE 
autofluorescence visible. They further elaborate on the fluorescent signals in 
health and disease, which may help to understand disease progression and 
pathophysiology.

In the next step, RPE cells can be part of the therapy of retinal diseases. An 
exciting new field is the RPE and Stem Cell Therapy, which is covered by 
Skottman. The reader is introduced into cell-based RPE therapy and educated 
on the differences of human pluripotent and human embryonic stem cells. 
Major topics are the differentiation and characterization of the stem-cell- 
derived RPE and the current status of transplantation studies, both in preclini-
cal and in clinical trials.

Another exciting field is RPE and Gene Therapy, in which Stieger and 
Lorenz summarize the current state and further direction of RPE-based gene 
therapy, introducing the different approaches of gene therapy and gene trans-
fer and describing the different gene therapies for inherited retinal diseases as 
well as acquired retinal disorders.

The role of the RPE in laser therapy is covered by von der Burchard and 
Roider in their chapter “RPE and Laser.” The authors introduce the physics 
of laser-tissue interactions and elaborate on the different concepts of RPE 
laser treatment, with a major topic being selective RPE treatment.

In the final part of this volume, we focus on the experimental potential of 
the retinal pigment epithelium in the different model systems. Klettner intro-
duces the reader in RPE Cell Culture, starting with a brief historical over-
view on different model species and describing the challenges of RPE cell 
culture. An overview on different RPE cell lines, stressing their usage and 
limits, is given, and the features of primary fetal and adult RPE cells in cul-
ture are discussed. Finally, an outlook is given on current co-culture and 3D 
techniques.

In the chapter “Retinal Pigment Epithelium Organ Culture,” Miura 
takes us to the next level of complexity. After an introduction into the history 
and donor species of RPE organ culture, reader is presented the different 
types of explants and culture systems as well as the morphological changes 
during the different culturing methods. Finally, different applications of RPE 
organ culture in research are described.

In their chapter, Fletcher and co-workers present Animal Models of 
Diseases of the Retinal Pigment Epithelium. After an introduction into the 
function and structure of the RPE, the authors described several models for 
retinal disease, such as retinitis pigmentosa, Leber’s congenital amaurosis, 
inherited macular degenerations, melanin-associated disorders, and age-
related macular degeneration. In addition, they cover pharmacological as 
well as transgenic models of RPE dysfunction.
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RPE Histopathology 
and Morphometry

Eszter Szalai, John M. Nickerson, 
and Hans E. Grossniklaus

 Introduction

Retinal pigment epithelium (RPE) is a single layer 
of hexagonal/cuboidal epithelial cells which sepa-
rates the neuroretina from the underlying choroid. 
These cells are arranged in a mosaic-like pattern. 
Regular hexagon cell pattern is thought to be the 
most stable and energetically the most favorable 
cell arrangement [1–3]. Embryologically, RPE is a 
neuroepithelial derivative. In the early development, 
RPE differentiates from the neuroectoderm of the 
optic vesicle and later becomes highly specialized 
[4]. The apical membrane faces the photorecep-
tor outer segments and interphotoreceptor matrix 
[5], the RPE basal lamina is in close contact with 
the inner collagenous layer of the Bruch’s mem-
brane. This special polarized structure is required 
for the proper development of the photoreceptors 
and choroid and this allows for multiple functions 
of the RPE cells such as adsorbing scattered light 
to improve spatial resolution, recycling visual pig-
ments to ensure light sensitivity of photoreceptors, 
and transporting nutrients and metabolites between 
the choriocapillaris and the neurosensory retina [6]. 
The impact of RPE in the regulation of eye growth 
has also been implicated by transmitting signals 
between the retina and the adjacent choroid and 

sclera [7]. Tight junctions between neighboring 
RPE cells constitute the outer blood-retinal barrier, 
i.e. barrier between the subretinal space and the 
choriocapillaris. The highly dynamic cytoskeletal 
elements of the plasma membrane and cytoplasm 
provide membrane motility, intracellular transport 
and mechanical strength of the cells. RPE cells 
show topographic differences, and they also vary 
within one particular region based on their melanin 
pigment granule content [3].

Improperly functioning RPE cells can have 
primary or secondary contribution to several dis-
ease processes including dry and wet age-related 
macular degeneration (AMD), proliferative vit-
reoretinopathy (PVR), central and peripheral reti-
nal dystrophies, mitochondrial diseases, and RPE 
neoplasias. Progressive RPE dysfunction and 
cell loss may lead to a secondary degeneration 
of photoreceptor rods and cones due to the close 
relationship between the RPE and photoreceptor 
cells and due to the loss of barrier functions.

 Normal Histology

Normal human RPE is a monolayer of cuboi-
dal cells in which the cytoplasm is filled with 
melanin pigment granules (also known as mela-
nosomes). The thickness of this layer varies 
according to the location and age, RPE cells 
are about 14 μm in height in the macular region 
whereas toward the periphery they become 

E. Szalai (*) · J. M. Nickerson · H. E. Grossniklaus 
Department of Ophthalmology, Emory University, 
Atlanta, GA, USA
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significantly shorter [8]. Numerous microvilli 
of the apical membrane extend to the photore-
ceptor outer segments. The morphology of the 
polarized RPE layer is visible by transmission 
electron microscopy (TEM), in which tight 
junctions, apical microvilli, basal infoldings, 
shed photoreceptor outer segment disks, mela-
nin pigments, lipofuscin and melanolipofuscin 
granules can be observed (Fig.  1.1). Melanins 
are complex pigment structures in the skin, ret-
ina and uveal tract which are synthesized within 
melanosomes. There are two types of cells in 
the eye which produce melanin: (1) melano-
cytes in the uveal tract and (2) neuroepithelial 
cells, such as pigment epithelial cells in the iris, 
ciliary body and retina. There are substantial 
differences in the phenotype of melanosomes 
between the skin, uveal tract and retina. The 
RPE melanosomes are more elongated or bul-
let shaped whereas skin and choroidal mela-
nosomes are more spherical [9, 10]. The basal 
surface of an RPE cell faces the Bruch’s mem-
brane, a five-layer complex structure with mul-
tiple functions which lies between the retina 
and choroid. The RPE basement membrane 
(basal lamina) is the innermost layer of the 
Bruch’s membrane with an average thickness of 
0.15 μm in young individuals [11]. The struc-
ture of this basement membrane is not unique, it 
consists of type IV collagens, fibronectin, lam-

inin, heparan, chondroitin and dermatan sulfate 
[12]. The basal plasma membrane of the RPE 
cells is separated from the basement membrane 
and it contains several infoldings in order to 
increase its membrane surface for needed ion 
transport. Anteriorly there are less infoldings, 
and they are more pronounced on the posterior 
pole except adjacent to the optic nerve head 
where they tend to be less marked. Desmosome 
and hemidesmosome- like structures are pres-
ent in the basal plasma membrane resulting in a 
tight connection between the RPE and Bruch’s 
membrane [13]. In the lateral surface, zonula 
occludens, zonula adherens, gap junctions, and 
occasional desmosomes are present to main-
tain paracellular permeability, cellular integrity, 
and cell-cell contact. Zonula occludens or tight 
junctions are present in the apical half of the cell 
and are responsible for maintaining the outer 
blood-retinal barrier. Na,K-ATPase function has 
been shown to be involved in the normal tight 
junction structure and permeability in human 
RPE cells [14]. Zonula adherens or adherens 
junctions are associated with a rich network of 
actin filaments. They have multiple functions by 
supporting cellular motility but also by provid-
ing mechanical strength in response to various 
intracellular signals [15]. The apical microvilli 
provide increased surface area and play role in 
special functions, such as phagocytosis of the 

a b

Fig. 1.1 Normal anatomy of an RPE cell in relation to 
the surrounding structures. Transmission electron micros-
copy photo of an RPE cell in a 75-year old Caucasian 

male. Melanosome (M), shed photoreceptor outer seg-
ment disc (sPR), lipofuscin granules (L), melanolipofus-
cin (ML), phagosome (P), nucleus (N) are seen (3600×)

E. Szalai et al.
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shed photoreceptor outer segment disks, move-
ments of melanin granules due to light expo-
sure and adhesion to the neurosensory retina. 
The apical surface faces the subretinal space, 
the microvilli connect and interdigitate with the 
photoreceptor outer segments. Light exposure 
causes the pigment granules migrate into the 
microvilli in order to decrease the light amount 
that reaches the rods and cones [16–20]. On the 
contrary, in scotopic conditions the pigments 
migrate back to the cell body to allow more light 
to reach the photoreceptors [16–20].

RPE cells also contain lipofuscin granules, 
which increase in amount throughout life due to 
outer segment phagocytosis. The RPE cells are 
known to show large degrees of heterogeneity 
in melanin and lipofuscin granule content [3]. It 
has been proposed that higher melanin content of 
RPE cells might be protective against the forma-
tion of lipofuscin granules [21, 22]. One of the 

major metabolic roles of RPE cells is to degrade 
phagocytosed photoreceptor outer segment disk 
membranes, which are very densely packed 
structures. Young and Bok observed that approxi-
mately 10% of the outer segment disks are gener-
ated each day [23], and the same fraction of outer 
segment dics are phagocytosed by the RPE daily. 
This is on a circadian rhythm, with rod outer seg-
ments consumed at daybreak, and cone outer seg-
ments at dusk. Thus, it takes about 10 days for an 
outer segment disc to traverse from its proximal 
site of biosynthesis to the distal tip of the outer 
segment, where it is consumed by the RPE.

Qualitative, morphological analysis of the 
RPE cells has traditionally been performed dur-
ing routine histopathologic examination in vitro 
(Fig.  1.2). More recently, non-invasive imaging 
modalities are capable of automatic segmenta-
tion of the human RPE layer in  vivo [24–27]. 
Polarization-sensitive optical coherence tomog-

a b

c d

Fig. 1.2 Normal histological appearance of the human 
RPE in relation to the neurosensory retinal layers and 
Bruch’s membrane (hematoxylin and eosin, 100×) (a). En 
face (flat mount) light micrograph of the hexagonal RPE 
cells (hematoxylin & eosin, 250×) (b). Toluidine blue 

stain of the normal RPE layer highlighting the intracellu-
lar pigment granules (150×) (c). Transmission electron 
microscopy of the RPE cells with normal cell organelles 
(1900×) (d)

1 RPE Histopathology and Morphometry
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raphy (OCT) reveals RPE cell bodies specifically 
in optical biopsy of the retina [27]. Adaptive 
optics scanning laser ophthalmoscope combined 
with lipofuscin autofluorescence, dual wave-
length imaging and registration is an applicable 
tool to measure and quantify RPE cell morphom-
etry in vivo [28].

 Cell Morphometry

 Pleomorphism, Polymegathism

The total number of RPE cells has been reported 
to vary between 3.6 and 6.1 million in a healthy 
human eye [29, 30]. Qualitatively, both aging 
and degenerative retinal disorders are associated 
with not only a decline of the relative number of 
regular hexagonal RPE cells and an increase in 
the variability of the shape of the RPE cell and 
increased variability in the number of sides of a 
cell (pleomorphism), but also with an increase in 
the variability of cell area (polymegethism).

Hexagonal cells are most frequently (>50–
60%) located in the fovea, and the proportion 
of six-sided RPE cells decreases from the fovea 
towards the peripheral retina [28, 31]. Cell areas 
are more variable in older eyes (>80  year old) 
than in younger ones (≤51 year old) [31]. A pre-
vious study confirmed a predominance of hexag-

onal cells only in the younger adult fovea, where 
almost 60% of cells had six neighbors [31]. 
However, RPE cells show continuous remodel-
ing and rearrangement during lifetime, which 
is thought to reflect a propensity of RPE cells 
to remain tightly attached to each other so that 
the outer blood retina barrier remains intact at all 
costs.

An inter-RPE cell variability (mosaicism) 
has been described in animal and human studies 
affecting different cell properties both in mac-
roscopic and molecular level [3]. The pigment 
granule content varies highly between RPE cells 
and the expression level of certain proteins. This 
heterogeneity is thought be due to both genetic 
and epigenetic processes and contribute to the 
functional diversity of the RPE layer [3].

 Spatial Distribution, Topography

RPE cells extend from the edge of the optic disc to 
the ora serrata. Anterior to the ora serrata the RPE 
continues to the pars plana pigment  epithelium 
of the ciliary body. Certain fundamental differ-
ences have been shown between RPE cell den-
sity (Fig.  1.3) and morphometry in distinct 
topographical locations (Fig. 1.4) and in differ-
ent age groups [32]. Cell density at the posterior 
pole was about four times greater than at the far 
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periphery with inverse correlation to cell area 
(Fig. 1.3) [32]. The literature shows large ranges 
of RPE cell density with high variability across 
age, retinal location and between individuals [3, 
28, 30, 33–37]. The RPE cell density has been 
shown to decrease from the fovea (4220  cells/
mm2) to the midperiphery (3002  cells/mm2) 
and to the peripheral retina (1600 cells/mm2) in 
normal human eyes [30]. Another investigation 
described the highest density of 7500 RPE cells/
mm2 at the fovea in both younger (≤51 year old) 
and older subjects (>80 year old) [31]. RPE cell 
density decreases gradually towards the equator 
(it measures approximately 5000 cells/mm2 at the 
edge of the macula) [31]. Also foveal RPE cells 
are found to be significantly smaller in size than 
the peripheral cells [2, 31, 38].

There is a physiologic variation in RPE cell 
shape between different locations, i.e. cells 
are flat and wider anteriorly, whereas they are 
elongated and narrow posterior to the equator. 
Salzmann reported the height of RPE cells to be 
11–14 μm in the macular region and 8 μm in the 
other parts of the fundus [8]. The cells also con-
tain more melanin pigment granules within the 
macular area.

 Pathology

Extensive research of the cellular and subcellu-
lar pathogenesis of retinal disorders has identi-
fied RPE dysfunction as having either a primary 
role or a secondary role. RPE cells might interact 
with the neurosensory retina, Bruch’s membrane, 
and choriocapillary network in different dis-
eases such as age-related macular degeneration 
(AMD), proliferative retinopathies, central and 
peripheral retinal dystrophies, mitochondrial dis-
eases and tumors of the RPE.

 Age-Related Changes

Normal human RPE cells are mitotically quies-
cent. Age-related decline of RPE density and the 
corresponding morphology changes (Fig.  1.5) 

have been extensively studied [30, 31, 34, 38–41]. 
In a previous investigation, the RPE cell density 
in the fovea decreased significantly (p < 0.001) 
by about 0.3% per year with increasing age [30]. 
Such a continuous age-related decline of RPE 
cell count is commonly found in the literature but 
the quantification of the magnitude of the decline 
is not well understood [31, 34, 38–41]. With age, 
the number of hexagonal RPE cells decreases in 
the fovea and parafoveal areas [31]. Ach et  al. 
indicated that the density of five- sided RPE cells 
increased significantly in the fovea, whereas in 
the parafovea the proportion of five and seven-
sided cells tends to dominate as a result of an age-
related remodeling [31].

Lipofuscin granules are known to localize 
close to the RPE cell borders when low lipofus-
cin granule density is present which is expected 
for young, healthy individuals [42]. RPE cells 
are responsible for the phagocytosis of diur-
nally shed photoreceptor outer segments [43]. 
Lipofuscin arises in the RPE from incomplete 
digestion of the outer-segment fragments within 
the lysosomes [44]. Lipofuscin accumulation in 
RPE cells has been proved to lead to a range of 
retinal disorders (Fig. 1.6).

The major fluorophores of lipofus-
cin are the bis-retinoid, N-retinylidene-N- 
retinylethanolamine (A2E), closely related A2E 
phosphatidyl esters, and retinyl dimers [45]. In 
clinical setting, fundus autofluorescence (FAF) 
is informative for monitoring RPE health and 
metabolism by enabling detection of autofluores-
cence (AF) attributable to lipofuscin and mela-
nolipofuscin, long-lasting intracellular residual 
bodies rich in bisretinoid derivatives of vitamin 
A. The loss of fundus autofluorescence (detected 
as black patches in FAF) thus represents the loss 
of RPE cells that contain these highly fluorescent 
molecules (Fig.  1.7). In 2005, eight phenotypic 
FAF patterns have been defined to be associ-
ated with non-exudative AMD, such as normal, 
minimal change, focal increase, patchy, linear, 
 lacelike, reticular and speckled pattern [46]. 
Diffuse and banded phenotypes are associated 
with a higher risk for disease progression [47].

E. Szalai et al.
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Fig. 1.6 Photoreceptor outer segment (PR-OS) degradation and lipofuscin formation in the RPE cells
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 Degenerations

 Biometry-Related Changes
RPE has been shown to play a critical role in 
ocular growth regulation by controlling ion/fluid 
transport and signal transduction between the ret-
ina, choroid and sclera [7]. A profound decrease 
in the RPE cell density was reported in the equa-
torial to retro-equatorial region in association 
with longer axial length and a lower degree of 
decline at the midpoint between equator/poste-
rior pole [41]. RPE cell density at the posterior 
pole was not significantly associated with axial 
length in a previous study [41].

 Age-Related Macular Degeneration
With aging RPE cells gradually decrease in den-
sity and enlarge in size associated with intracel-
lular lipofuscin accumulation [48]. Lipofuscin 
was found to be photocytotoxic to RPE cells in 
a wavelength dependent manner (390–550 nm), 
it reduced significantly the RPE cell viability by 
at least 41% 2 days after 390–550 nm exposure 
when compared to lipofuscin-free cells [49]. Its 
accumulation is associated with photooxida-
tion, RPE cell damage, and inflammation. These 
alterations with age-related changes of the 
Bruch’s membrane (calcification and fragmenta-
tion) may lead to age-related macular degenera-
tion [50]. However, the heterogeneous clinical 
picture of RPE dysfunction could be explained 
by the susceptibility of RPE cells in  vivo due 

to the balance between the amount of lipofus-
cin granules and the antioxidant potential of the 
cell [49]. Moreover, RPE cell pattern has been 
shown to have a much reduced regularity in 
AMD [40].

AMD starts with the formation of basal lami-
nar deposits and drusen and hypertrophy and 
loss of the RPE cells (Fig. 1.8). In more advance 
stages, these processes may lead to geographic 
atrophy (Fig. 1.7) and choroidal neovasculariza-
tion. It has also been proposed that RPE cells 
might undergo transdifferentiation [51, 52]. 
Drusen are deposits of amorphous extracellular 
material lying between the RPE and the inner 
collagenous zone of Bruch’s membrane [53]. 
The transformation theory [54], deposition the-
ory [55] and the vascular theory [56] have been 
proposed to explain the exact origin of drusen. 
Hard drusen may progress into atrophic AMD, 
whereas soft drusen may precede choroidal neo-
vascularization. Softening of drusen is associated 
with accumulation of membranous debris exter-
nal to the RPE basement membrane which may 
arise from the photoreceptors [57]. Large drusen 
are associated with diffuse thickening of Bruch’s 
membrane with basal linear deposit, whereas 
confluent soft drusen resemble an exudative 
RPE detachment [57]. Basal laminar deposit is 
a diffuse accumulation of hyalinized material 
between the RPE basal plasma membrane and its 
 basement membrane. It is composed of widely 
spaced type IV collagen and other fibrillar mate-

a b c

Fig. 1.7 Infrared reflectance (a) and spectral domain 
optical coherence tomography (b) image of the fovea in 
geographic RPE atrophy. Note the junction (arrow) 
between the normal RPE layer and the atrophic lesion (b). 
On fundus autofluorescence image (c), the hypo- 
autofluorescent areas correspond to RPE atrophy and they 

are surrounded by diffuse reticular hyper- autofluorescence 
in the junctional zone, which represent areas of current 
RPE cell dysfunction. This is a 76-year-old female patient 
with 20/25 best corrected visual acuity due to foveal spar-
ing of geographic atrophy
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rials [58]. They can be either the cause or con-
sequence of compromised RPE cell functions 
[59]. Multiple studies concluded that there is a 
significant risk of progression to exudative AMD 
if there is a large drusen size, drusen confluence 
or focal macular hyperpigmentation on initial 
presentation [57]. Spraul et  al. postulated that 
choroidal neovascular membranes represent a 
nonspecific wound-repair mechanism since their 
composition (i.e. RPE cells, vascular endothelial 
cells, fibrocytes, macrophages, photoreceptors, 
erythrocytes, lymphocytes, myofibroblasts, col-
lagen, fibrin and basal laminar deposit) is not 
characteristic of a specific disease process [59].

 Retinal Dystrophies

Retinal dystrophy refers to a heterogeneous 
group of inherited central and peripheral retinal 
diseases associated with various mutations in the 
human retina affecting the retinal pigment epi-

thelium and the photoreceptor layer [60]. These 
mutations may impact a number of molecular 
cascades by interfering with intra- and intercel-
lular interactions in different layers of the retina. 
Those processes may compromise the integrity 
of the RPE plasma membranes (bestrophinopa-
thies, e.g. Best vitelliform macular dystrophy) 
[61] and/or photoreceptor membranes (pat-
tern dystrophies, e.g. butterfly-shaped pattern 
dystrophy) [62]. Histopathologically, pattern 
dystrophies are associated with accumulation 
of excessive lipofuscin in the RPE, whereas in 
later stages these changes are replaced by exten-
sive atrophic depigmented areas of the RPE and 
degeneration of photoreceptor cells [62–64]. 
In retinitis pigmentosa, the initial degenera-
tive changes occur in the rod photoreceptors 
followed by secondary changes in the cones, 
RPE, retinal glia and ganglion cells [65]. The 
RPE cells migrate to perivascular sites in the 
inner retina after extensive photoreceptor dam-
age, producing the characteristic bone-spicule 

Fig. 1.8 Light microscopy of hard drusen (hematoxylin 
and eosin, 160×) (a), soft drusen (periodic acid-Schiff, 
160×) (b), large drusen (hematoxylin and eosin, 160×) (c) 
and confluent drusen (hematoxylin and eosin, 160×) (d). 

(Reproduced with permission from Spraul CW, 
Grossniklaus HE. Characteristics of drusen and Bruch’s 
membrane in postmortem eyes with age-related macular 
degeneration. Arch Ophthalmol. 1997;115:267–273)
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12

appearance due to the black melanin granules 
surrounding the branching retinal vessels [65].

 Proliferative Retinopathies

Epiretinal membrane (ERM) formation can be 
occurring secondary to a number of pathologi-
cal changes on the vitreoretinal interface. Snead 
et  al. classified ERMs into three distinct types: 
(1) simple ERMs, which contain only internal 
limiting membrane (ILM) and laminocytes; (2) 
PVR/tissue repair membranes, which contain 
ILM, laminocytes and spindle-shaped RPE cells 
with extracellular stroma; (3) neovascular ERMs, 
which are devoid of ILM and contain vessels and 
hyaline stroma [66].

Under physiologic conditions, RPE cells are 
mitotically quiescent and virtually stationary. In 
various disease processes such as proliferative 
vitreoretinopathy, retinitis pigmentosa, or cho-
roidal neovascularization, the RPE cells detach 
from the basement membrane and exhibit migra-
tory potential [65, 67, 68]. The term PVR refers 
to various conditions characterized by cell pro-
liferation and matrix deposition within the retina 
(Fig.  1.9). Essentially in PVR cases, the ERM 

is usually complicated by the presence of RPE 
cells [66]. Besides RPE cells, occasional macro-
phages, fibrocytes and lymphocytes can also be 
present with various amount of collagen indicat-
ing a tissue repair process [66].

 Mitochondrial Diseases

RPE cells are metabolically highly active and 
they produce reactive oxygen species (ROS) by 
a variety of pathways during aerobic metabolism 
[69]. The major site of ROS production is within 
mitochondria, thus mitochondrial DNA (mtDNA) 
is thought to be more susceptible to damage by 
ROS than nuclear DNA. mtDNA damage is a 
good biomarker of oxidative stress [70]. On the 
other hand, the RPE cells along with retinal gan-
glion cells are particularly susceptible to oxida-
tive damage [71]. Retinal pigmentary changes 
and optic atrophy both are common ophthalmic 
manifestations of mitochondrial disorders [72]. 
Histopathological studies showed a primary RPE 
degeneration followed by secondary changes 
of the photoreceptors and choriocapillaris, and 
proved abnormally enlarged mitochondria in the 
RPE cells [73]. The same ROS-mediated mtDNA 
damage and RPE cell death mechanisms are 
thought to play key roles in the pathogenesis of 
AMD in susceptible eyes [70].

 RPE Tumors

The retinal pigment epithelium often undergoes 
reactive hyperplasia secondary to intraocular 
inflammation or trauma (Fig.  1.10). Although 
less common, it can produce a variety of tumors 
and related lesions [74]. The main tumors of 
the RPE include congenital hypertrophy of the 
RPE (CHRPE), congenital simple (solitary or 
grouped) hamartoma, combined hamartoma, 
adenoma, and adenocarcinoma.

Histopathologically, both solitary and grouped 
CHRPE lesions consist of a single layer of hyper-
trophied RPE cells (Fig. 1.11) which are densely 
packed with round macromelanosomes [75]. A 
hypopigmented halo is often seen around the 

Fig. 1.9 Light microscopy of subretinal PVR showing 
fibrocellular tissue composed of RPE (pigmented cells), 
collagen, fibrocytes and macrophages (hematoxylin and 
eosin, 25×). This is a 10-year-old highly myopic male 
with a history of prematurity and long standing retinal 
detachment. During pars plana vitrectomy, a “napkin 
ring” band of PVR was removed from the subretinal space 
through a small retinotomy site

E. Szalai et al.
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lesion representing taller RPE cells with less and 
smaller melanosomes. The Bruch’s membrane is 
thickened, but the neurosensory retina remains 
unaffected [76]. Multilayered (hyperplastic) 
lesions with hypertrophic RPE cells are often 
referred to as hamartomas, i.e. abnormal amount 
of mature tissue in the normal anatomic loca-
tion [75]. There is a distinct autosomal dominant 
disorder when the RPE hamartomas are associ-
ated with familial adenomatous polyposis. This 
disease entity was recently termed as “RPE ham-
artomas associated with familial adenomatous 
polyposis” by Shields and Shields to avoid the 
confusion because neither simple nor grouped 
hamartomas possess a higher risk of colon car-
cinoma [77]. Combined hamartoma of the retina 
and RPE has been described in juxtapapillary 
location when the RPE proliferation extended 

into the optic disc [78]. Proliferation of glial ele-
ments on the retinal surface and intraretinally 
was also observed [79]. The RPE cells proliferate 
in the neurosensory retinal layers as sheets and 
cords [76].

Adenoma of the RPE usually shows tubules 
and cords of proliferating RPE cells, separated 
by basement membrane and fibrous stroma his-
topathologically [80]. They usually arise from the 
peripheral retina but can occasionally be observed 
juxtapapillary masquerading melanocytoma of 
the optic disc or peripapillary uveal melanoma 
[81]. Adenocarcinoma of the RPE is composed 
of cords and tubular proliferations of cells with 
pleomorphic, hyperchromatic nuclei and vari-
able amounts of cytoplasm (Fig.  1.12). There 
can be focal desmoplastic reaction to the tumor 
and bone formation (osseous metaplasia) in some 

Fig. 1.10 Light microscopy of RPE hyperplasia showing multiple layers of RPE cells (hematoxylin and eosin left 25×, 
right 100×)

Fig. 1.11 Light microscopy of RPE hypertrophy indicat-
ing a single layer of enlarged RPE cells in volume. The 
left figure shows RPE hypertrophy associated with the 

dark part of a congenital hypertrophy of the RPE (CHRPE) 
lesion and the right shows depigmented RPE in the lacu-
nae in CHRPE (hematoxylin and eosin 100×)

1 RPE Histopathology and Morphometry
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areas. RPE adenocarcinoma can be highly inva-
sive with extensive intraocular invasion, including 
lens, choroidal, scleral and optic nerve invasion, 
extension through emissary canals to the epibul-
bar surface with conjunctival and orbital invasion. 
However, tumors of the RPE seem to have no 
potential to metastasize [82]. Malignant transfor-
mation of a preexisting CHRPE into an adenocar-
cinoma has also been reported [83].

Pigmented RPE lesions can clinically simu-
late choroidal melanoma, thus they often referred 
to as pseudomelanoma [84]. Most commonly, 
CHRPE may appear similar to choroidal mela-
noma on routine clinical examination. However, 
differentiating between a benign RPE hypertro-

phy and malignant choroidal melanoma is cru-
cial. CHRPE is typically a sharply demarcated 
dark pigmented lesion and usually flat or slightly 
elevated. A pigmented or non-pigmented halo 
can often be seen surrounding the lesion and 
intralesional lacunae are present in 43% of cases 
[85]. The diagnosis of RPE tumors is usually 
made on the basis of ophthalmoscopic findings 
and diagnostic imaging.
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Fig. 1.12 Light microscopy of RPE adenocarcinoma. 
The tumor is composed of tubular and chord-like prolif-
erations of cells with associated osseous metaplasia (a, b). 

The tumor has also invaded the optic nerve (c, d) (hema-
toxylin and eosin 5×, 25×, 5×, 100×, respectively)
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RPE Polarity and Barrier Function

Lawrence J. Rizzolo

 Introduction

The RPE separates the developing neurosen-
sory retina from its blood supply in the choroid. 
Because choroidal capillaries are fenestrated, 
RPE functions as the outer blood-retinal barrier 
(BRB). This dynamic barrier regulates the extra-
cellular milieu of the developing retina, and later 
the mature photoreceptors. Because the retina 
lacks lymphatics, it relies in part  on the RPE to 
recover fluid extravasated from retinal capillaries 
by pumping fluid out of the subretinal space. RPE 
also removes fluid from the vitreous that is driven 
into the retina by ocular pressure. The RPE main-
tains the ionic composition of the subretinal space 
that is optimal for photoreceptor activity. RPE par-
ticipates in the visual cycle whereby 11-cis retinal 
that was converted to all- trans- retinal upon captur-
ing a photon of light was transported from photo-
receptors to the RPE, re- isomerized, and returned 
to the photoreceptors. RPE phagocytizes the spent 
disc membranes that are shed daily by the photo-
receptors. Each of these processes is related to bar-
rier function and depends upon epithelial polarity 
and a structure called the tight junction.

Epithelial polarity refers to the asymmet-
ric distribution of proteins between the apical 
and basolateral membranes of an epithelial cell 
and is known as cell polarity. RPE was thought 
to be an “upside down” epithelium with reversed 
membrane polarity. The reason was that a plasma 
membrane pump protein, the Na,K-ATPase, that 
drives fluid transport across epithelia is located 
in the apical plasma membrane [1, 2]. The Na,K- 
ATPase is in the basolateral plasma membrane of 
most epithelium. In general, cell polarity refers 
to the asymmetric distribution of any protein, 
mRNA, or organelle within a cell. Polarity may 
be transient, as in a migrating cell with its leading 
and trailing ends. Polarity may be an enduring 
feature as in ciliated cells or neurons with den-
drites at one pole and an axon at the other. The 
mechanisms that underlie polarity are largely 
conserved and have been adapted and retooled 
during evolution to polarize specialized cells that 
function in asymmetric environments [3–5].

Compared with the polarity of other epithelia, 
the RPE is actually “right side up” with varia-
tions on a basic theme [1, 2, 6–8]. Generally, sim-
ple, transporting epithelia are monolayers with an 
apical pole that faces a lumen and a basolateral 
pole that faces a solid tissue. Interactions between 
the basolateral membrane and the underlying tis-
sue induce epithelial polarity. RPE uses these 
same basolateral mechanisms for house-keeping 
 proteins, and shares a polarity in common with 
many epithelia [7, 9–13].
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To understand how the variations in RPE 
polarity arise and affect barrier function, it will 
be instructive to compare RPE with other epi-
thelia derived from the same embryonic pri-
mordium, the neuroepithelium. These include 
the epithelium of the choroid plexus, the ciliary 
body of the eye, and the iris. The apical mem-
brane of these epithelia faces the lumen of the 
brain’s ventricular system. The epithelium of 
the choroid plexus also has an apical Na,K-
ATPase, and secretes cerebral spinal fluid into 
this lumen. The other epithelia are found in the 
eye, where the lumen of the ventricular system 
is reduced to a potential space. Accordingly, 
the apical membranes of these epithelia face a 

solid tissue. Despite its apical Na,K-ATPase, 
RPE absorbs fluid from the potential (subreti-
nal) space to prevent serous retinal detachment. 
Rather than secrete fluid into the potential space, 
the functional unit of ciliary body expresses a 
non-polarized Na,K-ATPase to secrete fluid into 
the aqueous chamber. This chapter explores how 
RPE’s apical interactions with the neurosensory 
retina underlie the differences in barrier function 
between RPE and the epithelia of the choroid 
plexus and ciliary body.

There is an intimate relationship between cell 
polarity and tight junctions (Fig. 2.1). Tight junc-
tions form a partially occluding seal between 
the neighbors of an epithelial monolayer. They 

a

b

Fig. 2.1 Schema of RPE and tight junctions. (a) 
Microvilli at the apical pole of RPE extend into the sub-
retinal space. At the basal pole, five-layered Bruch’s 
membrane separates RPE from the choriocapillaris. 
Fenestra in the walls of the choriocapillaris lie next to 
Bruch’s membrane. Tight and adherens junctions lie at the 
apical end of the lateral membranes. (b) The properties of 
the paracellular and transcellular pathways are indicated. 
The enlarged views schematize the appearance of tight 

junctions by transmission (cross-section) and freeze- 
fracture electron (enface) microscopy. The enface sche-
matic illustrates two pathways for solutes. The pathway 
for small solutes (<4 Å) is often called the “pore” path-
way. The pathway for large and small solutes is called the 
“leak” pathway. Modified with permission from Rizzolo 
(Histol Histopathol. 1997;12:1057–67) and Rizzolo et al., 
(Reference Module in Neuroscience and Biobehavioral 
Psychology, Elsevier, 2017)
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are part of the apical junctional complex, which 
includes adherens and gap junctions. The com-
plex separates the apical from the basolateral 
plasma membranes. Together, these junctions 
regulate cell shape, proliferation, and polarity. 
By locating different pump, transport and chan-
nel proteins on either side of the apical junctional 
complex, cells can use the energy of ATP to pump 
solutes against a concentration gradient from one 
side of the monolayer to the other. Tight junc-
tions prevent this gradient from dissipating. The 
pumps and transporters of the apical membrane 
are electrically coupled to those of the basolateral 
membrane intracellularly and via tight junctions. 
Accordingly, the functional composition of tight 
junctions and membrane transporters are inter-
connected and tailored to the unique functions of 
a given epithelium.

This chapter relates cell polarity to the func-
tion of tight junctions in the RPE. To fully appre-

ciate the unique features of this region of the 
BRB, RPE is discussed in the context of other 
tissue barriers and in particular other epithelia 
derived from the neuroepithelium.

 The Blood-Retinal Barrier (BRB) Is 
a Division of the Blood-Brain Barrier 
(BBB)

 Properties of a Blood-Tissue Barrier

Ehrlich and Goldman provided the first descrip-
tion of a blood-tissue barrier. Intravenous injec-
tions of dye permeated most tissues, but were 
excluded from the brain, testes, and placenta 
[14, 15]. This initial conception of the barrier 
has been expanded to include the five pathways 
that are illustrated in Fig. 2.2, using RPE as an 
example.

Fig. 2.2 Five pathways for the transepithelial transport in 
RPE. The apical membrane appears at the top. (1) Small 
solutes can diffuse across tight junctions, but the junctions 
allow some solutes to diffuse more readily than others. (2) 
Channels allow diffusion in either direction, but are spe-
cific for certain solutes. (3) Active transport: The Na/
KATPase uses the energy of ATP to pump ions vectorially 
across the plasma membrane. The electrochemical gradi-

ents that are established drive other solutes vectorially 
through channels, symporters, and antiporters. (4) 
Transcytosis: Bulk phase transcytosis is illustrated. 
Receptor-mediated transcytosis may also occur. (5) Solute 
modification: Solutes, e.g., all trans-retinol enters the cell 
by receptor-mediated endocytosis. The solute is modified 
as it crosses the monolayer. From Xia and Rizzolo (Vision 
Res. 2017;139:72–81) with permission

2 RPE Polarity and Barrier Function
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 1. Tight junctions were thought to block tran-
sepithelial diffusion through the paracellular 
spaces, but physiologists demonstrated that 
tight junctions were semi-permeable, semi- 
selective, and tissue specific [16–19]. They 
will be detailed in sections “The Structure of 
Tight Junctions and Pathways for Solutes to 
Traverse Them”, “Analysis of Paracellular 
Barrier Function”, and “The Interplay of Tight 
Junctions and Membrane Transporters”.

The remaining pathways are transcellular 
and more finely regulated than tight junctions. 
Nonetheless, RPE tight junctions affect pro-
teins involved in these pathways

 2. Facilitated diffusion relies on bidirectional 
channels in the plasma membrane. Their selec-
tivity is orders of magnitude greater than that of 
the semi-selective tight junctions. Solutes only 
move down their transepithelial electrochemi-
cal gradient. RPE glucose transporters are 
examples [20]. They are often incorporated 
into active transport mechanisms.

 3. Active transport moves solutes against an 
electrochemical gradient. The energy of ATP 
is used by pump proteins to (a) move solutes 
against a concentration gradient or (b) estab-
lish the electrochemical gradients that are 
used by symporters and antiporters. The sec-
ond application couples the transport of one 
solute to another. The first solute travels down 
its electrochemical gradient, while the second 
solute comes with it or is moved in the oppo-
site direction. The second application does not 
necessarily require a polarized ATPase, but 
does require that the various channels, sym-
porters and antiporters be distributed to either 
the apical or basolateral membrane, as illus-
trated in Fig. 2.3.

 4. Transcytosis uses receptor-mediated or bulk- 
phase (fluid-phase) endocytosis to encapsu-
late solutes. The endocytic vesicles that are 
formed traverse the cell to fuse with the oppo-
site plasma membrane, and release their con-
tents to the other side of the cell. Transcytosis 
is a typical feature of systemic capillaries, but 
not capillaries of the BBB. In the RPE, there is 
evidence of a bulk-phase, apical-to-basal 
pathway that partially recovers VEGF that is 
secreted from the apical membrane [21, 22].

 5. Solute modification alters solutes as they tra-
verse the cell. Rod outer segments are an 
extreme example. They are endocytosed by 
the apical membrane, degraded, and in aged 
individuals the degradation products are 
extruded from the basal membrane and con-
tribute to drusen. More conventional examples 
are vitamin A and CO2. Vitamin A crosses the 
basolateral membrane of RPE by receptor 
mediated endocytosis, is transformed in 
microsomes to 11-cis-retinal, and is exocy-
tosed from the apical membrane into the sub-
retinal space for use by photoreceptors. CO2 
that crosses the apical membrane of RPE is 
converted to HCO3, which leaves the cell 
though the basolateral membrane [23, 24].

 Epithelial Contributions to the Blood 
Retinal Barrier (BRB)

Transport across capillary walls of the inner BRB, 
and of the BBB in general, is tightly regulated 
[25–27]. In contrast, very leaky capillaries are 
found in the outer BRB (choriocapillaris), choroid 
plexus, and ciliary body. In these locations, the 
transport across the barrier is tightly regulated by 
epithelia derived from neuroepithelium (Fig. 2.3) 
[28, 29]. Despite their different barrier properties, 
their common origin sets these epithelia apart 
from other epithelia. To understand the RPE bar-
rier, it is instructive to compare and contrast the 
differentiation of RPE to its cousins.

During embryogenesis, the neuroectoderm 
forms the neuroepithelium of the neural tube 
(Fig.  2.3). In the adult, the lumen of this tube 
becomes the central spinal canal and ventricu-
lar system of the brain. The cerebral spinal 
fluid that will eventually fill this lumen will be 
secreted by the epithelium of the choroid plexus 
(Fig. 2.3b). The lumen and the apical surface of 
the epithelium are continuous with the subretinal 
space and RPE. The subretinal space is a poten-
tial space, because the RPE continuously pumps 
fluid out of it. To envision this, recall that the 
optic vesicle is a diverticulum of the neurotube 
(Fig.  2.3a). Imagine the optic vesicle is a bal-
loon. Punch your fist into the balloon to form 
a double-walled cup. Your fist will become the 
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vitreous, your wrist represents the pupil, and the 
lens would be found at the base of the hand. The 
space between the two walls of the optic cup is 
reduced to a potential space, the subretinal space. 
The outer wall of the cup becomes a monolayer, 
the RPE. Anteriorly, the RPE is continuous with 
the pigment epithelium of the ciliary body and 
iris. In the iris, the pigment epithelium folds 
back on itself to form the inner wall of the cup. 
Continuing posteriorly, the inner wall courses 
over the pigment epithelium of the ciliary body 
and remains a monolayer but loses its pigment. 
The apical membranes of the non-pigment and 
pigment epithelium contact each other and 
are electrically coupled by gap junctions. This 
region of the blood-ocular barrier secretes aque-
ous humor. Where the non- pigment epithelium 
transitions into the neurosensory retina, the tis-
sue thickens to give rise to all the non-vascular 
cell types of the neurosensory retina. The api-
cal surface of the neurosensory retina is lined by 
photoreceptors whose outer segments interdigi-
tate with the apical microvilli of the RPE.

RPE organizes the outer BRB. RPE induces 
the formation of fenestra in the choriocapillaris, 

which are distributed to the side of the capillary 
that faces the RPE. The RPE and choriocapillaris 
collaborate to form the five layers of Bruch’s 
membrane, which lies between them (Fig.  2.1) 
[30–32]. RPE pumps fluid out of the subretinal 
space to prevent serous retinal detachment and 
retinal edema. Fluids continuously enter the ret-
ina from two sources: First, a portion of the fluid 
that retinal capillaries extravasate at the arteriole 
end is not normally resorbed by the capillaries at 
the venous end. Second, fluid from the vitreous 
humor is driven towards the choroid by intraocu-
lar pressure [33, 34]. RPE helps remove this fluid. 

In general, the driving force for unidirec-
tional transport of fluid and selected solutes is 
the Na,K- ATPase. Since this pump is in the api-
cal membrane of RPE and the epithelium of the 
choroid plexus [1, 2, 6, 13, 35–40], why does 
one absorb fluid while the other secretes it? The 
answer lies in the polarized distribution of chan-
nels, symporters and antiporters, which differs 
between the RPE and epithelium of the cho-
roid plexus (Fig.  2.4a, b) [41, 42]. The Na,K-
ATPase does not need to be polarized to provide 
energy for the process, and is less polarized 
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Fig. 2.3 Development of the epithelial regions of the 
blood-brain barrier. (a) The basal aspect of the neuroepi-
thelium (thick line) faces the mesoderm, and the apical 
aspect with apical junctional complexes (thin line) faces a 
central lumen. The optic vesicle is a diverticulum of this 
tube that invaginates to form a two-layered optic cup with 
the apical surfaces apposed. The potential space between 
the layers is the subretinal space and remains continuous 
with the lumen of the ventricle. The outer layer becomes 
pigmented (RPE). A portion of the ventricular wall invagi-
nates to house a tuft of fenestrated capillaries. (b) The lin-

ings of the ventricular system and subretinal space. 
Although adherens junctions encircle ependymal cells, 
the width of the lateral spaces is exaggerated to emphasize 
the lack of tight junctions [94]. Not shown are the similar 
junctions that form the outer limiting membrane, which 
link photoreceptors and Müller cells at the apical surface 
of the neural retina. Tight junctions are present in the RPE 
and epithelium of the choroid plexus. Dashed lines repre-
sent fenestrated capillaries. Modified with permission of 
Routledge/Taylor & Francis Group, LLC [29]
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than the other transporters [43–45]. In fact the 
Na,K-ATPase is not polarized in the epithelium 
of the ciliary body, in which a pigmented and 
non-pigmented cell combine to function as a 
single cell (Fig. 2.4c). The two cells are coupled 
along their apical membranes by gap junctions 
that link the cytoplasms of the two cells. Tight 
junctions are only found in the non-pigment 
layer, and the Na,K-ATPase is in the basolat-
eral membranes of each epithelium [46–50]. In 
other words, the Na,K-ATPase is non- polarized 
in this functional unit and is still able to drive 
the secretion of aqueous humor. The details of 
fluid absorption by the RPE will be revisited in 
section “The Interplay of Tight Junctions and 
Membrane Transporters”.

 Differentiation vs Maturation In Vivo 
and in Culture

Originally, the RPE was viewed as an unin-
teresting epithelium from the viewpoint of 
development. It was the first retinal cell to dif-
ferentiate and changed little after it was estab-
lished, morphological changes notwithstanding 
[51]. However, dynamic, fundamental changes 
underlie the increase in the number of melanin 
granules, elongation of apical microvilli, and 
infolding of the basal and lateral plasma mem-
branes. The RPE works cooperatively with the 
fenestrated choriocapillaris and with the retina to 
serve the retina’s changing needs as retinal differ-
entiation proceeds. Accordingly, the functions of 
RPE mature with the differentiation and matura-
tion of its neighboring tissues. Given the absence 
of choroidal capillaries and a neural retina, how 
does cultured RPE compare with native RPE? To 
approach this question, consider that RPE with 
the best barrier properties were isolated during 
embryonic, fetal, or newborn animals [52]. To 
some extent, the barrier properties of these cul-
tures reflect the molecular and functional proper-
ties of the developmental stage from which the 
RPE was isolated. The following sections discuss 
the development and maturation of RPE relative 
to neighboring tissues.

 What Is an RPE Cell?

Epithelia in the iris and ciliary body aside, cells 
of the optic vesicle that express melanin gran-
ules are committed to become mature RPE, but 
what is meant by maturity? It takes 6–8 weeks 
in culture for an RPE monolayer to “mature”. 
Mature in this context means that: gene and pro-
tein expression becomes stable, barrier function 
becomes stable, and filamentous actin redistrib-
utes from stress fibers to cortical rings. The lat-
ter marks the end of the gradual remodeling that 
tight and adherens junctions undergo throughout 
this period [52, 53]. In another sense, “mature” 
means “become more like an adult RPE cell in 
vivo”. This type of maturation does not hap-
pen unless the culture environment replicates 
aspects of the in vivo environment. Because 
of the difficulties of procuring human globes 
close to the time of death, cultures of 15–17 
WG hfRPE have become the gold standard for 
authenticating cultures of human RPE [54–56].

Traditionally, investigators defined RPE by 
the expression or polarized distribution of a 
handful of RPE specific or enriched markers, 
supplemented by functional tests related to bar-
rier function e.g., phagocytosis (a combination 
of barrier pathways 4 and 5, Fig.  2.2), retinoid 
processing pathway (5), paracellular resistance 
(pathway 1), and transcellular transport (path-
ways 2 and 3). To develop a more complete fin-
gerprint of an RPE cell, the Miller laboratory 
identified a set of 154 “signature genes” by com-
paring the transcriptome of hfRPE with a panel 
of other tissues [57]. The rationale was that some 
cellular processes may be common to many cells, 
but are hyperactive in RPE. The phagocytic and 
lysosomal pathways would be examples. The list 
was narrowed to 87 genes, by eliminating genes 
that were highly expressed in human embryonic 
stem cell (hESC) and induced pluripotent cell 
(hiPSC) lines, before they were differentiated 
into RPE [58]. These are quantitative assays. 
Expression levels are of interest, because the 
proteins expressed by these genes function in a 
network of signaling and functional pathways. 
A protein that is expressed out of balance with 
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its functional partners could have diverse effects 
on cell behavior. Surprisingly, the tight junction 
protein, claudin-19, is not included in this panel. 
Further study revealed that claudin-19 is not only 
an important determinant of RPE-specific prop-
erties of barrier pathway (1), claudin-19 regulates 
the expression of other RPE-specific, barrier- 
related pathways [59, 60].

To authenticate cultures of RPE, several strat-
egies have been described that combine gene and 
protein expression with functional assays [52, 56, 
61]. A complete assessment helps investigators 
evaluate the relative maturity of the cultures and 
integrate data from multiple laboratories. Many 
studies are difficult to compare, because they 
are performed in subconfluent or newly conflu-
ent cultures, which may be relevant to wound-
repair or proliferative disease. Unfortunately, this 
 practice makes it difficult to standardize experi-
ments or compare data from different laborato-
ries. Stem cell-derived and primary cultures of 
RPE derived from fetuses or young individuals 
are considered the best, but many studies rely on 
the convenience of established cell lines [52, 53]. 
Of the several human cell lines, ARPE-19 has 
been favored, because it replicates more of the 
native RPE phenotype [62]. Early passage cells, 
grown in specialized media under strict proto-
cols, are the most RPE-like [63]. Most studies 
with ARPE- 19 fail to meet these criteria. They 
are difficult to interpret, because the investigators 
used subconfluent cultures maintained in a media 
that does not allow ARPE-19 to mature. With 
time, the cell line has become heterogeneous, 
and more difficult to re-differentiate [59, 64]. 
ARPE-19 fails to express claudin-19. Exogenous 
expression of claudin-19 restores some of these 
lost properties [59]. Increasingly, leading eye 
journals currently require ARPE-19 studies be 
corroborated with animal studies, other cul-
tures, or provide extensive documentation of cell 
phenotype.

One difficulty in developing a molecular/func-
tional definition of an RPE cell is that the molec-
ular fingerprint and barrier function change with 
time in development. Without environmental 
cues, maturation likely does not continue in cul-
ture as it does in vivo. For example, the epigenetic 

modifications of chromosomes that regulate gene 
expression are remodeled in response to changes 
in the environment. One could hypothesize that 
the epigenetics of RPE isolated from one stage 
of development would differ from those of RPE 
isolated from a later stage or from an adult. This 
hypothesis would explain the differences in gene 
expression and barrier function that are observed 
when chick RPE is isolated from different stages 
of development. It would also explain why the 
properties of primary cell cultures change as the 
cells are passaged. Barrier function as a func-
tion of development is explored in the following 
subsections.

 Maturation of RPE Barrier Function 
in Chick Embryos and Small 
Mammals

Regardless of the length of gestation, develop-
mental milestones for the choroid and RPE can 
be tied to the appearance of photoreceptor inner 
segments and outer segments [28, 65, 66]. These 
milestones of photoreceptor development divide 
ocular development into early, middle and late 
stages. For example, the ability of RPE to process 
retinoids appears in rodents when outer segments 
are made and cis-retinal is needed [67]. The pro-
cess has been most thoroughly studied in chick. 
Between the early and late stages, 40% of the 
chick RPE transcriptome will turn on, turn off, or 
change its level of expression [66].

All epithelia sit on a basal lamina that con-
tains tissue-specific isoforms of laminin, colla-
gen IV, and associated proteins. Each provides 
signals that induce the epithelial phenotype and 
define the apical and basal surfaces of the cell 
[68–70]. For RPE, Bruch’s membrane is com-
posed of five layers (Fig. 2.1a). The basal lam-
ina of the RPE and the endothelial cells each 
have an adjacent collagenous layer. An elastin 
fiber layer separates the two collagenous lay-
ers. Different layers appear gradually during 
development, beginning with the basal lamina 
and ending with the elastin layer [28]. RPE iso-
lated from early-stage chick embryos could be 
cultured on a wide variety of matrixes. RPE iso-
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lated from the end of the middle stage adhered 
to fewer substrates, and only some substrates 
allowed the RPE to respond to physiologic 
stimuli from the neurosensory retina [71, 72]. 
The data are consistent with normal chick devel-
opment. The RPE secretes different isoforms of 
extracellular matrix proteins as embryogenesis 
proceeds. Early embryonic forms of laminin and 
collagen IV (laminin α1β1γ1 and collagen IV 
α2 chains) are replaced with more mature forms 
(laminins α3β2γ1, α1β2γ1, and α5β2γ1 and col-
lagen IV α4 chains) [66]. These results suggest 
that receptors for the extracellular matrix and 
associated signaling pathways are remodeled as 
development progresses.

During the late stage of development, con-
struction of Bruch’s membrane, elaboration 
of basal plasma membrane infoldings, and the 
fenestration of the choriocapillaris is completed 
[65]. In chick, this corresponds with the comple-
tion of RPE’s barrier mechanisms. Like studies 
of the chick RPE transcriptome [66], studies 
of the mouse choriocapillaris transcriptome 
revealed potential remodeling of Bruch’s mem-
brane [73]. These authors used endothelial cell- 
RPE co-culture and endothelial cell conditioned 
medium to explore the mechanism of remodel-
ing. The matrix remodeling by endothelial cells 
was sensed by integrin receptors in the RPE that 
triggered Rho GTPase signaling. The result was 
an increase in barrier function of the RPE.

Concurrent with the gradual remodeling of 
basal interactions, gradual remodeling of lateral 
membranes occurs at the apical junctional com-
plex. The claudins (tight junctions) and cadherins 
(adherens junctions) are families of transmem-
brane proteins that reach across the paracellular 
space to form homotypic dimers. The family 
members that are expressed change throughout 
chick development [66, 74–76]. Because these 
proteins activate signaling pathways it is likely 
that cell-cell signaling is remodeled during devel-
opment [77]. Section “Analysis of Paracellular 
Barrier Function” will describe how claudin 
expression affects barrier function directly via 
pathway (1) (Fig. 2.2), and indirectly by affecting 
the expression of genes related to the transcellu-
lar pathways of barrier function.

Concurrent with basal and lateral remodel-
ing, signaling across the apical membrane also 
changes during chick development, as the neuro-
sensory retina differentiates and matures. These 
signaling pathways are mediated by secretions 
of the neurosensory retina and direct contact of 
the RPE apical membrane with it [28]. Direct 
contact caused certain integrins and the Na+/K+-
ATPase to concentrate in the apical membrane 
[7, 29]. Retinal secretions were studied using 
a conditioned medium that was prepared by 
organ culture of retinas isolated from different 
embryonic ages. Retinal conditioned medium 
increased the expression of many RPE related 
genes, including those for: melanogenesis, the 
visual cycle, lysosomes, phagocytosis, adhe-
rens junctions, tight junctions, gap junctions, 
plasma membrane transporters, cytoskeletal 
elements and their regulators, and proteins of 
the extracellular matrix and their receptors [28, 
77]. Retinal conditioned medium converted 
rudimentary, discontinuous tight junctions into 
a continuous network of tight junctional strands 
[72, 78]. Although all of the components 
required to make a tight junction were present, 
retinal signaling was required to trigger assem-
bly into a functional tight junction [79, 80].

 Maturation of RPE Barrier Function 
in Humans

Differentiation and maturation appears to be dif-
ferent in humans. The first indicator is that the 
choriocapillaris becomes fenestrated near the 
beginning of the middle stage (as defined by 
photoreceptor morphology, section “Epithelial 
Contributions to the Blood Retinal Barrier 
(BRB)”), 21–22  weeks gestation (WG), much 
earlier than in non-primate vertebrates [52, 81]. 
However, RPE tight junctions are well formed 
by 12–13 WG. RPE isolated at this age forms a 
robust barrier [82]. Retinoid processing appears 
to be completely established in RPE isolated 
from 16 to 22 WG fetuses, before outer segments 
are made [81, 83]. Although RPE cells isolated 
from the early stage can phagocytize outer seg-
ment disc membranes, the machinery for digest-

2 RPE Polarity and Barrier Function



28

ing disc membranes may not be upregulated until 
late development. This hypothesis is based on a 
comparison of RPE-derived from stem cells with 
cultured hfRPE and adult RPE. Flux through the 
degradative pathway followed the order: hiPSC- 
RPE < hfRPE (16 week gestation) ≪ adult RPE 
(K. Davis and L. Rizzolo, unpublished data).

To ascertain which principals gleaned from 
the study of non-primate vertebrates might apply 
to human development, researchers have turned 
to hESC and hiPSC.  Though highly differenti-
ated, hESC—derived RPE are not as mature as 
15–16 WG human fetal RPE (hfRPE), as judged 
by RNA sequencing [61]. The relative immatu-
rity provides an assay to screen for agents that 
promote maturation. A second indication of 
the immaturity of stem cell-derived RPE is the 
 affinity for extracellular matrix. The best matrix 
to culture highly differentiated hfRPE is derived 
from human placenta, which expresses mature 
family members of laminin and collagen IV [54]. 
Stem cell-derived RPE will not form monolay-
ers on this matrix, but will do so on matrixes that 
contain embryonic forms of laminin and collagen 
IV [61, 84, 85].

Similarly, stem cell-derived RPE cells were 
less able than hfRPE to populate native Bruch’s 
membrane that was isolated from cadaveric eyes 
[86]. RPE was unable to form monolayers on 
Bruch’s membrane from aged eyes with macu-
lar disease [87]. The importance of basal signal-
ing pathways is illustrated by modifying Bruch’s 
membrane from cadaveric eyes. The lamina of 
Bruch’s membrane can be removed sequentially. 
RPE is unable to form a monolayer on the col-
lagen and elastin lamina, or on a chemically 
modified basal lamina. Cell attachment and pro-
liferation increases, allowing patches of mono-
layers to form if the surface is recoated with 
laminin or collagen IV [87–90]. The electron 
micrographs suggest that an apical junctional 
complex reformed, but the experimental proto-
col did not investigate whether functional tight 
junctions are formed. Gene expression was not 
examined in any of these studies.

To explore RPE-neurosensory retina interac-
tions of human RPE, cultures of planar retinal 
organoids are needed to place the RPE and neu-
rosensory retina in their normal morphological 

relationship. When the apical membrane of RPE 
contacts the photoreceptor layer, tissue-tissue 
interactions are potentially enhanced two ways: 
(1) cell-cell contact allows for receptor-mediated 
signaling, and (2) a subretinal space is recreated 
that allows secreted factors to attain effective 
concentrations without being diluted by the bulk 
medium. Stem cell-derived retinal organoids can 
be made from hESC and hiPSC [91]. The matu-
ration of retinal organoids approximates normal 
retinal development in  vivo, but the essential 
morphological relationship of the RPE and neu-
rosensory retina was not re-established. The 
native RPE-neurosensory retina relationship was 
retained if the retinal cup-like structures were 
established in two-dimensional culture [92]. 
Retinal lamina did not form, but the maturation 
of photoreceptors was enhanced. The method 
illustrates a role for RPE in promoting an aspect 
of retinal development, but the method is limited 
by the experimenter’s lack of independent access 
to the RPE and retinal tissue. By constructing a 
scaffold that emulates the extracellular matrix of 
the retina, a planar retinal tissue can be estab-
lished [93]. Coating the scaffold with compo-
nents of the inner limiting membrane resulted 
in a laminated retinal organoid (Rizzolo, manu-
script in preparation). Co-culture of this organoid 
with RPE promoted the maturation of both tis-
sues, analogous to the co-dependence of RPE and 
neurosensory retina in chick development [66, 
77]. Besides effects on gene expression in the 
RPE and developing neurosensory retina, barrier 
function (pathway 1) of the RPE was enhanced. 
The method allows independent access to both 
sides of the organoid using the device illustrated 
in Fig.  2.5a, which enables the assays of bar-
rier function discussed in section “Analysis of 
Paracellular Barrier Function”.

 The Structure of Tight Junctions 
and Pathways for Solutes 
to Traverse Them

Epithelia can be classified as leaky or tight based 
on how readily ions pass through the paracellular 
space. At one extreme, the paracellular path of the 
urinary bladder is virtually blocked by tight junc-
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tions. At the other extreme, the paracellular path 
of systemic capillaries, intestinal mucosa, and the 
proximal kidney tubule are very leaky. Most epi-
thelia, including RPE of various vertebrate spe-
cies, fall somewhere along this continuum.

Epithelial barriers depend on a complex 
of junctions found at the apical end of the lat-
eral membranes, the apical junctional complex 
(Fig. 2.1). The complex is a ribbon of cell-cell con-
tact between the neighboring cells of an epithe-
lial monolayer. The ribbon completely encircles 
each cell, like the plastic holder that binds a six-
pack of beverage. The apical-most member of the 
complex is the tight junction (zonula occludens). 
The basal-most junction is the  adherens junction 

(zonula adherens). Interspersed within the ribbon 
of tight junctions is a collection of gap junctions. 
Gap junctions form channels between neighbor-
ing cells. They are typically found in clusters all 
along the lateral membrane of an epithelial cell, 
but in RPE and endothelial cells they are incorpo-
rated into tight junctions [78, 95–97]. The three 
junctions collaborate as signal transducers to reg-
ulate cell size, shape, polarity, and proliferation 
[98–100]. Tight junctions act as a passive fence 
to maintain polarity, and the entire complex par-
ticipates in the intracellular membrane trafficking 
that establishes polarity [98, 101–105].

Structurally, the proteins of adherens and gap 
junctions span the paracellular space to interact 

Fig. 2.5 Culture of RPE on filters and measurement of 
barrier properties. (a) The monolayers separate the media 
into apical and basal compartments. Barrier function can 
be assessed by placing solutes on one side of the mono-
layer and measuring the rate by which it travels to the 
opposite side. Alternatively, electrodes can be placed on 
either side to estimate the TER during culture. (b) For 
more rigorous assessment of barrier properties, the filters 

can be placed in an Ussing chamber. Measurements of 
TER and TEP can be used to estimate the permeability of 
ions through the tight junction and certain properties of 
ion channels. To this end, the solutions in the two halves 
of the Ussing chamber can be changed independently and 
various inhibitors can be introduced. Panel (a) was repro-
duced from Rizzolo (Encyclopedia of the Eye. 4. Oxford: 
Academic Press; 2010. p. 101–8), with permission

a

b
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with their partners in the neighboring cells. Tight 
junctions differ by fusing neighboring lateral 
membranes to eliminate the paracellular space. 
When viewed in cross-section by transmission 
electron microscopy, the lateral membranes 
appear as two, parallel electron-dense lines that 
“kiss” at one or more spots (schematized in 
Fig.  2.1b). The kisses form pentilaminar struc-
tures where the extracellular-facing electron- 
dense lines of neighboring cells have fused. 
The lateral membranes can be viewed en face 
by using freeze-fracture electron microscopy. 
Freeze-fracture splits the phospholipid bilayer 
along the interface between the two leaflets of the 
plasma membrane. Transmembrane proteins are 
represented by “bumps” and “pits” in the image. 
The transmembrane proteins of tight junctions 
appear as an anastomosing network of strands. 
The strands correspond to the kisses observed by 
transmission electron microscopy. The strands 
seem to be permanent structures in these static 
images, but in vivo the strands constantly break 
apart and reseal [101, 106].

Detailed studies of tight junction morphology 
in chick embryonic RPE illustrate the principles 
established by studies of tight junctions across 
species and tissues. Morphology of the junc-
tions loosely correlates with permeability [107], 
but numerous variables complicate this analy-
sis: the number of parallel strands, the density 
of anastomotic connections (branch points/unit 
length), the depth (thickness of the anastomotic 
network), and especially the protein composition 
of the junctions. During chick RPE development, 
strands initially appear as discontinuous clusters 
of one or two strands that gradually coalesce 
into a complete network. The number of strands 
increases from three to five with a correspond-
ing increase in depth [78]. In the later stages of 
development through adulthood the density of 
anastomoses increases [108]. A similar morphol-
ogy was reported in rodent RPE [109]. Because 
of the role of protein composition, junctions that 
share morphological features might still differ in 
their barrier properties [78, 110]. A culture model 
of RPE development illustrates this latter point 
(see section “Electrophysiological Assays”).

 Protein Composition

Aside from specific claudin family members, the 
composition of RPE tight junctions is similar to 
that of other epithelia. Tight junctions are com-
posed of transmembrane, adaptor, and effector 
proteins that form a complicated interacting net-
work [111]. The transmembrane proteins respon-
sible for the strands observed by freeze-fracture 
electron microscopy are claudin and occludin. 
Claudins are the principal strand-forming pro-
teins. Of the 27 or more claudin family members, 
only a subset is expressed by a given epithe-
lium to give that epithelium unique paracellular 
selectivity and permeability. Occludin can form 
strands to a small extent, and appears to decrease 
permeability without affecting selectivity [112]. 
Occludin is enriched where the membranes of 
three neighboring cells are in contact. Adaptor 
proteins link transmembrane proteins to effec-
tors, such as transcription factors, G-proteins, 
phosphatases and kinases (reviewed in [101, 102, 
111]). The zonula occludens family (ZO-1, ZO-2, 
and ZO-3) were the first adaptors to be identified. 
Among them they express many protein-binding 
domains including nine different PDZ domains, 
which are the most numerous protein-binding 
domains found in nature [113]. Additional PDZ, 
and other protein-binding domains are expressed 
by other adaptor proteins. These adaptors have 
an enormous capacity to bind diverse effector 
proteins. A number of these effector proteins are 
potential regulatory targets, because: their half- 
lives are short relative to other membrane pro-
teins, they rapidly associate/dissociate from the 
complex, or they carry signals into the nucleus 
[114–117]. The many proteins involved together 
with these dynamic features indicate the tight 
junction is a major regulatory center that can 
respond rapidly to pharmacologic agents and 
physiologic changes [29, 118–120].

The protein composition of tight junctions is 
conserved among species and different types of 
epithelia. Examination of published transcrip-
tomes for chick and human RPE show the same 
proteins are present in RPE [57, 61, 66, 77]. The 
apical junctional complex contains several pro-
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tein families including the claudins and those 
cadherins that are part of the adherens junction. 
Tissue-specific functions are possible, because a 
given epithelium expresses only a few members 
of each family. Birds and mammals express dif-
ferent claudin family members in their RPE, and 
some family members are restricted to a particu-
lar developmental stage [28].

 Claudins Are Major Determinants 
for the Selectivity and Permeability 
of Tight Junctions

Claudins bind each other within the plane of 
the membrane and with claudins in the neigh-
boring cells [53, 121–125]. At least 27 claudins 
have been identified by sequence analysis. The 
canonical family member has four transmem-
brane domains, two extracellular loops, and con-
served C-terminal amino acids for binding ZO-1 
and other adaptor proteins. The first extracellular 
loop determines the permeability and selectivity 
of the claudin [126–129]. They can be classified 
as “pore-forming” or “barrier forming” and each 
class classified as “anion-selective” or “cation- 
selective” [125]. Table 2.1 shows the properties 
of claudins that have been identified in the RPE 
or epithelium of the choroid plexus. Why does 
nature require 27 or more unique claudins? The 
original notion was that with a large family to 
choose from, an epithelium could fine-tune the 
barrier function of its tight junctions to match the 
function of their membrane transporters. Recent 
data suggests that claudins are also signaling 
molecules [59, 60, 130]. Therefore, claudins with 
similar barrier functions might be needed to regu-
late different signal transduction pathways.

Claudins appear to play a role in the differ-
entiation of the neurosensory retina by changing 
the barrier properties of the RPE as develop-
ment proceeds. Comprehensive studies of clau-
din expression are available for chick and human 
fetal RPE [28, 66, 77]. The studies of chick 
embryogenesis revealed that the apical junctional 
complex is remodeled throughout the matura-
tion of RPE.  Focusing on the tight junctions, 

claudin-1 and claudin-5 were expressed early in 
development, but after the expression of ZO-1, 
ZO-2 and the formation of adherens junctions. 
The principal claudin, claudin-20, did not appear 
until late in development. Claudin-1 and claudin-
 5 are anion-selective, barrier-forming proteins. 
Nothing is known regarding the properties of 
claudin-20. Interestingly, the adaptor protein, 
ZO-3, appeared at the same time as claudin-20. 
The functional significance of these changes is 
unknown, but may reflect changes in the physi-
ology of the developing retina. As noted earlier 
for non-primate mammals and chicks, the devel-
opment of the retina, RPE and outer BRB are 
temporally related, and signals from the retina 
regulate barrier function and other aspects of 
RPE development.

We have a more static view of claudin expres-
sion in humans, because it would be unethical 
to perform a detailed study of development 
and maturation. Claudin-3 and claudin-19 are 
expressed in all cells of cultured hfRPE [131]. 

Table 2.1 Properties of claudins found in RPE and the 
epithelium of the choroid plexus

Claudin

Selectivity
Choroid 
plexus

Human RPE
Chick RPE

Pore forming
Anion

–a – –
Cation

2 2b –
– 10bb –

Barrier forming
Anion

1 1b 1
– 3c –

5
11 – –

Cation
– 19c –

Unknown
– – 20d

Data compiled from reviews by Günzel and Yu and by 
Rizzolo et al. [53, 125]
aUndetected or detected in trace amounts
bDetected in only a subset of cells
cDetected in the entire monolayer
dDoes not appear until the late stage of development
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Only removal of claudin-19 resulted in the loss 
of barrier function and only mutants of clau-
din- 19 cause ocular disease. Apparently, there 
is insufficient claudin-3 to form tight junctions 
on its own, and naturally occurring mutations 
of claudin-3 are unassociated with retinal 
disease (https://www.genecards.org/). Both 
claudins are barrier-forming proteins that are 
slightly cation- selective. Claudin-1, claudin-2, 
and claudin-10b were detected in subsets of the 
cultured cells, suggesting that there might be 
regional variation in claudin expression about 
the retina. Claudin-2 and claudin-10b are cat-
ion-selective, pore- forming proteins. These 
claudins might modulate barrier function in 
regions where they are found. Other regional 
differences in RPE have also been reported for 
the expression of cadherins and the polarity of 
the Na+/K+-ATPase [132].

 Claudins Regulate Additional 
Pathways of Barrier Function 
Through Effects on Gene Expression

Besides direct effects on pathway (1), claudin-3 
and claudin-19 regulate the expression of genes 
that enable epithelia to form a tissue barrier [59]. 
The barrier properties of the human ARPE-19 
cell line are rudimentary, especially in cells that 
have been passaged >20 times, because claudins 
are detected in very few cells. Claudin-19 is not 
expressed at all. Exogenous expression of either 
claudin-3 or claudin-19 increased the TER in a 
matter of days. Cell behavior was more epithelial- 
like in wound healing assays. Surprisingly, the 
gene expression increased for a handful of sig-
nature genes and maturation genes that are unre-
lated to tight junctions. In other words, expression 
of these claudins partially restored the RPE tran-
scriptome and phenotype. Some of these effects 
were mediated by an Akt signaling pathway [59]. 
Insight into this issue comes from studies of the 
disease familial hypomagnesemia with hypercal-
ciuria and nephrocalcinosis with ocular involve-
ment (FHHNCOI).

FHHNC is a severe renal disease that some-
times affects the eye [133–135]. In the kidney 

claudin-16 and claudin-19 form an interacting 
pair, and mutants of either cause the disease. 
Because claudin-16 is not expressed in RPE [22, 
61], only mutants of claudin-19 cause ocular 
involvement (FHHNCOI) [134–136]. The ocular 
disease is severe and appears in early childhood, 
including bilateral macular coloboma, chorio-
retinal degeneration, nystagmus, strabismus, and 
visual loss [137–139].

It was unclear why a defect in tight junctions 
would have such wide-ranging effects. New 
areas of investigation were opened by the find-
ing that claudin-19 is also a signaling molecule 
that affects the expression of RPE signature 
genes [59]. These studies with ARPE-19 were 
confirmed and expanded using a multipronged 
approach [60]. Naturally occurring point muta-
tions of CLDN19, the gene for claudin-19, were 
expressed in hiPSC, mice, ARPE-19 cells, and 
cultured hfRPE. In hiPSC, mutation of both 
alleles prevented eyecups from forming to impli-
cate claudin-19 in early steps of ocular differen-
tiation. The expression of many signature genes 
in the RPE were down-regulated. Expression 
of the mutations in ARPE-19 accumulated in 
cytoplasmic vesicles and, when co-expressed 
with wild- type, blocked wild-type claudin-19 
from reaching the cell surface. The same effect 
was observed in hfRPE, along with a decrease 
in the expression of neurotrophic growth fac-
tors, NGF and PEDF, and visual cycle proteins, 
including RPE65. In mice, an examination of 
normal ocular development between birth and 
90 days revealed that claudin-19 was transiently 
expressed in retinal progenitor cells and early 
retinal ganglion cells. Exogenous expression 
of the human mutations of CLDN19 beginning 
at birth resulted in apoptosis of photoreceptors, 
disorganization of retinal bipolar cells, and loss 
of function as measured by electroretinography. 
A common thread to each of these experimental 
approaches was decreased expression of RPE65, 
the isomerase that regenerates 11-cis-retinal 
(Fig.  2.2, pathway 5). By circumventing this 
enzyme and supplying the photoreceptors with 
the analogue, 9-cis-retinal, visual function could 
be restored. These studies indicate that clau-
din-19 affects barrier function directly through 
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its effects on tight junctions and indirectly by 
regulating gene expression of proteins involved 
in other pathways across the outer BRB.

 Analysis of Paracellular Barrier 
Function

Intravenous injection of the fluorescent tracer, 
sodium fluorescein, is commonly used to study 
the integrity of the inner and outer BRB in 
patients and experimental animals, but is less 
suitable for detailed analysis of tight junctions. 
In healthy eyes, the fluorescein should be con-
fined to the inner retinal vasculature and the RPE 
should attenuate the signal that leaks from the 
choroidal vasculature. Leaks from micro aneu-
rysms of retinal vessels or compromised RPE are 
readily detected, however this all-or-none assay 
reflects a complete disassembly of endothelial or 
RPE tight junctions. To study how the permeabil-
ity or semi-selectivity of intact junctions might 
be modulated, methods are required that can 
distinguish the contributions of size and electri-
cal charge. Comprehensive assays of tight junc-
tions address these properties by measuring the 
diffusion of uncharged tracers that vary in size 
or electrophysiological assays of inorganic ions. 
The following sections are abbreviated from a 
detailed description that discusses the assump-
tions that underlie these measurements and how 
to mitigate them [53].

A hypothesis that has gained considerable sup-
port postulates that solutes use “pore” or “leak” 
pathways to traverse tight junctions [28, 126, 
140]. The hypothesis stemmed from the obser-
vation that paracellular flux and TER measure 
distinct properties that could be regulated inde-
pendently [141, 142]. The first is a high capacity 
pathway that can be modeled as pores along the 
tight junctional strands, or can be regarded as the 
resin of an ion-exchange column (Fig. 2.1b). In 
either event, this pathway is available only to sol-
utes that are small. A common measure of size is 
the Stokes radius, which is the radius of a sphere 
with the same hydrodynamic properties. The 
pores can accommodate solutes with a Stokes 
radius <~4.0 Å [143, 144]. The chemical nature 

of the pores determines whether they are cation- 
or anion-selective or neutral. It also determines if 
they are leaky or tight. Note that tight junctions 
are orders of magnitude less selective than mem-
brane channels, presumably because of the leak 
pathway used by larger solutes. The leak path-
way is a low capacity path that depends on the 
dynamics of strand-breaking and resealing [106, 
140]. With each strand-break the solutes can dif-
fuse deeper into and eventually across the tight 
junction. Sodium fluorescein is not the tracer of 
choice for this analysis, because it is charged and 
its Stokes radius (4.5 Å) is at the boundary of the 
leak and pore pathways.

 Permeation of Polymeric Solutes

Large polymers and proteins are useful for 
accessing the leak pathway or a complete dis-
ruption of tight junctions. A commonly used 
polymer is dextran linked to fluorescein. These 
dextrans are available in various sizes that are 
all larger than accommodated by the pore path-
way. This discussion focuses on another polymer, 
polyethylene glycol, because they are unaffected 
by the ionic charge of the pore or leak pathways, 
and they have a broad range of sizes above and 
below the 4  Å boundary between the pore and 
leak pathways. The permeation coefficient is the 
best way to compare data among laboratories and 
is measured using the formula:

 
P X X ml A T

t i
= ( ) ( )/ / / /

 
(2.1)

where (X)t = total tracer that crossed the mono-
layer, (X/ml)i  =  the concentration of tracer 
initially added to one or the other medium cham-
ber, A = surface area of the culture in cm2, and 
T = time in hours. The final units are: cm/h [145, 
146].

Polyethylene glycols are available as polydis-
perse mixtures. A seminal experiment that con-
firmed the size-limitation of the pore pathway 
added this mixture to one side of an epithelial 
monolayer and used column chromatography to 
determine which polymers crossed the mono-
layer. The permeation coefficient for each length 
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of polyethylene glycol was determined. When 
graphed against size, a sharp break in the perme-
ation coefficient was observed at a Stokes radius 
of ~4.0 Å [144].

A simplified application of this method 
uses methylated polyethylene glycol, which 
is available as two polydisperse mixtures with 
an average molecular weight of 550 or 2000. 
The pore pathway is available to most of the 
low molecular weight glycol, and unavailable 
for most of the high molecular weight glycol. 
The methyl group allows the concentration of 
the polyethylene glycol to be determined by 
ELISA assay. The apparent permeation coef-
ficient can be determined for the low and high 
molecular weight glycols. The ratio of the 
permeation coefficients reflects the relative 
size of the pore and leak pathways, and can 
determine how the leak pathway is affected by 
experimental conditions. The permeation coef-
ficient measured in the apical-to-basal direc-
tion should be the same in the basal-to-apical 
direction. If not, there may be a transcellular 
transport mechanism available for that tracer. 
The disparity observed for VEGF led to the 
discovery of an apical-to-basal transcytosis 
pathway for hfRPE [21, 22]. RPE secretion of 
VEGF is non- polarized, but the transcytosis 
pathway reduces the concentration of VEGF in 
the subretinal space to the low levels required 
by the neurosensory retina [21, 147].

The finding that the size of the pores is ~4.0 Å 
helps explain studies of tight junction develop-
ment during the embryogenesis of chick RPE. In 
a culture model of chick RPE maturation, reti-
nal conditioned medium affected morphology 
by closing breaks in tight junction strands, and 
altering the expression of claudins [66, 77, 78]. 
Sealing the strands greatly reduced the perme-
ation of large tracers, horseradish peroxidase 
and inulin. The small tracer, mannitol, was mini-
mally affected, because it is small enough to use 
pore and leak pathways [72]. Changes in clau-
din expression did not affect the permeation of 
large tracers, but affected small ions. Subsequent 
studies using mannitol and charged tracers of 
equal size 3-O-methlyglucose, glucosamine and 

N-acetylneuraminic acid found that the pore 
pathway selected against negatively- charged 
N-acetylneuraminic acid, but not positively- 
charged glucosamine [142]. This finding is 
consistent with electrophysiological assays that 
indicate that RPE tight junctions are slightly cat-
ion selective.

 Electrophysiological Assays

There are several ways that ions can cross an 
epithelial monolayer (Fig.  2.2). Pathway (1) is 
diffusion through the paracellular space between 
neighboring cells. Ion selectivity is due to the 
high-capacity, pore pathway, but as noted above 
the leak pathway can make a contribution. One 
way to measure ion permeability is to use a surro-
gate that is related to permeability, the resistance 
to an electrical current passed across the mono-
layer. The electrical resistance offered by path-
way (1), the shunt pathway, can be denoted RS. 
Pathway (3) illustrates how ions also pass through 
the cell. The dominant resistance to this path-
way is offered by the lipid bilayer of the plasma 
membrane, but membrane transporters provide a 
way for ions to cross the bilayer. Because of the 
polarized distribution of ion pumps, channels, 
and transporters, the apical plasma membrane 
offers a different electrical resistance (RA) than 
the basolateral membrane (RB). Although many 
authors erroneously equate the transepithelial 
electrical resistance (TER) to resistance of the 
tight junctions (RS), TER is actually an amalgam 
of (RS), (RA), and (RB). TER is related to RS by 
Eq. (2.2) [148]:
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In physiological conditions for RPE, TER < RS, 
but if membrane transport is inhibited by adding 
barium and removing CO2, then RA + RB ≫ RS 
and the TER ≈ RS. The equipment used to make 
these measurements is illustrated in Fig. 2.5.

The transepithelial electrical potential (TEP) 
is another valuable measure. The asymmetric 
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distribution of pumps, channels and transport-
ers of Fig. 2.2, pathway (3), combine to generate 
an electrochemical gradient across the epithelial 
monolayer. As examples, the three epithelia illus-
trated in Fig. 2.4 generate gradients of different 
size and polarity based on protein composition 
and distribution. A clogged filter can generate 
an artifactual electrical resistance, but only a liv-
ing cell can convert the energy of ATP into the 
energy of a TEP by generating an electrochemi-
cal gradient across the epithelium. Artificially 
imposed TEPs can be used to measure the perme-
ation coefficient of an ion (Pion). First, membrane 
transport is blocked, which increases membrane 
resistance such that RA + RB ≫ RS and TER ≈ RS 
(see Eq. 2.2). Under these conditions, ions move 
through the paracellular pathway (Fig. 2.2, path-
way 1) down an experimentally imposed elec-
trochemical gradient. A TEP can be generated 
chemically by placing different concentrations of 
NaCl on either side of the monolayer (taking care 
to balance osmolality). This “dilution potential” 
will reveal whether Na+ or Cl− crosses the tight 
junction more readily and quantify the difference. 
Alternatively, a TEP can be generated by placing 
different chloride salts on opposite sides of the 
monolayer. This “bi-ionic potential” will reveal 
which cation permeates more readily. Calculation 
of the permeability coefficient for a given ion can 
be determined by combining these TEP measure-
ments [149].

In various non-primate species, the TER 
reported for RPE in physiologic media ranges 
from 138 to 426 Ω × cm2. By contrast, the endo-
thelial portions of the BBB have a TER = 1000–
1500  Ω  ×  cm2 [25–27, 41]. After inhibiting 
transport through the plasma membrane, the resis-
tance of RPE tight junctions (RS) was revealed to 
be 1.1–7.0× higher than the TER in physiologic 
medium and ranged from 373 to 1254 Ω × cm2. In 
serum free medium, or serum only in the basolat-
eral chamber, hfRPE has a TER ≈ 200 Ω × cm2. 
When incubated in a medium that inhibits 
transport through the plasma membrane, the 
TER ≈ 330 Ω × cm2 [131]. Therefore, effects on 
TER should be interpreted with caution, before 
ascribing an effect solely to tight junctions.

 Analysis of RPE Tight Junctions by 
Multiple Assays

In the chick model of RPE maturation, retinal 
conditioned medium sealed discontinuities in the 
network of tight junctional strands to decrease 
diffusion across the leak pathway. Additionally, 
it modulates the expression of claudins along 
with a variety of other proteins, including some 
related to transcellular barrier pathways [72, 77, 
142]. The result was an increase in TER. Because 
the TER in this model was <100 Ω × cm2, this 
effect of retinal conditioned medium was likely 
due to the observed changes in claudin expres-
sion. The active factors in retinal conditioned 
medium prepared from retinas isolated from E7 
were chemically distinct from the active fac-
tors prepared from E14 retinas [80]. The retinal 
secretions responsible for these effects differed 
from the factors that Mueller cells and pericytes 
secrete to regulate the inner blood-retinal barrier 
[27, 80]. E7 retinal conditioned medium tight-
ened the leak and pore pathways of RPE isolated 
from E7 embryos, but not E14 RPE. E14 retinal 
conditioned medium tightened these pathways in 
E7 and E14 embryos. Although E14 conditioned 
medium furthered the maturation of E7 RPE 
beyond the effects of E7 conditioned medium, the 
treated E7 RPE was less mature than untreated 
E14 RPE.  These experiments demonstrate that 
the retinal secretions that affect the maturation of 
RPE change as the retina matures. Further, as the 
RPE matures it expresses new signaling pathways 
that can respond to the new retinal secretions.

In hfRPE, serum in the apical medium compart-
ment, but not the basal compartment, increased 
the TER fourfold [22]. In contrast, serum in the 
basal medium compartment, but not the apical 
compartment increased the permeation of large 
polyethylene glycol (Rs  >  4.0  Å) by increasing 
apical-to-basal bulk-phase transcytosis. Apical 
serum inhibited transcytosis, even if serum was 
in the basal compartment. The role of transcytosis 
was revealed by measuring the permeation coef-
ficient in both directions. The permeation coef-
ficient for small polyethylene glycol (Rs < 4.0 Å) 
was the same in both directions and was unaf-
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fected by the presence or absence of serum in 
either compartment. The permeation coefficient 
for large polyethylene glycol was greater in the 
apical-to-basal direction, unless transcytosis was 
inhibited by NH4OH.  With NH4OH, serum no 
longer affected the permeation coefficient despite 
a large effect on TER. Because TER is an instan-
taneous measurement, it would be unaffected by 
the slow process of transcytosis. These data illus-
trate how the tight and leak pathways of paracel-
lular transport can be regulated independently, 
and how different mechanisms of barrier function 
can be affected by apical and basal stimuli.

When these data are combined with elec-
trophysiological measurements, a fuller under-
standing of the tight junction is achieved. The 
permeation coefficients of hfRPE for ions indicate 
that the tight junctions are slightly cation selec-
tive: Na+/Cl− ≈  1.4 [131] versus Na+/Cl− ≈  5.5 
when claudin 2 was over-expressed [131]. (These 
measurements correct for the different diffusion 
coefficients of the two ions.) When tumor necro-
sis factor-alpha (TNFα) was added to the apical, 
but not basal, side of the monolayer, there was 
a dramatic decrease in TER and increase in the 
permeation coefficient for large polyethylene 
glycol. Both effects were observed regardless 
of the presence of serum in the culture medium. 
Despite these large effects, the expression of tight 
junction proteins and their localization to the api-
cal junctional complex was unaffected.

These studies reveal how the same stimulus 
can affect barrier properties differently depending 
on whether they are presented to the apical and 
basal side of the monolayer. They also demon-
strate that despite the ease of TER measurements, 
effects on barrier properties need to be evaluated 
by using the full range of available assays.

 The Interplay of Tight Junctions 
and Membrane Transporters

Each epithelium has a distinct tissue- or region- 
within- a-tissue-specific function (e.g., secrete 
fluid, absorb fluid, maintain a particular ion gradi-
ent). Accordingly, the properties of tight junctions 
(permeability, selectivity) must be integrated with 

the particular transcellular transport mechanisms 
an epithelium expresses to perform an epithelium-
wide function [16–18, 148]. The functions of the 
apical and basolateral membranes are coupled to 
maintain cell volume, while also transporting ions 
across the cell to generate electrochemical gra-
dients [148]. For example, if chloride channel in 
one membrane were blocked, intracellular [Cl−] 
would rise and inhibit transport through a Na+/
K+/2Cl− symporter located in the opposite mem-
brane, thereby affecting the kinetics of pumping 
by the Na+/K+-ATPase. Membrane coupling also 
occurs via tight junctions, depending on their per-
meability and selectivity [148].

RPE uses the high Na+ concentration in the 
subretinal space for driving solutes through sym-
porters and antiporters that are polarized to the 
apical membrane [42, 150, 151]. A symporter 
transports Na+, K+ and Cl− into the cell (Fig. 2.2, 
pathway 3). Cl− passively moves down its con-
centration gradient to leave the cell via channels 
polarized to the basolateral membrane. The net 
effect is Cl− is actively transported from the api-
cal to the basal side of RPE. The translocation of 
electrical charge is partially balanced by the pas-
sive transepithelial movement of Na+ [150] or K+ 
[151]. There may be a basolateral Na+ channel, 
but it should be noted that for RPE tight junctions 
the permeation coefficient for K+, Na+, and Cl− 
human is small due to the barrier-forming pro-
tein, claudin-19 [131]. Regardless, the osmotic 
gradient created by the transepithelial transport 
of chloride salts leads to the absorption of water 
[150, 151]. A tight junction that retards mon-
ovalent cations and Cl− would help maintain the 
apical-positive TEP required for this mechanism 
without expending a lot of ATP.

As a counter example, the choroid plexus 
redistributes some transporters, lacks some trans-
porters found in RPE and expresses others that are 
not found in RPE (Fig. 2.4b). Consequently, cere-
bral spinal fluid is secreted rather than absorbed. 
In mice, the tight junctions containing claudin-1, 
-2, and -11 were evident in the epithelium of the 
choroid plexus [152]. Like claudin-19, claudin-1 
and claudin-11 are barrier forming proteins, but 
unlike the slight cation-selectivity of claudin-19, 
they are slightly anion selective [125].
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 Retinal Pathology and RPE

The mechanisms of retinal edema are poorly 
understood. The many contributors include: 
RPE, Bruch’s membrane, inner and outer limiting 
membranes, Müller cells, pericytes,  and retinal 
and choroidal vessels. Confounding factors for 
understanding the disease include the differences 
between primates and non-primate mammals 
and the role of barriers such as the outer limit-
ing membrane. In primates, the RPE’s ability to 
pump fluid in the disease state may be adversely 
affected by the outer limiting membrane.

To understand how the outer limiting mem-
brane might be involved, the thin line in Fig. 2.3a 
illustrates the continuity of the apical junctional 
complexes of the neurotube and its derivatives. 
The apical junctional complex lacks tight junc-
tions in the ependyma and the neurosensory 
retina (Fig. 2.3b). In the neurosensory retina, the 
apical junction complex is called the outer limit-
ing membrane. In non-primates, the outer limit-
ing membrane is permeable to proteins as large 
as albumin, with a Stokes radius <30–36 Å [153], 
but those proteins can only cross tight junctions 
by the leak pathway (Fig. 2.2, pathway 2). When 
albumin was injected into the subretinal space of 
rabbits, little crossed the RPE, whereas a signifi-
cant amount entered the vitreous [154]. Primates 
may differ from non-primate mammals by incor-
porating tight junction-like properties into the 
outer limiting membrane [155]. The presence of 
occludin, but not claudins, was reported. By trans-
mission electron microscopy, tight junction-like 
structures were observed between Müller cells 
and photoreceptors, but only traditional adherens 
junctions were observed between Müller cells. 
These authors suggested the outer limiting mem-
brane might join the choriocapillaris and RPE as 
a third component of the outer BRB.

A breakdown in the tight junctions of the 
outer and inner BRB can lead to retinal edema. 
In the first case, the pumping capacity of the 
RPE would be diminished. Disruption of the 
inner BRB would lead to protein and increased 
fluid leaking into the interstitium. Protein in the 
interstitium would increase osmotic pressure 
to keep fluid in the retina rather than re-enter 

the capillaries or be removed by the RPE [34, 
156, 157]. The strategy of increasing the RPE’s 
ability to remove fluid by stimulating the Na+/
K+-ATPase is not effective, but has been tried 
in severe disease [156]. One reason the strategy 
fails might be that the outer limiting membrane 
in primates retards diffusion of protein into the 
subretinal space, and the protein retains fluid in 
the neurosensory retina. Theoretically, an effec-
tive strategy would disrupt the outer limiting 
membrane and remove protein from the subreti-
nal space by stimulating bulk- phase, apical-to-
basal transcytosis in the RPE.

Hyperpermeability of choroidal vessels might 
also disrupt the pumping ability of the RPE, as 
observed in central serous chorioretinopathy 
[158]. Subretinal fluid and even serous retinal 
detachment associated with this condition often 
resolves spontaneously. Various hypotheses have 
been offered, but the mechanism of the disease is 
unknown. Hyperpermeability of unknown origin 
increases the hydrostatic pressure in the choroid. 
The increased pressure might overwhelm apical- 
to- basal pumping by the RPE with the resultant 
basal-to-apical flow of fluid. The responses of 
RPE to the effects of choroidal hydrostatic pres-
sure have not been reported. Treatments for the 
disease focus on reducing the permeability of the 
choroidal vasculature. When chronic or recurrent 
detachments do occur, the RPE degrades and sec-
ondary degradation of the retina follows.

Unlike central serous chorioretinopathy, age 
related macular degeneration (AMD) affects an 
older population and originates with the RPE and 
Bruch’s membrane. The many mechanisms under 
investigation are beyond the scope of this chap-
ter, and we will focus on barrier-related studies. 
In wet AMD, leaky capillaries breach the RPE to 
invade the subretinal space. Several investigators 
studied the effects of subretinal serum on tight 
junctions. Serum added to the apical (subretinal) 
medium chamber (Fig.  2.5a) increased the per-
meability of tight junctions in chick and rodent 
RPE [159, 160]. An increase in permeability 
might exacerbate retinal edema by dissipating 
the ion gradients needed to absorb water. The 
opposite result was obtained with hfRPE. In this 
case, apical, but not basal serum, decreased the 
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permeability of tight junctions and increased the 
expression of occludin [22, 61]. The effect might 
be a defense mechanism to mitigate the effects of 
subretinal edema.

The inflammation associated with AMD 
or uveitis might affect RPE tight junctions, 
as observed in other tight junctions [161–
166]. Despite an increase in fluid flux due to 
interferon-γ [167, 168], proinflammatory cyto-
kines interleukin 1-beta and interferon-γ had 
no significant effect on hfRPE tight junctions. 
Tumor necrosis factor-α dramatically decreased 
the TER, but only if it was applied to the apical 
side of the monolayer [131]. There was minimal 
effect on the expression of tight junction pro-
teins or their localization to tight junctions, but 
there was a large increase in apical stress fibers. 
These fibers are anchored in the apical junctional 
complex and cross the cell to link discontinu-
ous regions of the complex. The increased tor-
tuosity of the tight junctions that was observed 
likely reflects the tension place upon them by 
the fibers. Tension alone, or the tortuous path of 
the tight junctions in the plane of the monolayer 
might account for the decrease in permeability 
[107, 169]. Nonetheless, tumor necrosis factor-α 
 activated receptors on both sides of the mono-
layer that induce inhibitors of apoptosis [131, 
170]. These two observations suggest there are at 
least two downstream signal transduction path-
ways for tumor necrosis factor-α that are local-
ized to one or the other pole of the RPE cell.

 Conclusions

Epithelial monolayers form barriers between two 
tissues. The polarity essential for barrier func-
tion is established by signaling from the apical 
junctional complex and basolateral membranes. 
Beyond their classical role of determining 
the selectivity and permeability of tight junc-
tions, claudins have emerged as signaling pro-
teins responsible for tissue-specific properties. 
Claudin-19 affects the expression level of many 
mRNAs, including those for several pathways 
of the RPE barrier. Polarity and barrier function 
can be modulated by apical interactions, espe-

cially if the apical membrane faces a solid tissue. 
This is the case for a subset of epithelia like the 
RPE. The effects of the neurosensory retina on 
RPE polarity are most evident during differen-
tiation, when the molecular definition of an RPE 
cell is in constant flux. RPE also belongs to a 
second subset of epithelia that face a fenestrated 
capillary bed on their basal side. These epithelia 
secrete VEGF (aka vascular permeability factor) 
to induce fenestra, but the reverse interaction of 
the capillaries on the RPE has proven difficult to 
study and the data are sparse. RPE belongs to a 
third subset of epithelia, those derived from neu-
roepithelium. These epithelia presumably begin 
with a common transcriptome that become spe-
cialized by their different basal and apical inter-
actions. Comparisons between RPE with other 
members of these subsets lead to the view that 
RPE is part of an integrated unit that includes the 
neurosensory retina and choriocapillaris.

If the RPE phenotype depends on the neu-
rosensory retina and choriocapillaris for its 
specialized properties, how does RPE remain 
differentiated in culture when these tissues are 
absent? Some clues are provided by the stud-
ies of barrier function discussed in this chapter. 
Notably, RPE isolated from early development is 
different from RPE isolated later in development. 
In chick, RPE does not differentiate into late 
RPE in culture unless provided with secretions 
of the developing neurosensory retina [77, 142]. 
For the neurosensory secretions to be effective, 
RPE must be plated on an extracellular matrix 
that is appropriate for the age when the RPE was 
isolated [72]. In mice, barrier function increases 
when RPE is co-cultured with endothelial cells 
[73]. Co-culture of stem-cell derived RPE with 
retinal progenitor cells increases barrier function 
and promotes the differentiation of each tissue 
(manuscript in preparation). Therefore, cultured 
RPE qualitatively resembles native RPE, but co- 
culture provides a method to create a more accu-
rate model of the RPE barrier and explore the 
underlying mechanisms.

Given that mono-cultures have yielded many 
insights into the native RPE barrier, how does 
RPE retain so many native barrier properties in 
primary cell culture? Asked other ways, how 
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does RPE isolated from different developmental 
stages retain stage-specific barrier properties, or 
why does freshly isolated RPE lose differentiated 
properties after a few passages in culture? Some 
insights were gained by comparing gene expres-
sion in these various cultures with gene expression 
of freshly isolated tissue or by manipulating cul-
ture conditions. A fresh approach would examine 
how the epigenetics of RPE changes during differ-
entiation and aging, and in response to pathology. 
Epigenetics studies how methylation and acety-
lation of chromosomes opens or closes the tran-
scription of different parts of the genome [171]. 
These modifications are regulated by environmen-
tal interactions and can be passed to daughter cells 
for a few generations without continued environ-
mental stimuli. Exploring the hypothesis that epi-
genetic modifications regulate these phenomena 
would lead to the mechanisms for how an RPE cell 
“remembers” the developmental stage from which 
it was isolated, and why RPE loses tissue specific 
properties in culture with cell passage.

The ultimate goal of these proposed studies is 
to understand how the various pathways of barrier 
function are intertwined and regulated. Building 
this network would identify the central nodes that 
regulate different barrier functions. These nodes 
would be the most effective targets for develop-
ing new therapeutic agents that treat barrier dys-
function in choroidal and retinal diseases.
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RPE Phagocytosis

Claudia Müller and Silvia C. Finnemann

 Introduction

The retinal pigment epithelium (RPE) forms a 
polarized monolayer in the retina. Its basolateral 
aspect adheres to a specialized basement mem-
brane, Bruch’s membrane, and neighbors the 
choroidal vasculature, while its apical surface 
extends microvilli into the subretinal space and 
faces photoreceptor rods and cones of the neural 
retina. RPE cells perform numerous roles in sup-
port of photoreceptors specifically and the neural 
retina generally that are essential for vision 
including directed transport of ions, water and 
metabolites, absorption of light, secretion of 
growth factors and other signaling proteins, par-
ticipation in the visual cycle and phagocytosis of 
spent photoreceptor outer segment fragments 
(POS) [1]. As both photoreceptors and RPE cells 
are post-mitotic and non-migratory their interac-
tions persist in the mammalian eye and individual 
RPE cells must continue to perform their support 
activities for life.

Clearance phagocytosis of POS by the RPE is 
a daily task that is critical to maintain photore-
ceptors. Lack of or abnormal RPE phagocytosis 
caused by mutations in genes encoding proteins 

of the RPE phagocytic machinery impairs retinal 
function and integrity in experimental animal 
models [2–5] and causes retinitis pigmentosa 
(RP) in human patients (recently reviewed by 
Parinot and Nandrot (2016)) [6]. Moreover, fail-
ure to efficiently degrade engulfed POS by RPE 
cells compromised by oxidative stress and likely 
other age-related changes contributes to accumu-
lation in the RPE of modified proteins and lipids 
in cytoplasmic lysosome-derived storage organ-
elles known as lipofuscin [5–8]. Excess lipofus-
cin accumulation is harmful to the aging RPE and 
retina in human and experimental animals and is 
thought to contribute to age-related macular 
degeneration [9, 10].

In the vertebrate retina, the process of photo-
receptor outer segment renewal continuously 
turns over the light sensitive outer segment por-
tions of photoreceptors thought to bear damaged 
proteins and lipids. Permanent photoreceptor 
cells rejuvenate but maintain constant length of 
their outer segments by coordinating shedding of 
distal, most aged outer segment tips with pre-
cisely balanced formation of new membrane 
disks at the proximal end of outer segments [11]. 
The RPE participates in this process by removing 
shed photoreceptor debris by receptor-mediated 
phagocytosis [12].

Molecular mechanisms that promote synchro-
nized POS tip shedding are only poorly under-
stood. At the time of rod shedding the plasma 
membrane of POS tips externalizes 
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 phosphatidylserine (PS), an “eat me” signal also 
displayed by cells undergoing apoptosis [13]. RPE 
cells recognize exposed PS opsonized by extracel-
lular bridge ligands with their phagocytic recep-
tors. Moreover, RPE cells also enhance 
synchronized PS externalization in a diurnal rhyth-
mic pattern to match the peak of their phagocytic 
activity. Thus, synchronized outer segment tip 
shedding is not photoreceptor cell autonomous but 
requires activities of the RPE.

In mammals, RPE clearance of POS occurs in 
a diurnal rhythm entrained by light and circadian 
mechanisms [14]. Both rods and cones shed POS 
[12, 15–17]. Different mammalian species shed 
cone POS either at the onset of light or of the 
dark period [18–25]. In contrast, in all species 
studied, rods shed POS at light onset. As rods 
make up the vast majority of photoreceptors in 
both rodent and human retina, rod POS shedding 
prompts a burst of phagocytic activity and uptake 
by the RPE at light onset followed by a period of 
relative phagocytic inactivity during which RPE 
cells process engulfed POS in phagolysosomes 
[5, 14]. RPE cells enzymatically break down 
POS proteins and POS-derived lipids, some of 
them for metabolism and others for recycling to 
photoreceptors [26–30].

Altogether, photoreceptors and RPE collabo-
rate to achieve the necessary coordination of their 
activities that ensures maintenance of functional 
outer segments for life. The recurring challenge 
with spent POS requires RPE cells to engulf and 
degrade POS daily for life. This unique and enor-
mous phagocytic load renders RPE cells the most 
highly phagocytic cell type in the body.

 Experimental Approaches 
to Quantify the Phagocytic 
Function of the RPE

RPE phagocytosis can be investigated either by 
examining the RPE in situ or by feeding experi-
mental phagocytic particles to RPE cells grown 
in culture. Both approaches have unique advan-
tages that make them complementary. In the fol-
lowing we will discuss advantages of each 
strategy and the methods used.

Phagocytic challenge of RPE cells in culture 
has three distinct advantages over examining 
RPE phagocytosis in situ. (1) RPE cells may be 
manipulated before or during phagocytosis 
assays using genetic or pharmacological 
approaches. (2) Feeding wild-type POS to mutant 
RPE and vice versa will identify if a given genetic 
change affects activities of RPE or photorecep-
tors or both during outer segment renewal. (3) 
Cell culture assays can experimentally separate 
the distinct phases of the phagocytic process, par-
ticle recognition/binding, internalization, and 
digestion yielding insight into the dependence of 
each step on particular sets of genes and mole-
cules. RPE cells grown in culture can maintain 
avid phagocytic activity specifically towards iso-
lated POS [31]. However, phagocytic activity of 
RPE in culture may vary with cell culture condi-
tion. It is thus imperative to maintain strict cul-
ture protocols and experimental planning. POS 
for feeding to RPE in cell culture phagocytic 
assays can be obtained from fresh retinas e.g. 
from pig, cow, or rat following established proto-
cols [32, 33]. Larger batches of POS may be pre-
pared and stored as deep-frozen aliquots ensuring 
that particle quality and quantity show little vari-
ation from experiment to experiment. POS may 
be covalently labeled with a fluorescence dye or 
radiolabeled before use. Alternatively, POS may 
be detected labeling fixed samples with antibod-
ies specific to POS, such as transducin or rhodop-
sin. Most commonly antibodies to rhodopsin are 
used, as opsin is by far the most abundant protein 
of POS and reliable monoclonal antibodies 
against well-defined epitopes of rhodopsin are 
commercially available [34, 35]. RNA silencing 
reducing candidate protein levels before or phar-
macological modulators before or during phago-
cytic challenge will help identifying roles for 
specific molecules in the phagocytic process. Of 
note, RPE cells require extracellular molecules as 
stoichiometric bridge ligands between RPE sur-
face receptors and POS (see sections “Recognition 
and Binding of POS by RPE Cells” and “Cell 
Surface Receptors and RPE Signaling Pathways 
Mediating POS Internalization” for more details). 
While present in the retina at physiological lev-
els, such factors must be supplemented in 
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 experimental POS phagocytosis assays to pro-
mote POS binding and engulfment, either in the 
form of purified ligand proteins or by addition of 
fetal bovine serum, which provides a mix of 
potent but poorly defined molecules supporting 
RPE phagocytosis [31, 36].

Examining specifically binding, internaliza-
tion, and degradation phases of RPE phagocyto-
sis can be accomplished by choosing appropriate 
duration of POS challenge, POS post-challenge 
incubation (in a discontinuous, pulse-chase type 
POS phagocytosis assay) selective addition of 
binding receptor versus internalization receptor 
bridge proteins, and taking advantage of the fact 
that rodent RPE cells in culture bind POS at tem-
peratures above ~17  °C (but now below) while 
internalization does not proceed at temperatures 
below ~25 °C [37, 38]. For example, POS incu-
bation in the presence of binding receptor ligand 
at 20 °C will allow only POS binding allowing 
studying the binding process in itself or yielding 
RPE cells with pre-bound POS, which following 
removal of excess POS may be supplemented 
with internalization receptor ligand and shifted to 
37 °C to monitor specifically the internalization 
step.

Flow cytometry may be used to quantify the 
amount of phagocytosed POS by RPE cells in 
culture. Including manipulations removing or 
quenching the fluorescence of POS that are 
bound but not internalized will allow discriminat-
ing bound and internalized POS material [39, 
40]. Flow cytometry-based analysis may quantify 
POS uptake by large numbers of cells to yield 
insight into levels of POS per cell and the fraction 
of cells in a population that takes up POS.

We prefer to study POS phagocytosis using 
immunofluorescence microscopy of fixed intact 
RPE monolayers since it allows us to distinguish 
bound and internalized POS fragments while 
monitoring cell morphology in the same sample. 
Selective immunofluorescence labeling of 
surface- bound POS after non-permeabilizing 
fixation can discriminate bound and internalized 
POS [41]. In RPE cells that are grown to differ-
entiate into polarized monolayers with a cuboi-
dal shape, confocal microscopy can discriminate 
surface-bound from engulfed fluorescent POS 

based on their position relative to the tight junc-
tion marker ZO-1 or F-actin. To accomplish this 
analysis, x-y image stacks comprising the entire 
cell are separated into two non-overlapping api-
cal and central z-stacks. The apical z-stack is 
chosen such that it shows only POS signal 
located above tight junction/apical microvilli 
F-actin marker staining, which are bound 
POS.  The central stack is chosen such that it 
includes only cell aspects below the tight junc-
tion or apical F-actin marker. Maximal projec-
tions of these separated stacks allow 
quantification and counting of bound and 
engulfed POS in the same sample (Fig. 3.1) [42].

Besides the method outlined above and illus-
trated in Fig.  3.1, experimental approaches to 
POS binding and engulfment by RPE cells in cul-
ture based on fluorescence microscopy or immu-
noblotting quantification may provide similar 
insight or additionally focus on POS phagosome 
acidification [43, 44].

Unlike POS phagocytosis by RPE cells in 
culture, the phagocytic activity of the RPE in the 
retina is directly linked to re-growth and shed-
ding of the photoreceptor outer segments. In the 
healthy retina, rod POS shedding occurs at light 
onset prompting immediate POS clearance by 
the RPE. Any defect in POS shedding will affect 
POS phagocytosis secondarily. Moreover, ani-
mal model studies indicate that, conversely, 
abnormal RPE phagocytosis secondarily affects 
POS shedding [13]. Measures of phagocytic 
uptake by the RPE in situ in animal models may 
thus reflect abnormalities in either or both cell 
types involved. As intact outer segments and 
shed POS are located directly adjacent to the 
apical surface of the RPE a bona fide POS bind-
ing process does not take place during RPE 
phagocytosis in situ. However, recognition of 
extracellular bridge proteins by RPE surface 
receptors activates the same signaling pathways 
leading to internalization as in RPE in culture 
[5]. Studies of RPE phagocytosis in situ take 
advantage of the fact that outer segment renewal 
is highly synchronized and subjected to a strict 
diurnal rhythm. In cross sections of the retina, 
electron microscopy identifies engulfed POS 
based on morphology and location [7, 45], while 
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light microscopy identifies POS based on POS 
marker immunoreactivity [46]. Counting POS 
phagosomes in the RPE of experimental animals 
at specific time points in relation to light onset 
allows quantifying the phagocytic load obtained 
by the RPE at light onset, a measure of phago-
cytic capacity, and following the decrease in POS 
phagosomes in the RPE at later time points 
reflecting progression of POS digestion [47]. 
Side-by-side comparison of POS phagosome 
counts with age- and strain-matched control ani-

mals provides insight into effects of altering gen-
otypes or experimental treatments. Besides cross 
sections RPE phagocytosis can be examined in 
RPE flat mount preparations as well. Following 
removal of the retina, eyes may be observed live 
for detection of acidified POS phagosomes [48] 
or fixed and processed for POS marker immuno-
fluorescence microscopy [47, 49].

Taken together, analysis of RPE phagocytosis 
in cell culture allows identification of molecular 
players in this process by separately probing and 
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Fig. 3.1 Confocal microscopy analysis of phagocytosed 
photoreceptor outer segment fragments (POS) distin-
guishes bound and engulfed particles. (a) Apical x-y con-
focal projection shows POS (green) located above tight 
junctions indicated by lack of ZO-1 marker labeling in 
this area. These are quantified as bound POS. (b) Central 
x-y projections show tight junctions (ZO-1 labeling in 
red) and engulfed POS (green). (c) Scheme illustrating 

separate quantification of bound and engulfed POS based 
on location relative to tight junction marker labeling by 
confocal microscopy. The RPE cell nucleus is indicated in 
black. (d) The x-z confocal projection shows relative dis-
tribution of nuclei (shown in blue), ZO-1 stained tight 
junctions (shown in red) and POS (shown in green). POS 
below the tight junction are engulfed. Reproduced from 
Davis et al. 2017
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interfering with binding/recognition, internaliza-
tion, and digestion step. In contrast, observation 
of RPE phagocytosis in situ illuminates a mole-
cule’s relevance for retinal structure and function 
under physiological conditions providing impor-
tant complementary insight.

 Molecular Mechanisms of RPE 
Phagocytosis

RPE phagocytosis belongs to a group of non- 
inflammatory clearance phagocytosis mecha-
nisms that other phagocytes in the body use to 

remove apoptotic cells and cell debris and that 
are conserved from worm to man [38, 50, 51]. 
Recognition/binding and engulfment steps of 
phagocytosis require engagement and down-
stream signaling of specific phagocyte surface 
receptor proteins. While professional phagocytes 
of the immune system like macrophages or den-
dritic cells possess numerous surface receptors 
that can trigger or participate in clearance phago-
cytosis, RPE cells possess and use only a limited 
repertoire of molecules for POS phagocytosis. 
The scheme in Fig. 3.2 summarizes our current 
knowledge of the molecular mechanisms of RPE 
phagocytosis of POS.

Fig. 3.2 Molecules and 
mechanisms known to 
date to contribute to the 
three different steps of 
RPE phagocytosis. In 
each step receptors at 
the apical RPE surface 
are highlighted in pink 
and purple, proteins 
related with cytoskeletal 
rearrangement in green, 
intracellular signaling 
components in rose, 
digestion in blue and 
extracellular ligands in 
grey. For brief 
description of protein 
roles and abbreviations 
please see Table 3.1. 
Details of protein roles 
are provided in the main 
text. Not all proteins 
contributing to RPE 
phagocytosis may be 
included
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Table 3.1 Proteins contributing to RPE phagocytosis as summarized in Fig. 3.2

Protein (abbreviation) Role References
AKT kinase (Akt) Cytosolic signal transducer with functions in F-actin recruitment and 

POS engulfment
[80]

Annexin A5 (Anx5) Cytosolic regulator of αvβ5 integrin surface levels [55]

Annexin A2 (Anx2) Cytosolic signal transducer with role in POS uptake synchronization [49]

αvβ5 integrin (αvβ5) RPE cell surface recognition receptor recognizing PS-bearing POS [5, 52–54]

βA3/A1 crystallin Cytosolic signal transducer with role in phagosome maturation 
(acidification)

[108, 109]

Cathepsin D, 
cathepsin S

Lysosomal enzymes with roles in POS protein (opsin) degradation [8, 30, 102, 103]

Caveolin-1 (cav-1) Cytosolic signal transducer with role in phagosome maturation 
(acidification)

[47]

CD36 RPE cell surface receptor that recognizes oxidized phospholipids [73–77]
CD81 Tetraspanin co-receptor of αvβ5 integrin [57]

Focal adhesion 
kinase (FAK)

Cytosolic signal transducer mediating activation of MerTK [5, 36, 78]

Gas6, proteinS Secreted ligands for MertK/Tyro3 in the subretinal space [67–70]
Kinesin-1 light 
chain-1 (KLC1)

Cytosolic motor with role in phagosome transport [101]

Melanoregulin 
(MREG)

Cytosolic signal transducer with role in phagosome maturation (LC3 
association)

[110, 111]

Mer tyrosine kinase 
(MerTK)

RPE cell surface engulfment receptor triggering engulfment and 
limiting POS recognition

[2, 3, 56, 61–64]

Milk fat globule- 
EGF8 (MFG-E8)

Secreted ligand for αvβ5 integrin in the subretinal space [36, 58]

Myosin7a 
(myoVIIA)

Cytosolic motor with role in post-engulfment phagosome transport [97]

Non-muscle myosin 
II (myoII)

Cytosolic motor with role in POS engulfment [79]

Phosphoinositide 
3-kinase (PI3K)

Cytosolic signal transducer with role in POS engulfment [80]

Plexin B1 (plxB1) RPE cell surface receptor coordinating diurnal termination of RPE 
phagocytic activity

[96]

Protein kinase C 
(PKC)

Cytosolic signal transducer regulating αvβ5 integrin anchorage to 
F-actin

[38]

Rab escort- protein- 1 
(REP-1)

Cytosolic signal transducer with role in phagosome- lysosome fusion [104]

Rac1 GTPase Cytosolic signal transducer regulating F-actin assembly in 
phagocytic cup

[43]

Semaphorin 4D Activating ligand of plexin B1 in the subretinal space [96]
Soluble MerTK 
extracellular 
fragment (sMerTK)

Decoy MerTK receptor with inhibitory role in vitro [70]

Src kinase (Src) Cytosolic signal transducer with role in POS engulfment [90]
Tyro3 receptor 
tyrosine kinase 
(Tyro3)

MerTK paralog; if expressed by RPE may substitute for MerTK [65, 66]
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 Recognition and Binding of POS by 
RPE Cells

In the recognition/binding step of POS clearance, 
RPE cells respond to phosphatidylserine (PS) 
exposed by distal ends of outer segments, which 
serves as an “eat me” signal [13]. POS recogni-
tion requires an active phagocytic machinery at 
the apical side of RPE cells. The integrin receptor 
αvβ5 is the only integrin family receptor local-
ized to the apical aspect of RPE cells. In vivo and 
cell culture experiments have provided comple-
mentary results indicating that αvβ5 serves as 
primary POS recognition receptor in human and 
rodent RPE [5, 52–54]. Ligand binding activity 
of αvβ5 integrin is highly regulated. RPE cells 
use a cytosolic protein kinase C (PKC) depen-
dent pathway to promote anchorage of αvβ5 
receptors to the F-actin cytoskeleton, which is 
required for its function in POS recognition [38]. 
Cell surface levels of αvβ5 integrin are regulated 
by its interaction with cytosolic annexin A5 
(Anx5  in Fig.  3.2) [55]. Moreover, feedback 
mechanisms between αvβ5 integrin and the inter-
nalization machinery impact activity of αvβ5 
such that increasing surface levels of αvβ5 integ-
rin does not promote a proportional increase in 
POS binding [56]. Finally, αvβ5 activity is 
dependent on its plasma membrane co-receptor, 
the tetraspanin CD81. CD81 does not function 
as a binding receptor for POS itself, but inhibi-
tion or overexpression of CD81 reduces or 
increases particle binding by αvβ5 integrin, 
respectively [57].

Activated αvβ5 receptors do not bind their 
substrates, PS-bearing POS, directly, but via 
extracellular bridge proteins that opsonize 
POS.  The subretinal space contains secreted 
PS-binding glycoproteins, including Protein S, 
Gas6, and milk fat globule-EGF8 (MFG-E8). Of 
these, MFG-E8 specifically acts to bridge POS 
and αvβ5 integrin receptors of the RPE [36]. 
MFG-E8 may be secreted into the subretinal 
space by both photoreceptors and RPE [58]. The 
blockade of αvβ5 integrin as well as lack of αvβ5 
or MFG-E8 greatly reduces POS binding by RPE 
cells. However, a bona fide binding process does 
not take place in the intact retina, where outer 

segments, POS and apical surface of the RPE 
with its αvβ5 receptors are in close contact at all 
times. However, mice lacking β5 integrin or 
MFG-E8 do not show the characteristic morning 
peak of POS phagosomes in the RPE after light 
onset. Instead, phagocytosis occurs at a reduced 
but constant level at all times of day [5, 36]. Thus, 
the binding of MFG-E8-opsonized POS to αvβ5 
integrin receptors and their ligation promotes the 
synchronized peak of POS engulfment. That 
aged β5 null mice show reduced vision and accu-
mulation of autofluorescent lipofuscin-like mate-
rial in the RPE illustrates that the rhythmicity of 
POS clearance is vital to long term health and 
function of the retina [5].

 Cell Surface Receptors and RPE 
Signaling Pathways Mediating POS 
Internalization

Antibody blockade of αvβ5 integrin greatly 
reduces POS binding, but internalization of 
surface- bound particles is unaffected [53]. 
Signaling downstream of αvβ5 is necessary but 
not sufficient for engulfment of αvβ5–bound 
POS.  Thus, the internalization step of POS 
phagocytosis requires signaling stimulated by 
POS binding to αvβ5 integrin in addition to a dis-
tinct set of surface receptors and their down-
stream signaling.

Studies on POS phagocytosis and specifically 
its internalization step have been greatly facili-
tated by the availability of an animal model that 
lacks this activity. The Royal College of Surgeons 
(RCS) rat was first identified in 1938 and has 
since been widely studied as model of hereditary 
blindness since [3, 59]. Mullen and LaVail in 
1976 showed that RCS retinal degeneration is 
caused by a defect of clearance phagocytosis by 
the RPE rather than a photoreceptor defect [3, 41, 
60]. In 2000, the causative mutation in the RCS 
rat was identified to disable the gene for the 
receptor tyrosine kinase Mer (MerTK). A dele-
tion mutation in the MERTK gene in the RCS rat 
yields a shortened transcript and absence of 
MerTK protein [61, 62]. Adenoviral delivery of 
MerTK to RCS RPE rescues the phagocytic 
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defect and improves RCS retinal integrity in vivo 
[63, 64]. Targeted mutation has generated a 
MerTK knockout mouse model that phenocopies 
the RCS rat [2]. In both RCS rat and MerTK 
knockout models photoreceptors continue to 
grow from the inner segment side, but RPE cells 
are unable to engulf POS. As a result, outer seg-
ments briefly elongate and distort before outer 
segment debris and possibly shed POS accumu-
late in the subretinal space further causing 
 distress of photoreceptors, which eventually die. 
Notably, lack of MerTK does not cause retinal 
degeneration in mice with increased expression 
of Tyro3  in the RPE [65], a receptor tyrosine 
kinase that is very similar in structure and ligand 
binding activity to MerTK [66]. Altogether these 
data illustrate the critical importance of MerTK 
or equivalent RTK activity for POS phagocytosis 
by RPE cells.

Like αvβ5 integrin, MerTK or Tyro3 do not 
interact directly with spent or shedding POS but 
are ligated by soluble bridge proteins. Protein S 
and Gas6 are members of a protein family with 
binding domains shared by both RTKs as well as 
a binding domain for the PS exposed by POS. 
Gas6 or ProteinS knockout mouse retinas are 
phenotypically normal but deletion of both 
ligands leads to photoreceptor cell death as seen 
in MerTK rats and mice with rapid early onset 
retinal degeneration [67, 68]. These in vivo data 
suggest overlapping functions for the RTK 
ligands. Indeed, both proteins may lead to MerTK 
receptor ligation, activation and POS internaliza-
tion by RPE in culture [69]. In contrast, other cell 
culture experiments have suggested that ProteinS 
and Gas6 may exert distinct MerTK downstream 
signals [70]. Further unrelated bridge ligands, 
e.g. tubby and tubby-like protein 1, and galectin-
 3 have been proposed but their physiological sig-
nificance remains untested [71, 72]. With 
ProteinS/Gas6 together evidently necessary and 
sufficient for POS internalization via MerTK, 
additional experiments will be needed to clarify 
role or contributions of additional molecules and 
mechanisms.

In addition to RTK activity, RPE may employ 
CD36 receptor ligation to activate POS engulf-
ment. CD36 is expressed at the apical, phago-

cytic surface [73]. It recognizes oxidized lipids or 
lipoproteins. In the phagocytic process CD36 
acts in a post binding step and independent of the 
POS binding receptor αvβ5 integrin [74]. 
Dependence of CD36 on specific oxidized phos-
pholipids that are generated in retina subjected to 
high intensity light and the possibility of pro- 
inflammatory signaling downstream of CD36 
suggests that CD36 may contribute to RPE 
phagocytic activity in damaged or distress retina 
rather than in routine diurnal outer segment 
renewal in the healthy retina [75–77].

Ligation of phagocytic receptors of the RPE 
by bridge proteins opsonizing shed POS elicits 
cytosolic signaling pathways that ultimately re- 
organize the cell for particle engulfment. 
Signaling activities downstream of both, αvβ5 
integrin and MerTK/Tyro3 are required.

The cytosolic tyrosine kinase focal adhesion 
kinase (FAK) is a crucial signaling component 
between αvβ5 integrin and MerTK linking bind-
ing and engulfment mechanisms. FAK mediates 
the activation of MerTK directly or indirectly by 
increasing phosphorylation and therefore activity 
of this receptor [78]. FAK resides in a complex 
with αvβ5 at the apical plasma membrane domain 
of the RPE, the site of POS phagocytosis. αvβ5 
integrin ligation during POS binding first 
increases FAK recruitment to the apical complex, 
in which it is phosphorylated at multiple tyrosine 
residues. Phosphorylated FAK then dissociates 
from the complex and redistributes from the api-
cal membrane to the RPE cytoplasm. In rodent 
retina, in vivo FAK phosphorylation and activity 
peak right after light onset. Synchronized tyro-
sine phosphorylation of MerTK can be detected 
subsequently, 2  hours after light onset. These 
activity peaks are absent in β5 integrin and MFG-
E8 knockout mice demonstrating the requirement 
for MFG-E8-αvβ5 signaling for elevating MerTK 
activity during the diurnal burst of POS clearance 
[5, 36].

As much as αvβ5 signaling regulates MerTK 
activity, reverse receptor cross talk also takes 
place in RPE cells: RPE cells use a MerTK 
dependent feedback mechanism to limit phago-
cytic particle binding by αvβ5 integrin [56]. RPE 
cells that transiently or permanently lack the 
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expression of MerTK bind excessive numbers of 
POS via surface αvβ5 receptors. A small fraction 
of MerTK is cleaved and released as soluble 
extracellular fragment (sMerTK) during POS 
phagocytosis in vivo and in vitro and may further 
contribute to the regulation of the RPE’s phago-
cytic capacity. sMerTK may act as decoy recep-
tor blocking effects of MerTK ligands on RPE 
cells, but cell culture assays found that sMerTK 
affects mainly POS binding [70].

Like for all forms of phagocytosis, F-actin 
cytoskeletal re-arrangement is the cardinal pro-
cess required for particle engulfment by RPE cells 
[51]. The RPE’s long apical microvilli are based 
on F-actin and reach into the subretinal space 
interdigitating with intact photoreceptor outer 
segments. These structures are likely distinct from 
the de novo F-actin recruitment beneath surface-
bound phagocytic particles for formation of struc-
tures called “phagocytic cups” that are needed 
during phagocytic processes. POS internalization 
requires closure of phagocytic cups, which 
depends on further F-actin reorganization together 
with plasma membrane fusion.

Both αvβ5 integrin and MerTK signaling con-
tribute to F-actin dynamics during POS clearance 
by RPE cells. Activated Rac1, a member of the 
Rho GTPase family of primary cellular regula-
tors of the F-actin cytoskeleton dynamics, pro-
motes the recruitment of F-actin cytoskeletal 
elements. MFG-E8-ligated αvβ5 integrin is 
required for both MerTK activation via FAK and 
F-actin recruitment via Rac1. Both pathways are 
required for phagocytic clearance, but Rac1 acti-
vation does not require MerTK [43]. Annexin A2 
(Anx2  in Fig.  3.2), a cytosolic Ca2+- and phos-
pholipid binding protein and regulator of F-actin 
dynamics serves in early stages of phagocytosis 
during phagocytic cup closure [49]. Annexin A2 
is recruited to nascent phagocytic cups in RPE 
cells in culture and dissociates once phagosomes 
have been internalized. Tyrosine phosphorylation 
of Annexin A2 is increased at the peak of phago-
cytic activity in wild-type mice. In annexin A2 
knockout mice POS phagocytosis is slightly 
attenuated and the peak of FAK activation is 
delayed but not eliminated. These observations 
suggest that annexin A2 recruitment to the form-

ing phagosome leads to the activation of Src 
kinase, which is required for the activation of 
FAK and downstream MerTK activation.

MerTK also directly contributes to F-actin 
cytoskeletal rearrangement in a way that mobi-
lizes non-muscle myosin II (myoII in Fig.  3.2) 
from the RPE cell periphery to sites of POS 
engulfment [79]. Akt signaling contributes to 
regulation of this process as Akt inhibition 
increases both the number of phagocytic cups 
and the recruitment of F-actin and myosin II to 
individual phagocytic cups in RPE cells in cul-
ture [80]. This role of Akt is independent and 
contrasts with the contribution of PI3 kinase in 
POS engulfment: PI3 kinase inhibition during 
POS binding weakens F-actin association with 
bound POS, has no effect on myosin-II recruit-
ment, and inhibits engulfment. Note that unre-
lated to their opposing roles in internalization, 
inhibition of either Akt or PI3 kinase increases 
POS binding by cultured RPE cells. Taken 
together, Akt functions downstream of PI3 kinase 
in POS binding, while its inhibitory role in early 
events of F-actin assembly and rearrangement 
beneath bound particles that promotes OS engulf-
ment is distinct from PI3-kinase.

Signaling mediators of the IP3/Ca2+ intracel-
lular signaling system and the cAMP second 
messenger system have both been reported to 
regulate RPE phagocytosis in vitro. 
Pharmacological increases in intracellular cAMP 
levels in cultured RPE reduce phagocytosis of 
ROS, while similar increases in cGMP had no 
effect [81–83]. Stimulation of RPE adenosine A2 
receptors, which induces generation of intracel-
lular cAMP, also reduce POS internalization by 
RPE cells in culture [84]. MerTK ligation during 
POS phagocytosis by RPE cells in culture may 
increase IP3, which in turn activates ingestion of 
bound POS [78, 85, 86]. Elevating IP3 levels 
pharmacologically is sufficient to increase 
phagocytic activity of RCS RPE cells in culture 
[87]. As expected from RTK/IP3 signaling, RPE 
phagocytosis also involves a rise in intracellular 
free Ca2+ [88]. Ca2+ oscillations in RPE monolay-
ers in regions with bound POS have been reported 
[89]. However, the specific and essential targets 
of IP3 signaling remain to be uncovered.
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Src kinase interacts with MerTK and its phos-
phorylation and activation is increased after 
phagocytic challenge of cells and downstream of 
MerTK [90]. Downstream of Src signaling, 
MerTK dependent tyrosine phosphorylation of 
GDP dissociation inhibitor alpha (GDI1) may 
regulate Rab GTPase dependent membrane 
dynamics such as vesicle fusion [91].

Another downstream effect of Src kinase sig-
naling during RPE phagocytosis is activation of 
L-type Ca2+ channels [92]. Blocking L-type 
channels in cultured RPE cells reduces phagocy-
tosis, and ligation of POS binding receptor integ-
rins activates L-type Ca2+ channel activity [40]. 
Further, MaxiK Ca2+ dependent K+ (BK) ion 
channels, L-type Ca2+ channels and bestrophin-1 
contribute to intracellular Ca2+ homeostasis and 
affect POS phagocytosis by RPE cells in culture 
[93]. Lack of BK or Cav1.3 L-type Ca2+ channels 
in mice leads to a shift in phagocytosis rhythm 
and shortened outer segments suggesting an 
imbalance of POS shedding and outer segment 
growth [94]. Moreover, a recent report showed 
cAMP dependent circadian rhythms in Ca2+ spik-
ing frequencies and bead uptake by human RPE 
cells in culture [95]. If and how these signaling 
processes are linked to the known phagocytic 
machinery for POS remains to be shown.

Altogether, the ligation of αvβ5 integrin and 
MerTK via the complex signaling mechanisms 
discussed above result in post-translational pro-
tein activity changes through altered protein 
phosphorylation and changes in GTP load that 
allow re-arrangement of the cytoskeleton and 
plasma membrane required for POS intake.

In the eye, these processes occur after light 
onset in a synchronized and highly coordinated 
fashion that promote the characteristic phago-
cytic burst. Importantly, elevated signaling is 
swiftly terminated by RPE cells at the end of its 
morning phagocytic activity [5, 43]. The molecu-
lar mechanisms used in the retina to inactivate 
phagocytic signaling after the daily phagocytic 
burst remain only partly understood. They 
include the synchronized activation of the RPE 
surface receptor plexin B1 (plxnB1; plxB1  in 
Fig. 3.2) by its ligand semaphorin 4D (sema4D; 
Sem4D in Fig.  3.2), which is found in the rat 

retina especially in or on cone photoreceptors 
[96]. In wild-type but not in RCS phagocytosis- 
defective rat retina, sema4D levels and, likely as 
a result, plxnB1 phosphorylation are reduced 
1  hour after light onset as compared to either 
1 hour before or 3 hours after. Mice lacking either 
plxnB1 or sema4D show increased numbers of 
POS in the RPE 1 hour after light onset suggest-
ing a physiological function of sema4D/plxnB1 
signaling in attenuating the phagocytic burst. 
Mechanistically, plxnB1 signaling acts on inhib-
iting F-actin dynamics required for phagocytosis: 
adding purified Sema4D to RPE cells in culture 
during POS challenge prevents Rac1 GTPase 
activation abolishing POS internalization without 
affecting POS binding.

 Processing and Degradation 
of Phagocytosed POS by RPE Cells

RPE cells need to digest internalized POS mate-
rial promptly and completely to prevent gradu-
ally buildup of undigested debris that is toxic for 
the RPE and may contribute to age-related retinal 
dysfunction. Phagosomes (phago in Fig.  3.2) 
move from apical to basal RPE regions to mature 
and fuse with lysosomes (lys in Fig. 3.2), form-
ing phagolysosomes (phago lys in Fig. 3.2), and 
degrade their content. The molecular control of 
these phagolysosomal digestion processes 
remains only poorly understood.

Post-engulfment phagosome transport inside 
RPE cells depends on both F-actin and microtu-
bule dependent processes. In the shaker-1 mouse 
model, RPE cells lacking functional F-actin 
motor myosin VIIA (myoVIIa in Fig. 3.2) show 
delay of phagosomes exit from the F-actin-rich 
apical region [97, 98]. Human myosin VIIA 
mutations cause Usher 1B, a deaf-blindness dis-
order [99, 100].

Having exited the apical F-actin cytoskeleton 
on their way towards central and basal areas of 
the RPE cell, POS phagosomes move bidirec-
tionally along microtubules while associated 
with kinesin-1 light chain 1 (KLC1) [101]. Lack 
of KLC1 results in defects of phagosome traf-
ficking, possibly decreasing the probability of 
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phagosome fusion with other vesicles. Impaired 
POS phagosome degradation eventually increases 
accumulation of RPE and sub-RPE deposits 
resulting in a pro-oxidative, pro-inflammatory 
environment.

The degradation of engulfed POS protein and 
lipid components requires enzymatic hydrolyses. 
Earlier studies focused on degradation of POS 
opsin, the by far most abundant protein in POS. 
Early during maturation und movement towards 
the cell body phagosomes transiently interact 
with endosomes (en in Fig. 3.2) such that opsin 
undergoes limited proteolysis even before bona 
fide phagosome-lysosome fusion [35]. Activities 
of cathepsin D and cathepsin S proteases (cath S, 
cath D in Fig. 3.2) and phagosomal acidification 
have been shown to be essential for efficient lyso-
somal opsin degradation [30, 45]. In transgenic 
mice expressing a mutant form of cathepsin D 
resulting in impaired processing of internalized 
POS RPE cells accumulate autofluorescent 
opsin-positive inclusion [8]. Ultimately, fusion 
with cathepsin D positive lysosomes promotes 
step-wise opsin degradation [35]. Synchronized 
appearance of cathepsin D in phagolysosomes 
correlates with decreasing levels of detectable 
opsin and progressive acidification [102]. 
Cathepsin D activity fluctuates in the RPE with 
its diurnal maximum at the time of peak phago-
cytic activity [103].

Recent studies have shed light on the enor-
mous importance of POS lipid digestion. For dis-
posal of POS lipids and recycling of metabolic 
intermediates back to the outer retina RPE cells 
use fatty acid β-oxidation and ketogenesis path-
ways, which support the cells energy demand and 
prevent buildup of lipid accumulation, which 
causes oxidative stress and mitochondrial dys-
function. POS phagosome maturation and pro-
cessing are linked to ketogenesis and release of 
β-hydroxibutyrate (β-HB) [27]. Cultured RPE 
cells release increased levels of the ketone body 
β-HB apically after challenged with POS. Mouse 
RPE/choroid explants mainly release β-HB levels 
after light onset at the time of the daily burst of 
phagocytic activity. Animal models of delayed 
phagosome processing or abnormal phagosome 
lipid content show a time shift in the β-HB release 

illustrating the importance of tight temporal reg-
ulation for long term retinal health.

Our understanding of the control of POS 
phagosomal processing remains limited but there 
is evidence that it is precisely regulated at the 
level of organelle fusion. Rab escort-protein-1 
(REP-1) supports posttranslational isoprenyl 
modification of Rab GTPases that control vesicle 
formation, movement, docking and fusion. RPE 
cells in culture lacking REP-1 internalize POS 
like control cells but show delayed POS protein 
clearance [104]. This suggests that absence of 
REP-1 inhibits POS specific phagosomal- 
lysosomal fusion events through aberrant Rab 
GTPase activities. In general, fusion with lyso-
somes is a required step in ensuring that the pH of 
POS phagosomes decreases sufficiently to allow 
enzymatic hydrolyses. Inhibition of the vacuolar- 
type ATPase (v-ATPase) proton pump by 
Bafilomycin A1 prevents POS degradation even if 
cathepsin D is present in phagosomes [102]. 
Acidification is affected by signaling through 
receptors such as adenosine A2 receptors, P2X7 
receptors, and CFTR although it remains to be 
tested if such signaling is dynamic or specifically 
controlling diurnal POS clearance [105–107]. The 
scaffolding protein caveolin-1 (cav-1 in Fig. 3.2) 
contributes to POS phagolysosomal acidification. 
Caveolin-1 resides on maturing phagolysosomes 
in RPE cells in vivo and in cell culture and is 
essential for phagolysosomal POS degradation 
[47]. RPE-specific deletion of caveolin- 1 in vivo 
reverses rhythmic profiles of levels and activity of 
lysosomal enzymes and impairs photoreceptor 
function. Lowering caveolin-1 protein levels in 
RPE cells in culture is sufficient to impair lyso-
somal acidification decreasing lysosomal and 
phagolysosomal enzyme activities.

Like caveolin-1, βA3/A1 crystallin (βA3/A1 
cryst in Fig.  3.2) is localized to lysosomes and 
required for degradation of POS [108]. In RPE- 
specific βA3/A1 crystallin knockout mice 
V-ATPase activity is decreased and lysosomal pH 
elevated, resulting in undigested POS accumula-
tion. Mechanistically, βA3/A1 crystallin affects 
lysosomal acidification by interacting with and 
presumably regulating activity of v-ATPase pro-
ton pump components [109].
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In addition to completing POS renewal every 
24 hours for life, RPE cells must coordinate pro-
cesses of POS renewal with other cellular main-
tenance activities. Specifically, regulated routine 
organelle maintenance and degradation of pro-
tein aggregates via autophagic processes also 
employ and occupy lysosomes. Indeed, molecu-
lar  mechanisms of POS degradation partly over-
lap with macroautophagy and the two degradative 
pathways via shared use of lysosomes influence 
each other. The shared presence of microtubule- 
associated protein 1 light chain 3 (LC3) on POS 
phagosomes and autophagosomes in RPE cells 
has recently led to a new classification of RPE 
phagocytosis as belonging to “LC3-associated 
phagocytosis” (LAP) pathways [110]. A key pro-
tein coordinating POS turnover and macroau-
tophagy in RPE cells is melanoregulin (MREG), 
an intracellular sorting protein that is hypothe-
sized to play a role in organelle biogenesis 
including lysosome maturation and intracellular 
trafficking. Lack of MREG results in reduced 
cathepsin D activity and delayed degradation of 
engulfed POS by RPE cells in vivo and in culture 
[7]. MREG links and may balance macroau-
tophagic and phagocytic processes by interacting 
with LC3 and coordinating its association with 
phagosomes in the RPE [111].

Taken together, RPE cells tightly regulate deg-
radation of engulfed POS to ensure both coordi-
nation with autophagy and completion within 
24  hours and in time for the next phagocytic 
burst. How intracellular processing is triggered 
by phagocytic surface receptors and their signal-
ing pathways remains to be elucidated.

 Defects in POS Clearance 
Phagocytosis by RPE Cells 
and Human Retinal Disease

Animal models with specific molecular or engi-
neered defects in POS renewal show retinal 
abnormalities ranging from rapid early onset and 
complete retinal degeneration of the RCS rat to 
abnormal but gradual accumulation of undigested 
POS debris followed by photoreceptor dysfunc-
tion [5] or of little impact on visual function 

within the short life span of a rodent [7]. In 
human patients, inherited defects in engulfment 
of POS and subsequent degradation are also asso-
ciated with inherited retinal degenerative 
diseases.

Disease causing mutations in the engulfment 
receptor MerTK were identified in patients with 
early onset retinitis pigmentosa who suffer from 
severe retinal degenerations [112]. MerTK muta-
tions have also been linked to rare retinal dystro-
phies and severe rod cone dystrophy [113, 114]. 
The very rapid and complete retinal degeneration 
found in the RCS rat is not seen in human RP due 
to MerTK mutation found so far, which suggests 
that POS phagocytosis takes place to some extent 
in affected patients, either through partly active 
MerTK or through alternate pathways.

Another progressive degeneration of RPE, 
photoreceptors and choroid, choroideremia 
(CHM) is caused by mutations in the CHM gene 
encoding REP-1 [115]. CHM patients have less or 
no REP-1 protein [116, 117] and show accumula-
tion of unprocessed POS material in the RPE and 
excess inflammatory cells in the choroid [104].

RPE cells are post-mitotic with high phago-
cytic activities and high metabolic demand. 
Partly degraded and oxidized debris material 
gradually accumulates in autofluorescent lipofus-
cin granules in human RPE with age. Lipofuscin 
is rich in oxidized lipids including retinoid deriv-
atives some of them directly and specifically 
toxic to RPE and harmful to its phagocytic activ-
ity [118, 119]. Lipofuscin arises from gradual 
and long-term accumulation of incompletely 
degraded, oxidized remnants of POS phagolyso-
some and/or autophagosome content. Although 
still poorly understood, all evidence suggests that 
excessive lipofuscin accumulation in the aging 
human eye impairs RPE function and health and 
secondarily affects vision as support for the neu-
ral retina by compromised RPE cells fails.

 Outlook

Exciting technical and conceptual progress in 
understanding POS phagocytosis has provided 
the foundation for the development of new treat-
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ments for RPE pathologic conditions. Specifically, 
MerTK mutation associated retinal degenerations 
have been the focus of gene and cell replacement 
therapeutic approaches as well as drug studies. 
AAV hMerTK vector treatment introduced pho-
toreceptor rescue in the RCS rat and MerTK 
 null- mouse animal models [120, 121]. Clinical 
trials for different forms of MerTK-associated 
retinal dystrophies are on the way [122]. 
Complete replacement of RPE cells generated 
from various stem cell sources like pluripotent 
(hESC), induced pluripotent (iPSC) and adult 
RPE stem cells (RPESC) is also under develop-
ment [123]. Further, patient specific iPSC derived 
RPE models have become available that allow 
screening approaches to potential new treatments 
like in a nonsense variant of MerTK-RPE read-
through inducing drugs to restore production of a 
full length protein [124].

On the basic research side, it has become 
clear that strict coordination of photoreceptor 
growth and shedding, phagocytosis of spent POS 
tips and degradation and waste removal must 
create a precise homeostatic balance that is 
essential for photoreceptor and RPE health. 
Many open questions remain on the signaling 
mechanisms used by both RPE and photorecep-
tors to communicate and fine tune these pro-
cesses including how RPE cells contribute to 
shedding. Much remains to be learned about 
phagosome processing, degradation, recycling 
and transport processes towards the retina and 
the choroid. Recent methodological advances 
will surely allow addressing these important 
issues in the near future.
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 Introduction

From the beginning, the evolution of light- sensory 
organs included the functional association of a 
pigmented and a light-sensitive cell. This associa-
tion has developed a complex cooperation 
between the photoreceptors and the RPE in the 
vertebrate retina [1–4]. The partnership requires 
special functions of the RPE that include transepi-
thelial transport of ions and water across the RPE, 
K+ buffering in the subretinal space, phagocytosis 
of daily shed photoreceptor outer segments, and 
secretion of a variety of factors including neuro-
trophic, growth or immune modulatory factors. At 
the same time these RPE functions are strongly 
depending on ionic mechanisms and therefore on 
the orchestrated activity of a large variety of ion 
channels [5, 6]. Since the failure of one of the 
RPE functions listed above leads to degeneration 
of photoreceptors and therefore to loss of vision, 
the investigation of ion channel activity in health 
and disease is of outmost importance to under-
stand RPE physiology and pathology. This book 

chapter describes ion channels of the RPE and 
their roles in RPE function to develop a molecular 
model of ionic mechanisms in the RPE.

In general, ion channels were identified as tar-
gets in a large number of diseases. The research 
area that investigates the role of ion channels in 
disease has developed the term “channelopathies” 
for this group of disease conditions [7–10]. Ion 
channels contribute to disease by two major cau-
salities. One is that the ion channel cause the dis-
ease either by loss or gain of function. Mostly 
these channelopathies are hereditary diseases 
where the gene mutant causes either directly the 
loss/gain of function or indirectly because the 
mutation affects proteins that regulate ion channel 
function. Prominent examples for directly caused 
channelopathies are mutations in ion channels 
expressed in the myocard to cause longQT syn-
drome (voltage-gated Ca2+, K+ and Na+ channels) 
[9, 10], myotonia (Cl channels) [7] or cystic fibro-
sis (ATP-gated Cl channel) [11]. Another way by 
which ion channels cause diseases is that cells or 
tissues develop over- activities of ion channels that 
in turn lead to the pathology. Examples for this 
condition are cancer cells that promote their own 
growth by Ca2+ channel driven growth factor 
secretion [12] or upregulation of the P2X7 ATP-
receptor channel in immune associated diseases 
[13, 14]. Thus, given the robust knowledge about 
the role of ion channels in disease, we have to 
expect that also in RPE-related diseases ion chan-
nels might play a prominent role.
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 Ionic Mechanisms of RPE Function

 Epithelial Transport

Extracellular fluid is accumulated in the retina by 
water that moves from the anterior parts of the 
eye towards the retina driven by intraocular pres-
sure and by local production through the meta-
bolic activity of the retinal neurons. Concomitant 
to the neuronal activity, the extracellular volume 
varies with changes of illumination. In the outer 
retina the RPE keeps the extracellular volume 
small by a constant transport of water across the 
epithelium which can be as high as 10.1 μL/cm2/h 

in the human retina [3, 15]. Mechanisms of ion 
transport adaptation enable the compensation of 
changes in extracellular volume in response to 
illumination changes. Illumination of the retina 
leads to a transient increase in extracellular vol-
ume that shortly recovers [16]. The transport of 
water is driven by a transepithelial transport of 
Cl− across the RPE that generates an osmotic gra-
dient [17–24] (Fig. 4.1). This gradient in turn pulls 
the water through aquaporin water channels across 
the RPE [25]. The transepithelial Cl− transport is 
an active transport requiring the degradation of 
ATP, the energy source for the transport activity of 
Na+/K+-ATPases. The apically localized Na+/K+-

Fig. 4.1 Apical and basolateral mechanisms in epithelial 
transport of Cl− and water by the RPE. The apical Na+/
K+-ATPase generates a Na+ gradient from extra- to intra-
cellular space that is used by the apical Na+/2Cl−/K+-co- 
transporter to accumulate Cl− in the intracellular space. 
K+ is recycled back to the extracellular space across the 
apical membrane through inward rectifier channels 
(Kir.7.1) and keeps the K+ gradient across the apical 
membrane small to facilitate the transport processes. Cl− 

leaves the cell across the basolateral membrane through 
divers Cl channels in the basolateral membrane. CCl-2 
(member 2 of the CCl chloride channel family) seems to 
provide the basal conductance; bestrophin-1 (BEST1) 
and CFTR (cystic fibrosis transmembrane regulator) that 
are regulated by intracellular messengers can adopt the 
Cl− transport. The Cl transport osmotically drives water 
via the transcellular route through water channels across 
the RPE
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ATPase eliminates Na+ from intracellular space 
of the RPE and in turn transports K+ into RPE 
cells across its apical membrane. Apically local-
ized K+ channels led K+ recycle back to extracel-
lular space that faces the photoreceptors, the 
subretinal space. As a result, a gradient for Na+ 
between the intracellular and the extracellular 
space of the RPE is generated. The apically local-
ized Na+/2Cl−/K+-co- transporter to take up Na+, 
K+ and Cl− from subretinal space and to transport 
these ions into the RPE across the apical mem-
brane use that gradient. Since Na+ and K+ leave 
the RPE cell across the apical membrane by the 
activity of the Na+/K+-ATPase and apical K+ 
channels, the transport activity of Na+/2Cl−/K+-
co-transporter results in an accumulation of Cl− 
inside the RPE cells leading to intracellular 
Cl− concentrations of about 40–60 mM [15, 26, 
27]. Finally, the high intracellular Cl− concentra-
tion drives Cl− out of the RPE across the basolat-
eral membrane to the blood side of the RPE 
resulting in transepithelial transport of Cl−.

 Ion Channels That Contribute 
to Transepithelial Ion Transport by 
the RPE
Apical mechanisms: The key transport activity 
in the apical membrane is mediated by the 
Na+/2Cl−/K+-co-transporter. The apical Na+/K+-
ATPase counteracts the uptake of Na+ into the 
RPE and at the same time provides the energy for 
transepithelial ion transport [28]. For Cl− accu-
mulation inside the cell, K+ must leave the 
RPE. This is enabled by a high K+ conductance of 
the apical membrane that supports both the activ-
ity of the Na+/K+-ATPase and the Na+/2Cl−/K+-
cotransporter. The Na+/K+-ATPase removes Na+ 
from the intracellular space of the RPE and would 
accumulate K+ in the intracellular compartment. 
However, since K+ can flow back across the api-
cal membrane through K+ channels into subreti-
nal space and since the transport capacity of K+ 
channels is much higher than that of the Na+/K+-
ATPase, the K+ gradient across the apical mem-
brane is kept small. This small K+ gradient 
subsequently facilitates the transport activity of 
the Na+/K+-ATPase. Indeed, a non-specific inhi-
bition of apical K+ channels with blockers such as 

Ba2+ reduces the transepithelial transport by the 
RPE [20, 29, 30]. In the same way, the apical K+ 
channels support the activity of the Na+/2Cl−/K+-
cotransporter with the difference that its activity 
is additionally energized by the Na+/K+-ATPase. 
The K+ channels that provide this function dis-
play a large conductance over the resting mem-
brane potential of the RPE and permit outward 
currents of K+. These are properties of inwardly 
rectifying K+ channels. The most compelling evi-
dence demonstrates the expression of Kir7.1 
channels in the RPE.

Basolateral mechanisms: As described 
above, the transepithelial transport of Cl− largely 
depends on the Cl− efflux pathway across the 
basolateral membrane of the RPE [31–33]. The 
activity of a large variety of Cl channels in the 
basolateral membrane provides this efflux path-
way. So far the expression of the Cl channels 
ClC2 [34, 35], Ano2 (anoctamin-2 or TMEM16B), 
bestrophin-1 and CFTR (cystic fibrosis trans-
membrane regulator) was found. This variety of 
different Cl channels provides a basic conduc-
tance on one-hand and Cl− efflux pathways that 
adopt the transport activity to the various meta-
bolic needs on the other hand. It is likely that 
ClC2 is responsible for the basic transport activ-
ity. The RPE in ClC2 knockout mice shows no 
transepithelial potential [34]. Since transepithe-
lial transport of Cl− and water is linked to pH 
regulation [36] and transport of lactic acid [37], 
the pH-dependent ClC2 might is capable to fulfill 
this task [34]. The other above listed Cl channels 
are activated by different intracellular second 
messengers and are therefore Cl channels that 
adopt the Cl− transport to different metabolic 
needs of the retina. The literature identified two 
major second-messengers: cAMP and Ca2+. 
Increasing the intracellular cAMP concentration 
by application of IBMX/forskolin leads to 
enhanced transepithelial Cl− transport [38–43]. It 
is likely that activation of the cAMP-dependent 
Cl channel CFTR in the RPE is responsible for 
that mechanism [44]. Several lines of evidence 
also identified increases in intracellular free Ca2+ 
to stimulate the transepithelial transport of Cl− 
across the RPE.  For example, application of 
extracellular ATP increases intracellular free Ca2+ 
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via activation of purinergic receptors and stimu-
lates the Cl− transport across the RPE.  Ca2+-
dependent Cl channels represent the key 
molecules for this effect [45, 46]. Two Ca2+-
dependent Cl channels are known to be expressed 
in the RPE. These are bestrophin-1 [47, 48] and 
anoctamin-2 [49, 50]. Bestrophin-1 was the first 
candidate discussed to represent the Ca2+-
dependent Cl channel in the RPE [51]. The 
bestrophin-1 gene, first known as the VMD2 
gene (now BEST1), was discovered as the gene 
that causes the Best vitelliforme macular degen-
eration [47, 48]. The hallmark of Best’s disease is 
a reduced light-peak of the electro-oculogram. 
Since the light-peak originates from the depolar-
ization of RPE basolateral membrane that is 
caused by an increase in the basolateral Cl− con-
ductance, bestrophin-1 was a very likely candi-
date [32, 33, 52]. Bestrophin-1 was found to 
function as a Ca2+-dependent Cl channel in heter-
ologous expression systems [47, 48, 51]. 
However, RPE cells from either a bestrophin-1 
knockout or a mutant bestrophin-1 knock-in 
mouse model that carries a mutation leading to a 
loss of function, did not show alterations in the 
membrane conductance for Cl− [53, 54]. Thus, 
endogenously expressed bestrophin-1 does not 
seem to contribute directly to the Ca2+-dependent 
Cl conductance. Another candidate to provide the 
Ca2+-dependent basolateral Cl conductance is 
anoctamin-2 (Ano2 or TMEM16B) [49, 50]. 
Ano2 localizes to the basolateral membrane of 
the RPE and its activity is demonstrated in iso-
lated RPE cells from the mouse or in human 
cells. It is likely that the list is not complete. 
Older publications have shown that a consider-
able number of channels of the ClC family are 
expressed in the RPE [35, 55]. However, the clar-
ification of their functional relevance needs fur-
ther clarification.

Several lines of evidence have indicated that 
the transepithelial Cl− transport is accompanied 
by an additional transepithelial transport of K+ 
from the apical to the basolateral side of the RPE 
[15, 17, 20, 24, 29, 56–59]. K+ enters the RPE at 
the apical site via the activity of the Na+/K+-
ATPase. A K+ channel that provides the efflux 
pathway across the basolateral membrane might 

be the so-called M-type currents (muscarinic 
activated currents) [60]. These ion channels are 
weakly outwardly rectifying and are active close 
to the resting membrane voltage of the RPE. The 
group of Hughes and colleagues could find the 
expression and activity of KCNQ4 and KCNQ5 
channels [61–63]. Most importantly, KCNQ4 
and KCNQ5 localize to the basolateral mem-
brane of the RPE and are therefore most likely 
the K+ channels that are involved in transepithe-
lial transport of K+. Another role of these chan-
nels might be in the maintenance of the subretinal 
K+ homeostasis as will be described below.

Volume-dependent mechanisms: The trans-
port of water across the RPE requires also an effi-
cient volume regulation. That is achieved in the 
apical membrane by the volume sensitivity of the 
Na+/2Cl−/K+-co-transporter [17, 64]. In the baso-
lateral membrane, volume-sensitive Cl channel 
help to maintain a stable cell volume. Data from 
independent groups demonstrated that bestro-
phin- 1 regulates directly or permits the volume 
regulation via influx of Cl− into the cell [65, 66].

 K+ Buffering in the Subretinal Space

Light is transduced into changes of the mem-
brane potential of the photoreceptors by the light 
transduction cascade [67]. In the presence of 
light, the membrane potential of the photorecep-
tors is depending on the extracellular and intra-
cellular K+ concentration difference of the 
photoreceptors. Thus, precise transduction of 
light perception depends on stable extracellular 
K+ concentrations. Changes in the illumination of 
photoreceptors, however, principally lead to 
changes in the extracellular K+ concentration [3, 
29, 56, 68–70]. In the dark, cation channels are 
open in the photoreceptor outer segments. The 
inflow of cations into the photoreceptor outer 
segments is counter-balanced by an outflow of K+ 
from the inner segment. When light hits the pho-
toreceptor outer segment, the cation channels 
there are closed and the outflow of K+ out of the 
inner segments becomes smaller. Consequently, 
the extracellular K+ concentration in the subreti-
nal space decreases from 5 to 2  mM.  When 
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switching from light to darkness the reversed 
process occurs leading to an increase in subreti-
nal K+ concentration. These changes are compen-
sated for by the transport activities of the RPE 
across the apical membrane that occur in response 
to light-dependent changes in extracellular K+ 
concentration [58, 71] (Fig. 4.2). This compensa-
tion is enabled by a voltage-dependent modula-
tion of the K+-conductance of the apical 

membrane. The compensating activity by the 
RPE can be measured as a signal in the electro- 
retinogram, the c-wave [3].

These apical compensation mechanisms are 
only one part of the process of maintenance of 
the subretinal K+ homeostasis. According to the 
model of Dornonville de LaCour, the compensa-
tion of subretinal K+ changes is coupled to the 
transepithelial transport of K+ across the RPE 

Fig. 4.2 Light-dependent mechanisms of ion transport. 
Stimulation of photoreceptors by light leads to a decrease 
of the subretinal K+ concentration. This change is com-
pensated for by cycling back a proportion of transepithe-
lial transported K+ across the apical membrane through 
Kir7.1 channels. The uptake of K+ via the apical Na+/2Cl−/
K+-co-transporter and K+ efflux through basolateral 
KCNQ voltage-dependent K+ channels establish the trans-
portation route of K+ across the RPE. Illumination of the 

retina releases a so unknown light-peak substance that 
bind to a receptor at the RPE’s apical membrane. This 
leads to an increase in intracellular free Ca2+ under the 
contribution of L-type Ca2+ channels. Ca2+ in turn acti-
vates Ca2+-dependent Cl channel BEST-1 or Ano2 leading 
to an increase in transepithelial Cl− transport and higher 
transepithelial basolateral negative potential that contrib-
utes the electro-oculogram
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[58, 71]. This is a sustained transport activity of 
K+ from the apical to the basolateral side of the 
RPE. In the case of illumination of the retina and 
a subsequent decrease of the subretinal K+ con-
centration, the apical membrane hyperpolarizes 
and the apical K+ conductance increases [72]. In 
consequence, an efflux of K+ across the apical 
membrane compensates for the decrease in the 
subretinal K+ concentration. At the same time, a 
short-delayed hyperpolarization of the basolat-
eral membrane and a decrease of basolateral K+ 
conductance occurs. Thus, the decrease in the 
subretinal K+ concentration is compensated by a 
decrease in transepithelial K+ transport. In the 
case of a transition from light to dark, subretinal 
K+ increases. The apical membrane conductance 
decreases, leading to depolarization of apical 
membrane; this leads to a decrease of the apical 
K+ conductance and a reduction of the K+ efflux 
across the apical membrane. The basolateral 
membrane conductance in general and specifi-
cally the K+ efflux via the basolateral membrane 
increases and thus, stimulates the transepithelial 
K+ transport across the RPE.  Since the out-
wardly rectifying K+ channels KCNQ4 and 
KCNQ5 that localize to the basolateral mem-
brane increase their conductance with depolar-
ization, they are the ideal candidates for that 
function. As the Cl− efflux across the basolateral 
membrane, that occurs during the transepithelial 
transport of Cl− across the RPE, leads to depolar-
ization of the basolateral membrane, the transepi-
thelial transport of K+ is functionally connected 
to Cl− [17, 73].

 Ion Channels Contributing 
to the Control of Subretinal K+ 
Homeostasis
The ion channels that contribute to the mainte-
nance of the subretinal K+ concentration must 
display inward and outward conductance for K+ 
over a large voltage range. These are properties 
of inward rectifier K+ channels (family of Kir 
channels). Furthermore, the inward rectifier 
should show only a mild rectification and the 
unique property of increasing conductance with 
decreasing extracellular K+ concentrations. 
Indeed the expression of such an inward rectifier 

was described from the beginning of the patch- 
clamp analysis of the RPE of many species [74–
79]. The group of Hughes and colleagues were 
the one who identified the molecular identity of 
the inward rectifier being Kir7.1 [80–82]. 
Furthermore, Kir1.7 localizes to the apical pro-
cesses in the RPE which confirms it functional 
role [83]. The detection of a mutation in the Ki7.1 
channel gene that causes the snowflake vitreoreti-
nal degeneration demonstrates the importance of 
this channel for the RPE function and retinal sta-
bility [84].

 Ca2+-Signaling to Regulate RPE 
Functions

Ca2+ ions show a very high affinity to proteins. 
For that reason, the intracellular free Ca2+ con-
centration in cells is 10,000 times smaller than 
that of the extracellular space. The high binding 
affinity of Ca2+ to proteins leads to conforma-
tional changes of proteins and can be used there-
fore to regulate protein function [85]. Changes in 
the concentration of intracellular free Ca2+ there-
fore serve as second-messenger of membrane 
bound receptors to transfer extracellular signals 
into changes of cell function. Ca2+ as second- 
messenger stimulates cell proliferation, apopto-
sis, secretion, neurotransmitter release, 
phagocytosis, contraction or motility of cells. 
Indeed, many RPE cell functions are regulated by 
increases in intracellular changes: regulation of 
transepithelial transport of ions and water, phago-
cytosis and secretion [4, 6, 86]. Basically, the 
RPE contains in melanosomes high intracellular 
concentrations of Ca2+ [87]. It further expresses 
the NQX1 Na+/Ca2+ exchanger to remove Ca2+ 
from the cytosol [88, 89]. That transporter is the 
same one that also controls the Ca2+ homeostasis 
in the heart highlighting the ability of the RPE to 
generate Ca2+ signals. Furthermore, a Ca2+-
ATPase keeps the cytosolic Ca2+ concentration 
small [90]. Since the RPE shows a rather high 
basal Ca2+ conductance by the activity of TRPC 
(transient receptor potential channels; canonical 
subtype) channels [91], the RPE’s metabolic 
investment to the cytosolic Ca2+ concentration is 
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comparatively high. The physiological role of 
this is not known.

With the above-described role of Ca2+, the 
question arises, how only one single ion, Ca2+, 
can regulate so many different functions. Specific 
reactions are coded by the spatial and temporal 
pattern of the Ca2+ signal [85]. The recruitment of 
different Ca2+ transporting mechanisms and Ca2+ 
sources generate specific patterns for control of 
different cellular functions [92] (Fig.  4.3). 
Intracellular Ca2+ stores can provide very fast 
Ca2+ rises but only for a limited duration. These 
Ca2+ stores are on one hand endoplasmatic Ca2+ 
stores that release Ca2+ by stimulation of different 
mediators such as inositol-1,4,5,-trisphosphate 

(IP3) or cyclic-ADP-ribose, both reaction prod-
ucts of phospholipases that are activated by 
G-protein coupled membrane bound receptors. 
On the other hand, also specialized mitochondria 
can serve as Ca2+ stores and contribute to the spa-
tial and temporal pattern of Ca2+ signals. Ca2+ sig-
nals of longer duration are generated by an influx 
of extracellular Ca2+ into the cell via Ca2+-
conducting ion channels in the plasma mem-
brane. The release of Ca2+ from Ca2+ stores can be 
coupled to an influx of Ca2+ into the cell (store- 
operated Ca2+ entry or SOCE) by a Ca2+ sensing 
protein of Ca2+ stores, stim-1 (stromal interacting 
molecule-1) that directly binds to Ca2+ channels 
in the plasma membrane [93, 94]. Stim-1 
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Fig. 4.3 Driving-forces, Ca2+ sources and Ca2+ channels 
that define intracellular Ca2+ signals. The driving forces 
that generate Ca2+ signals are the transmembranal poten-
tial (left) resulting from the activity of Cl and K+ channels 
and the extra- and intracellular Cl− and K+ concentrations 
plus the steep Ca2+ gradient extra- and intra-cellular space 
(right). For that gradient various Ca2+ transport mecha-
nisms keep the intracellular Ca2+ concentration small: 
Ca2+-ATPases and the Na+/Ca2+-exchanger in the plasma 
membrane remove Ca2+ from the cytosol by transport into 
the extracellular space and Ca2+-ATPases that take up Ca2+ 
into cytosolic Ca2+-stores further support by the activity of 
plasma membrane transporters. Increases in cytosolic free 
Ca2+ result from activation of ion channels in the Ca2+-
stores or/and in the plasma membrane. Plasma membrane 
channels can be voltage-dependent or voltage- indepen-
dent. Activation of voltage-dependent Ca2+ channels 

(L-type) increase intracellular free Ca2+ which in turns 
activate Ca2+-dependent K+ channels (maxiK) and termi-
nates the activity of the voltage-dependent Ca2+ channel. 
On the other hand, the activation of non-voltage- dependent 
Ca2+ channels (TRP) activates Ca2+-dependent K+ channel 
in the same way but this time it leads to an increase of the 
driving forces of Ca2+ into the cell and larger Ca2+ sig-
nals. Release of Ca2+ from cytosolic Ca2+ stores activates 
the Ca2+-conducting Orai channels via Stim-1 interac-
tion. Best-1 bestrophin-1, L-type L-type channels, IP3-R 
inositol-1,4,5-trisphosphate receptor, maxiK Ca2+-
dependent K+ channel of large conductance, NCX1 Na+/
Ca2+-exchanger-1, Orai Icrac channel, PMCA plasma 
membrane Ca2+-ATPase, SERCA sarcoplasmic Ca2+-
ATPase, Stim-1 stromal interacting molecule-1, TRP 
transient receptor potential Ca2+-conducting channel. 
From Strauss [92]
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becomes active by a decrease of the Ca2+ concen-
tration inside the Ca2+ store. Ca2+ channels can 
also be activated by changes in the membrane 
potential of the cell, mediated by G-proteins, ser-
ine/threonine or tyrosine protein kinases. Once a 
Ca2+ conducting ion channel is activated, the 
amount of Ca2+ that enters the cell depends on the 
electrochemical driving force.

Mechanisms of SOCE have been also described 
in the RPE.  Increasing intracellular IP3 concen-
tration leads to activation of Ca2+-dependent Cl 
channels via depletion of Ca2+ stores and genera-
tion of SOCE [95, 96]. This mechanism might be 
important for the regulation of transepithelial 
transport of Cl− across the RPE.  For SOCE 
involved ion channels, the RPE functionally 
expresses Orai-1 channels and stim-2 [97]. The 
Ca2+-dependent Cl channel bestrophin-1 seems to 
play an additional role in this mechanism. A pro-
portion of bestrophin-1 is expressed in the intra-
cellular membranes, those of cytosolic Ca2+ stores 
that are IP3 sensitive [97]. In bestrophin-1 knock-
out cells ATP- generated Ca2+ rises become either 
smaller or are completely diminished [98]. 
Bestrophin-1 knockdown by siRNA further 
reduced the amount of Ca2+ that can be released 
from cytosolic Ca2+ stores [97]. Thus bestrophin-1 
acts in cytosolic Ca2+ stores as Cl channel that 
transports the counter ion to facilitate movements 
of Ca2+ either in or out of the store.

An important regulator of the Ca2+ signals that 
result from Ca2+ influx into the cell is the mem-
brane potential. The more negative the membrane 
potential gets, the larger is the amplitude of the 
resulting Ca2+ signal [85]. On the other hand, 
many Ca2+ channels are voltage-dependent and 
activated by depolarization; Ca2+ signals become 
larger with more positive membrane potentials. 
Also, non-Ca2+ conducting ion channels that 
interact with Ca2+ conducting ion channels can 
determine the amplitude or duration of Ca2+ sig-
nals via the membrane potential. Ca2+-activated 
K+ channels hyperpolarize the membrane poten-
tial in response to an increase in intracellular Ca2+. 
In case the underlying Ca2+ signals result from 
voltage-dependent Ca2+ channels, activation of 
Ca2+-dependent K+ channels leads to termination 
of the Ca2+ signal. On the other hand, if the K+ 

channel activating Ca2+ signals results from volt-
age-independent Ca2+ channels, the hyperpolar-
ization leads to a further increase in the Ca2+ 
signal. As will be explained in more detail below, 
the RPE expresses voltage-dependent L-type Ca2+ 
channels and the Ca2+-dependent K+ channel 
maxiK [86, 99–106]. Their activity is closely 
linked to each other in the RPE.  Inhibition of 
maxiK channels by specific blockers leads to an 
increase in L-type channel activity [106]. Also for 
Ca2+ signaling mediated by L-type channels, 
bestrophin-1 acts as a regulator [53, 107–110]. 
Bestrophin-1 can directly bind to β-subunits of 
L-type channels and modulate their biophysical 
properties such as voltage-dependence or surface 
expression [107, 108, 110]. With bestrophin-1, 
the overall activity of L-type channels becomes 
smaller. Ca2+-dependent Cl channels can also 
interact with Ca2+ channels by modulation of the 
membrane voltage. Their effects, however, depend 
on the intracellular Cl− concentration that may 
vary from cell to cell or may even be heteroge-
neously distributed over the cell body. Considering 
the RPE, the intracellular Cl− concentration is 
with quite high (40–60 mM). Thus, in the RPE, 
activation of Cl channels leads to depolarization 
of the cell membrane and subsequent increase of 
Ca2+ conductance through voltage- dependent Ca2+ 
channels. Since both L-type channels and Ca2+-
dependent Cl channels localize to the basolateral 
membrane [49, 107] their interaction is likely but 
so far not investigated.

Summary: The RPE expresses a large variety 
of Ca2+ transporters and channels. Furthermore, 
the electrochemical gradients of K+ and Cl− per-
mit indirect regulation of Ca2+ transport mecha-
nisms via K+ and Cl channels. Their complex 
interplay results in the generation of very specific 
Ca2+ signals that in turn permit a precise regula-
tion of the different functions of the RPE by Ca2+ 
as second-messenger. In the following, Ca2+ con-
ducting ion channels and their contribution to 
regulation of RPE functions will be explained in 
detail.

 Secretion
The RPE is able to secrete a large variety of dif-
ferent growth-factors or cytokines [4, 111]. These 
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factors enable the RPE to interact with its neigh-
boring tissues: the photoreceptors at the apical 
side and the endothelium of the choriocapillaris 
and systemic immune cells at the basolateral 
side. Among these factors, VEGF-A (vascular- 
endothelial growth factor-A) [111–113] and 
PEDF (pigment-epithelium-derived factor) [114, 
115] are the most prominent ones. VEGF-A is 
secreted to the basolateral side of the RPE 
towards the endothelial cells of the choriocapil-
laris. This constant secretion is required to main-
tain the stability but also to maintain the 
fenestrated structure of choroidal endothelium 
[112]. On the other hand, PEDF is secreted to 

apical side of the RPE where it acts as a neuro-
trophic factor to maintain the structural and func-
tional integrity of photoreceptors and retinal 
neurons [114, 115]. As in many secreting tissues 
or in the presynaptic terminals, Ca2+ signaling 
regulates the exocytosis process and the secretion 
underlying changes in the gene expression. So 
far, two Ca2+ conducting ion channels were found 
to increase intracellular free Ca2+ to increase the 
release of VEGF-A (Fig. 4.4).

L-type Ca2+ channels: Originally, L-type 
channels were defined by their long-lasting cur-
rents and the fact that they are activated by a low- 
voltage; two properties that had given the “L” in 

Fig. 4.4 Regulation of secretion by the Ca2+ channels 
L-type and TRPV2. Increase in intracellular free Ca2+ rep-
resents the trigger for the release of VEGF-A from the 
RPE cell in to the extracellular space. The underlying Ca2+ 
signals are either generated by activation of L-type Ca2+ 
channels or TRPV2 channels. L-type channels are gener-
ally activated by tyrosine kinases. bFGF stimulates 
VEGF-A secretion by direct interaction of the bFGF 
receptor FGFR2 and the L-type channel protein that leads 
to phosphorylation of the L-type channel protein. IGF-1 
leads to increased VEGF-A secretion by activation of 

TRPV2 channels through activation of the PI3-kinase that 
in turn increases the TRPV2 channel activity and the sur-
face expression of the TRPV2 channel protein in the 
plasma membrane. bFGF basic fibroblast growth-factor 
or fibroblast growth-factor-2, FGFR2 receptor for fibro-
blast growth-factor 2, IGF1R receptor for insulin-like 
growth factor, L-type channel L-type voltage-dependent 
Ca2+ channel, PI3-k phosphoinosit-3-kinase, TRPV2 tran-
sient receptor potential channel—vanilloid subtype 2, 
VEGF-A vascular endothelial growth-factor-A
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L-type [116]. These channels belong to a family 
of four genes coding for the pore-forming 
α-subunit that define their biophysical/pharmaco-
logical properties: CaV1.1 (formerly α1S subunit) 
expressed mainly in the skeletal muscle, CaV1.2 
(formerly α1C subunit) expressed mainly in 
smooth-muscle cells and neurons, CaV1.3 (for-
merly the α1D subunit) expressed in neuroendo-
crine cells and the CaV1.4 subunit (formerly α1D) 
uniquely expressed in photoreceptor terminals 
[116]. Earliest investigations of ion channels in 
the RPE indicated the expression of L-type chan-
nels that was confirmed by many groups and for 
RPE cells of many species [86, 100, 102–104, 
117]. L-type channels of the RPE were identified 
as the CaV1.3 subunit [86, 100, 104] that is also 
expressed for example in neuroendocrine cells 
such as the β-cells of the pancreas. Thus, the 
L-type channels are good candidates for the regu-
lation of secretion by the RPE. The influence of 
L-type channels on cell function can be rather 
easily investigated by the use of substances that 
represent specific blockers, the dihydropyridine 
derivatives [116]. Indeed the basal secretion of 
VEGF-A depends on the activity of these chan-
nels as it can be shown by measuring the concen-
tration of VEGF-A in the supernatant of RPE 
cells in the presence of dihydropyridines [86, 
118, 119]. Also stimuli that increase the secretion 
of VEGF-A act partly via the activation of L-type 
channels in the RPE. For example, bFGF (basic 
fibroblast growth factor or fibroblast growth fac-
tor- 2) can increase intracellular free Ca2+ and 
VEGF-A secretion via the activation of L-type 
channels [120]. This occurs by a mechanism that 
involves the direct interaction of the L-type chan-
nel protein with bFGF-receptor FGFR2. The 
stimulation of FGFR2 in RPE cells leads to direct 
binding of FGFR2 to the CaV1.3 subunit which in 
turns lead to tyrosine-phosphorylation of the 
CaV1.3 subunit. This in turn shifts the voltage- 
dependence of these channels and the activation 
threshold closer towards the resting potential of 
RPE cells that increase its activity and intracel-
lular free Ca2+ [120]. Both tyrosine-kinase and 
L-type channel inhibition lead to a reduction of 
the bFGF stimulated VEGF-A secretion. The 
shift in the voltage-dependence by tyrosine- 

phosphorylation represents an important mecha-
nism for the regulation of L-type channel activity 
in the RPE. Tyrosine-kinase activity by the src- 
kinase is required to maintain the basic activity 
[100]. Without the constant phosphorylation, the 
channel shows a quick run-down of its activity. 
This regulation of the activity of L-type channels 
and subsequently the VEGF-A secretion might 
also play a role in the development of choroidal 
neovascularization (CNV), the most severe com-
plication of wet AMD. Investigation of ion chan-
nels in RPE cells that were freshly isolated from 
CNV membranes indicated different kinetic 
properties and higher activity [121]. Indeed these 
cells showed a higher VEGF-A secretion that was 
dependent on the activity of L-type channels. 
Thus, it was concluded that an environment of 
growth-factors and extracellular matrix proteins 
might lead to higher tyrosine-phosphorylation 
activity and therefore L-type channel activity 
leading to higher secretion rates. Not only might 
the control of the angiogenic activity in the outer 
retina by the RPE be under influence of L-type 
channel-dependent secretion. The control of local 
immune responses by the RPE to maintain the 
immune privilege of the eye depends also on the 
secretion of immune suppressive factors by the 
RPE.  Since L-type channels of CaV1.3 subtype 
that are prominent regulators of secretion are 
expressed in the RPE these Ca2+ channels might 
be also involved in that function. Indeed comple-
ment signaling at the RPE is supporting this 
hypothesis [122, 123]. Exposure of RPE cells to 
active complement components increases intra-
cellular free Ca2+ as second messenger by activa-
tion of endogenously expressed ion channels. 
Although this has not been investigated in detail, 
it appears that activation of L-type channels via 
ryanodine-receptors plays an important role. 
Exposure of RPE cells to human serum as source 
of complement leads to an increase in intracellu-
lar free Ca2+ that can be blocked by dihydropyri-
dines. Analysis of complement-driven secretion 
of VEGF-A shows that complement-dependent 
activation of L-type channels represents a major 
pathway and stimulates secretion [124–126].

TRPV2 channels: The human body expresses 
a large variety of Ca2+- conducting ion channels 
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of the TRP (transient receptor potential) channel 
family [127]. These TRP channels are multi-
modal channels by their activation mechanisms 
and are involved in signal transduction in sensory 
cells or regulate a plethora of different cells func-
tions. In addition, the RPE expresses a variety of 
TRP channels, among them the TRPV2 channel 
(TRP-vanilloid subtype-2) [128–130]. In the 
RPE it serves to increase intracellular free Ca2+ in 
response to a variety of extracellular stimuli. For 
example the activation of angiotensin-2-receptors 
of the subtype 1 (AT1) generate Ca2+ signals via 
activation of TRPV2 channels via a signaling 
cascade that requires the activation of phospholi-
pase- C, the generation of inositol-1,4,5- 
trisphosphate and activation of PI3-kinase 
(phosphoinosit-3-kinase) [128]. The same path-
way activates TRPV2 channels in response to 
stimulation of RPE cells by IGF-1 (insulin- 
growth- factor-1) [129, 130]. IGF-1 leads not only 
to an increase of the channel activity per se but 
also to an increase in the number TRPV2 channel 
proteins in the RPE plasma membrane [130]. 
Interestingly, IGF-1 is a strong activator of the 
VEGF-A secretion by the RPE.  In fact, the 
potency of IGF-1 to stimulate the VEGF-A secre-
tion is larger than that by bFGF. Using blockers 
or siRNA approaches against TRPV2 it could be 
demonstrated that indeed the IGF-1-dependent 
activation of TRPV2 leads to an increased release 
of VEGF-A by RPE cells [129]. TRPV2 seems 
also to have an impact in retinal degenerations by 
its activation mechanisms. First, IGF-1 signaling 
might be an important player in the patho- 
mechanisms leading to age-related macular 
degeneration [131–134]. IGF-1 expression in 
photoreceptors is upregulated in eyes from 
patients with age-related macular degeneration 
but not in age-matched controls [132]. Since the 
RPE expresses IGF-1 receptors, it is implied that 
IGF-1 secretion by photoreceptors gives a signal 
to the RPE.  Since IGF-1 can activate VEGF-A 
secretion via TRPV2 activation this signal from 
the photoreceptors might be one of the triggers 
for the development of CNV.  Second, TRPV2 
channels are heat-sensitive [129]. This property 
might not be the physiological role of TRPV2 
channels in the RPE because they are mainly 

involved in AngII or IGF-1 signaling. However, 
the heat-sensitivity implies an explanation for the 
therapeutic effects of laser treatments in the outer 
retina. RPE cells that are not directly exposed to 
the laser beam but are in the close neighborhood 
are heated up enough to activate TRPV2 chan-
nels. This in turn might provoke the secretion of 
growth-factors such as VEGF-A or cytokines. 
This might be even more effective in the pro- 
angiogenic environment in age-related macular 
degeneration. Here the presence of IGF-1 would 
increase the number of TRPV2 channels in the 
RPE plasma membrane and the heat pulse will 
affect the RPE function much stronger.

Summary: The RPE’s expression of Ca2+-
conducting ion channels is that of a secreting 
cell. So far, two Ca2+-conducting ion channels 
have been reported to regulate the secretion of 
VEGF-A, L-type channel CaV1.3 and TRPV2. 
These channels are activated by different signal-
ing pathways and link therefore the VEGF-A 
secretion to different specialized extracellular 
stimuli.

 Epithelial Transport
The basic mechanism of epithelial transport and 
the involvement of ion channels is described 
above. A key-role in the transepithelial transport 
of Cl− across the RPE plays the Cl− conductance 
of the basolateral membrane. An increase in the 
basolateral Cl− conductance increases the tran-
sepithelial transport. Thus, the regulation of 
basolateral Cl channels provides the most impor-
tant control of the transepithelial transport. This 
task might be dependent on the activity of the 
Ca2+-dependent Cl channel anoctamin-2 (see 
above). The Ca2+-signaling that controls Ca2+-
dependent Cl channels of the RPE involves 
release of Ca2+ from cytosolic Ca2+ stores and 
Ca2+ channels. Indeed direct intracellular applica-
tion of IP3 in a patch-clamp experiment via the 
recording pipette leads to activation of Ca2+-
dependent Cl channels in RPE cells by both Ca2+ 
from intracellular stores and SOCE [95, 96]. This 
might be the underlying mechanism how extra-
cellular ATP increases transepithelial transport of 
Cl− across the RPE [45, 46]. ATP binds to P2Y 
receptors that in turn lead to releases of Ca2+ from 
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cytosolic Ca2+ stores. The ion channel that pro-
vides the Ca2+ influx into cell to generate longer 
lasting signals is not known. It might by the 
L-type Ca2+ channel because its voltage- 
dependence can be changed by intracellular IP3 
application towards higher ion channel activity 
[135]. This in turn leads to an increase in cyto-
solic free Ca2+. Measurements of the DC-ERG in 
mice that correspond with the electro-oculogram 
in humans [136] support this hypothesis in vivo 
[3, 53]. These recordings measure the amplitude 
of the so-called light rise that results from a more 
negative potential between the cornea and the 
posterior pole of the eye [136]. This potential is 
determined from the Cl− efflux across the baso-
lateral membrane of the RPE [32, 33, 52, 137] 
(Fig.  4.2). The DC-ERG in L-type channel 
CaV1.3 knockout mice shows a smaller amplitude 
than that of the wild-type littermates [138]. Thus, 
the activity of L-type channels is required to 
increase the basolateral Cl− conductance. Another 
regulator of the basolateral Cl− conductance is 
bestrophin-1 [53, 54, 109, 139]. It can directly 
interact with the L-type channel protein and 
reduce the L-type channel activity [107, 108, 
110]. Furthermore, bestrophin-1 interferes with 
the Ca2+ homeostasis of intracellular Ca2+ stores 
that in turn mediates the regulation of transepi-
thelial Cl− transport [97, 98, 140]. Again, mea-
surements of the DC-ERG in mice might support 
this hypothesis. The light-rise becomes larger in 
bestrophin-1 knockout mice compared to the 
wild-type littermates [53]. Considering bestro-
phin- 1 being an inhibitor of the L-type channels, 
then the loss of bestrophin-1 leads to higher 
activity and stronger activation of transepithelial 
transport of Cl−. Since a decreased light-rise in 
the electro-oculogram represents the hallmark for 
the diagnosis of Best’s vitelliforme macular dys-
trophy that is caused by mutations in the gene of 
bestrophin-1, these mechanisms might play a role 
in degenerative diseases of the macula [47, 48]. 
However, the precise patho-mechanisms are not 
yet understood.

Summary: Together with CFTR the Ca2+-
dependent Cl channel anoctamin-2 is a regulator 
of transepithelial Cl− transport. The underlying 
regulation Ca2+ signaling involves the activation 

of purinergic receptors, release of Ca2+ from 
cytosolic stores and SOCE. Ion channels that are 
involved in the regulation of transepithelial trans-
port are likely bestrophin-1 and L-type channels.

 Phagocytosis
One of the most important function of the RPE is 
its involvement in the daily regeneration of the 
photoreceptor outer segments [1, 2, 4, 141]. New 
outer segments are formed from the base of the 
photoreceptor cilium and the destroyed tips are 
phagocytosed by the RPE. This process is regu-
lated in a circadian manner and takes place in the 
morning after opening of the eyes [142, 143]. Ion 
channels are directly involved in this process by 
contributing to the required volume regulation 
(Fig. 4.5). Here bestrophin-1 might be the most 
important ion channel [65, 66]. The ability of the 
RPE to increase the Cl− conductance in response 
to volume increase depends on the presence of 
bestrophin-1. The role of bestrophin-1 might be 
either the formation of the volume-dependent Cl 
channel or the contribution to regulate volume- 
dependent Cl channels. The exact mechanism is 
not clear but the hypothesis that bestrophin-1 
forms the volume-activated Cl channel seems to 
be in favor.

Ionic mechanisms probably regulate the inter-
action between the photoreceptors and the RPE 
in this process. An important role might play 
ATP-dependent signaling via purinergic recep-
tors and the release of ATP from the RPE serving 
for autocrine and paracrine stimulation [144–
146]. Here, the activation of P2Y receptors in 
particular plays the most important role. The 
intracellular effects in the RPE are the regulation 
and preparation of the lysosomal system to estab-
lish the requirements for digestion of phagocy-
tosed material. As described above ion channels 
contribute directly in P2Y signaling such as 
Ano2. In this process, the Cl− channel CFTR has 
the double role to participate the process of ATP 
release by the RPE [147] and in the establishment 
of an acidic pH in lysosomes [148].

Another role of ion channels in the regulation 
of phagocytosis might be the control of the circa-
dian rhythm of the phagocytosis [99] (Fig. 4.5). 
Analysis of the phagocytosis of maxiK knockout 
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mice shows an earlier rise of the phagocytic 
activity in the morning [99]. On the other hand, 
CaV1.3 knockout mice display a smaller peak of 
phagocytic activity in the morning but a higher 
resting activity in the afternoon [99]. Interestingly, 
the CaV1.3 mRNA expression varies over time. It 
is higher in the afternoon compared to the morn-
ing meaning that a lower CaV’1.3 activity is 
required for the increase in phagocytic activity in 

the morning. Studies about the role of integrins in 
the regulation of phagocytosis might provide a 
mechanistic link for this hypothesis. αVβ5 integ-
rin knockout mice show a loss of circadian 
rhythm of phagocytosis that is characterized by 
the absence of the morning peak and increased 
activity during the day [149]. In vitro studies 
showed that soluble vitronectin is a ligand of αV-
integrin inhibits the activity of L-type channels 

Fig. 4.5 Potential role of ion channels in the regulation of 
phagocytosis. Role of direct activation: Activation of 
MerTK probably by Gas6 represents one of the most 
important trigger for the uptake of photoreceptor outer seg-
ments. Since MerTK activation leads to generation of IP3 
it is likely that activation of IP3-receptor ion channels in 
cytosolic Ca2+ stores is involved in the process. Volume 
regulation: uptake of large amounts of phagocytosed mate-
rial requires an efficient volume regulation. The underly-
ing volume-regulatory increase in the membrane 
conductance provides bestrophin-1 either directly as ion 

channel or as regulator of volume-activated ion channels. 
Circadian rhythm: Knockout mice indicate that L-type 
channels and Ca2+-dependent maxiK channels contribute 
to the circadian regulation of phagocytosis. L-type chan-
nels might activated by αVβ5 integrins and regulated by 
bestrophin-1. A possible but unproven involvement comes 
from the ATP receptor P2X which is a ligand gated Ca2+ 
channel. Gas6 Growth-arrest-specific gene-6, IP3 inosi-
tol-1,4,5-trisphosphate, L-type channel L-type voltage- 
dependent Ca2+ channel, MerTK tyrosine kinase Mer, PKC 
protein kinase-C, P2X purinergic receptor 2X
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in the RPE via src- kinase- dependent phosphory-
lation [150]. However, the exact mechanism 
needs further clarification. The role of ATP sig-
naling at the RPE might imply the participation 
of another ion channel, the P2X receptor. The 
P2X receptor is an ATP-gated ion channel that 
conducts Ca2+ and is expressed by the RPE [151]. 
If ATP signaling is required for phagocytosis 
then Ca2+ signals evoked by stimulation of P2X 
receptors might play a role in the ionic mecha-
nisms that control phagocytosis.

The interaction of bestrophin-1 and CaV1.3 
Ca2+ channels and the observation that these two 
proteins are likely involved in phagocytosis pos-
sibly identify a function of the RPE that might be 
disturbed in the development of Best’s vitelli-
forme macular degeneration [99]. It might be that 
a disturbed regulation of phagocytosis leads to 
the accumulation of lipofuscin in the RPE and to 
retinal degeneration.

Summary: The role of ion channels in phago-
cytosis is less understood. There might be a direct 
contribution by volume regulation and an indirect 
contribution by regulation of the circadian rhythm 
of phagocytosis.

 Summary

Activation or deactivation of ion channels permit 
or regulate almost every function of cells. 
Analysis of the RPE in vivo and in vitro revealed 
a large variety of ion channels expressed in the 
RPE. The profile of this ion channel expression 
is tailor-made to participate in the RPE functions 
K+ homeostasis in the RPE surrounding environ-
ment, transepithelial transport of water driven by 
transport of Cl− ions, secretion and phagocyto-
sis. The analysis how these ion channels contrib-
ute to RPE function does not only permit a better 
understanding of these functions including new 
insights but helps also to decipher new patho-
mechanisms that lead to retinal degeneration. 
The analysis of ion channels of the RPE in rela-
tion to their functional role will help to under-
stand RPE function and probably lead to new 
targets to treat disease.
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RPE and the Vascular Endothelial 
Growth Factor

Alexa Karina Klettner

 Vascular Endothelial Growth Factor

The Vascular endothelial growth factor (VEGF) 
family consists of several members, such as 
VEGF-A–F and placental growth factor [1], but 
only VEGF-A will be covered in this chapter and 
hitherto referred to as VEGF.  VEGF, originally 
identified in 1983 (then termed Vascular 
Permeability Factor) [2] and cloned in 1989 [3, 
4], is considered the most important angiogenic 
growth factor in angiogenesis [5]. Early studies 
concerning VEGF showed its importance for the 
vascularization of the developing embryo, as 
even the loss of a single allele of VEGF is lethal 
[6, 7]. The VEGF gene consists of eight exons 
and seven introns and several isoforms exit due to 
alternative splicing (and enzymatic cleavage). 
The isoforms are designated by the number of 
amino acids they contain, the most abundant 
being VEGF121, VEGF165, VEGF186 and VEGF206 
[8]. Of note, several other isoforms have been 
described [9]. The isoforms differ in their solubil-
ity and their ability to bind to heparan sulfate pro-
teoglycans (HS) and the VEGF co-receptor 
neuropilin. While VEGF165 has an intermediate 
solubility, the longer isoforms are sequestered to 
the extracellular matrix and can be cleaved by 

plasmin or matrix metalloproteases, resulting in 
short isoforms like VEGF111 or VEGF113 [10]. In 
addition, inhibitory isoforms of VEGF have been 
described, VEGFxxxb, which are additionally 
alternatively spliced in exon 8 [9].

VEGF expression is tightly regulated on sev-
eral levels (Fig.  5.1). Depending on cell type, 
VEGF can for example be induced by hypoxia, 
which is the major inducing factor [11], oxidative 
stress or cytokines [12–14]. In addition, auto-
crine regulation has been suggested [15–17]. The 
different regulation pathways are dependent on 
the stimulus, and differences can be found 
between constitutive and induced expression (see 
below). On a transcriptional level, the VEGF pro-
motor region is special, as it does not contain a 
TATA box as an initiation recognition sequence, 
but a GC-rich region. In addition, the 5′UTR 
region is very long with various promotor bind-
ing sites, including but not limited to SP-1, AP-1, 
AP-2, Stat3, NFkB or Hypoxia inducible factor 
(HIF) 1α [8, 18, 19]. In addition to the canonical 
pathway, mediated by eukaryotic initiation fac-
tor, VEGF translation can be mediated by inter-
nal ribosome binding sites (IRES), which enables 
ribosomes to translate independently of the 
7-methyguanosine cap and eukaryotic initiation 
factor, allowing e.g. translation under hypoxic 
conditions [20, 21]. Post-transcriptionally, VEGF 
is regulated via its mRNA half-life. Due to insta-
bility elements, VEGF is predisposed to mRNA 
degradation by endonucleases. Under hypoxic 
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conditions, however, the mRNA is stabilized by 
the RNA-binding protein HuR, protecting the 
mRNA from degradation [22–24]. Finally, VEGF 
secretion is regulated in the endoplasmic reticu-
lum and the Golgi apparatus, with chaperones 
like ORP1 50 and αB-cystallin involved [25–27]. 
Important factors in the signal transduction of 
VEGF regulation are the Mitogen activated pro-
tein kinases (MAPK) p38, extracellular signal- 
regulated kinase (ERK) 1/2 and c-Jun N-terminal 
kinases (JNK) [17, 28].

In order to exert its function, VEGF binds to 
its receptors, VEGFR-1 and VEGFR-2. In addi-
tion, neuropilins act as co-receptors. VEGFR-1 
has a higher affinity for VEGF than VEGFR-2, 
but its signal transduction activity is considered 
to be weaker [29]. The role of VEGFR-1 is not 
conclusive, but generally considered to be a neg-
ative regulator of angiogenesis, though not exclu-
sively [30]. The main receptor for the angiogenic 
properties of VEGF is VEGFR-2. Binding of 
VEGF leads to a dimerization of the receptor, 
which, in turn, results in the phosphorylation of 
specific tyrosine residues. The specific phosphor-
ylation patterns depend on the VEGF isoform, 
leading differential cellular responses [31]. Both 
receptor are expressed in the outer retina, with 
VEGFR-1 shown to be expressed on the inner 
segments of photoreceptors and the inner chorio-
capillaries, while VEGFR-2 is expressed on the 
retinal pigment epithelium (RPE) and the endo-
thelium of the choriocapillaris on the side facing 
the RPE [32–35]. Neuropilins, on the other hand, 
are transmembrane glycoproteins lacking intra-
cellular activity, considered to be co-receptors to 
modulate VEGF receptor response. These may be 
connected to internalization of the receptor 
[36–38].

 RPE Derived VEGF Function 
in the Healthy Retina

VEGF can be produced by many different cells of 
the eye, such as Müller cells, astrocytes, and even 
neuronal cells, but the RPE is considered the 
major source of VEGF of the outer retina [39]. 
RPE cells secrete high amounts of VEGF, with 

VEGF165 being the most abundant, followed by 
VEGF121 and, to a much lesser extent, VEGF189 
[40–43].

 Development

While VEGF is a major factor in the development 
of the retinal vasculature and also in the develop-
ment of the neuroretina, the source of the VEGF 
is not considered to be the RPE, but rather astro-
cytes and Müller cells [44–47]. Nevertheless, the 
RPE has been shown to be important for the 
development of the neuroretina [48]. For the 
development of choroid, on the other hand, the 
RPE as a source of VEGF is indispensable [49, 
50]. Indeed, ablation of VEGF expression in the 
RPE results in a complete absence of the chorio-
capillaris and a consequent loss of visual func-
tion [49]. The expression of VEGF in the RPE 
correlates with the proliferation activity in the 
choroid, while VEGF mRNA is only found in the 
RPE, but not in the choroid, while the VEGF pro-
tein is found in the RPE as well as in choroidal 
vascular endothelial cells, suggesting a paracrine 
effect of the VEGF [51, 52]. In concordance, 
VEGFR-2 is expressed in the vascular endothe-
lium but not in RPE cells at this developmental 
stage, where it develops postnatally [42, 47, 53, 
54]. Indeed, loss of RPE derived VEGF at 
embryonic day 10–12 but not 16–18 displayed 
defects on the choroidal vasculature in mice, 
stressing the time-dependent requirement of 
RPE-derived VEGF in choroidal development 
[55]. Furthermore, during this time window, a 
loss of photoreceptor function can be observed. 
Of note, the developmental expression of VEGF 
by the RPE in the course of choroidal develop-
ment is not dependent on the transcription factor 
HIF1α [49].

 Adult Retina

A major role for RPE derived VEGF is the main-
tenance of the choriocapillaris. The photorecep-
tors have a high demand for oxygen and nutrients, 
which is applied to them by the choriocapillaris. 
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The endothelium of the choriocapillaris is fenes-
trated and highly permeable for nutrients and 
other low molecular weight proteins [56]. RPE 
cells protect choroidal vascular endothelial cells 
and preserve the capillary fenestration, with 
VEGF being the major factor for this function 
[57]. RPE cells secrete VEGF predominantly on 
the basal side (while there also apical secretion) 
[12, 32, 58], and the adjacent endothelial express 
VEGFR-2 on the side facing the RPE [32, 42]. If 
VEGF from the RPE is inhibited, either by anti- 
VEGF compounds or conditional knock-down of 
RPE-specific VEGF, the fenestration disappears 
and an atrophy of the choriocapillaris may follow 
[59–61]. Of note, soluble VEGF is needed, as 
mice expressing only VEGF188 develop an atro-
phy of the choriocapillaris over time, followed by 
photoreceptor cell death [57]. Indeed, VEGF has 
been shown to protect endothelial cells from a 
variety of insults, such as starvation or oxidative 
stress [62, 63]. VEGF may even be indispensable 
for adult vision, as a RPE-specific knock-out of 
VEGF in the adult mice results in a rapid vision 
loss, dysfunction of cone photoreceptors and 
ablation of the choriocapillaris [59]. Indeed, 
VEGF has been shown to be directly protective 
on neuronal cells of the retina, such as ganglion 
cells or photoreceptors [35, 64–66]. RPE derived 
VEGF also exerts autocrine function. Adult RPE 
cells express VEGFR-2 [42] and VEGF may be 

involved in RPE proliferation and migration 
[67–69]. In addition, VEGF can act as a survival 
factor for RPE cells, protecting them from oxida-
tive stress (Fig. 5.2). The protection is mediated 
via VEGFR-2 signaling and involves phosphati-
dylinositol 3 kinase (PI3K) and Akt activation 
[33]. Indeed, long term treatment with anti- 
VEGF can change the ultrastructure of the RPE 
in vivo, such as reduced microvilli, reduction of 
melanin granules, or reduced basal infoldings 
[49, 53]. The question whether long-term inhibi-
tion of VEGF induce direct damage and cell 
death in RPE cells is under debate, with increased 
apoptosis being found but no general decreased 
cell viability seen for long-term treatment in vitro 
[53, 70]. VEGF inhibition seems to induce tran-
sient damage in RPE [53]. Also, in our hands, 
long term treatment with anti-VEGF did not 
change the ultrastructure of mitochondria or 
induced premature aging in the cells [70]. Also, 
care has to be taken when interpreting results 
obtained with anti-VEGF compounds, as their 
effects may be unrelated to their anti-VEGF 
properties. For example, anti-VEGF compounds 
bevacizumab and aflibercept have been shown to 
reduce phagocytic ability of RPE cells, but this 
may be related more to their Fc-fragment than to 
their anti-VEGF binding abilities [68, 69, 71].

An important function of the RPE is its barrier 
properties [72]. The exact influence of VEGF on 

Fig. 5.2 The RPE constitutively secretes VEGF in apical 
and basal direction. Apical RPE-derived VEGF protects 
the photoreceptors and the RPE, while basally secreted 

VEGF upholds the fenestration and protects the endothe-
lial cells of the choriocapillaris
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the permeability of RPE cells in under debate, as 
the literature is conflicting. VEGF has been 
described to tighten the barrier of the RPE cells 
[73], e.g. via regulation of tight junction protein 
expression [74], to have no effect [75] as well as to 
break the RPE cell barrier [76, 77]. Recently, a 
role of VEGF in complement regulation in the 
RPE has been proposed, as VEGF has been shown 
to increase complement factor H (CFH) and CD46 
expression in the RPE, while, conversely, VEGF 
inhibition reduced their expression, and, more-
over, resulted in an increased C3d deposits [78].

While the effects of long-term deletion of 
VEGF on the retina is under debate [53, 59, 79], 
the loss of the physiological functions VEGF 
may be one of the causes of the atrophy develop-
ment found after long-term use of anti-VEGF 
therapy in many AMD patients [80].

 RPE Derived VEGF in the Diseased 
Retina

VEGF is a major pathological factor in a series of 
retinal diseases, such as diabetic retinopathy and 
age-related macular degeneration [81], but also 
retinopathy of prematurity, retinal vein occlu-
sion, and others [82, 83]. RPE cells in close con-
nections to choroidal neovascularization express 
high levels of VEGF [84, 85] and proliferative 
RPE cells displaying elevated VEGF expression 
are seen in subretinal vascular membrane of 
AMD patients [86]. Overproduction of VEGF by 
RPE cells in transgenic mice can lead to new 
blood vessel formation in the choroid, strongly 
indicating the importance for RPE derived VEGF 
for the development of choroidal neovasculariza-
tions [87, 88]. However, it should be noted that 
increased VEGF alone may not be enough to 
induce pathology, and further factors and disrup-
tion of the RPE or the Bruch’s membrane may be 
needed [87, 89]. Concerning diabetic retinopa-
thy, Müller cells are considered the main source 
of pathologic VEGF [90]. However, some studies 
indicate that VEGF derived from the RPE may 
also contribute to the barrier dysfunction in dia-
betic macular edema [91, 92] and directly reduce 
the fluid resorption capacity in RPE cells [93].

While VEGF is generally considered a survival 
factor for the RPE and the retina and important if 
not vital for its function (see above) [33, 59], there 
are some studies that claim a deleterious effect of 
increased VEGF on cells of the retina, indicating a 
pathological role of VEGF not only in exudative, 
but also atrophic age-related macular degenera-
tion. In mice, overexpression of VEGF can result 
in an RPE barrier breakdown and accumulation of 
macrophages [76]. These barrier breakdowns may 
also serve as entry points for neovascularizations. 
RPE degenerations can be seen in these VEGF 
overexpressing mice, with increased retinal atro-
phy, correlating with visual cycle defects and 
reduced rhodopsin contents [76]. Similarly, in 
light induced retinal injury, VEGF is has been 
indicated to be involved in barrier breakdown and 
secondary photoreceptor degeneration [77]. 
Furthermore, VEGF overexpression activated 
inflammasomes, which mediated photoreceptor 
degeneration in these mice [94].

 Regulation of VEGF in the RPE

The RPE is a major source of VEGF and VEGF is 
constitutively secreted by the RPE [32]. On a 
developmental level, the major factor for RPE dif-
ferentiation is Microphthalmia-associated tran-
scription factor (MITF) [95]. MITF also participates 
in the expression of VEGF in the RPE [96], and 
VEGF expression and secretion is considered a dif-
ferentiation marker of RPE cells [96, 97]. In addi-
tion, the secretion of VEGF by the RPE is polarized, 
with a higher amount of VEGF secreted to basal, as 
compared to the apical side [32, 58]. As described 
above, the regulation of VEGF is regulated on 
many levels and this regulation is dependent on the 
stimulus. As RPE cells constitutively express 
VEGF, different pathways are involved in physio-
logical and induced VEGF secretion (Fig. 5.3).

 Constitutive VEGF

The constitutive expression of VEGF in the RPE 
is mainly mediated by the transcription factor 
NFkB and, to a lesser extent, the transcription 
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factor SP-1, while neither HIF1α nor Stat3 are 
involved [17]. Considering signal transduction 
pathways, we could show that p38 partly medi-
ated the constitutive expression of 
VEGF.  Interestingly, p38 pathways seem to be 
independent from the transcription factor NFkB, 
as an inhibition of both abolished VEGF secre-
tion in our model system [17]. Furthermore, p38 
was involved primarily in the secretion on the 
basal, not the apical side, while the transcription 
factors NFkB and SP-1 influenced basal as well 
as apical secretion [58]. In addition, there seems 
to be a positive autoregulatory mechanism to 
constitutive VEGF secretion in the RPE as the 
inhibition of the VEGFR-2 reduces VEGF secre-
tion [17], mainly at the apical side [58]. This 
mechanisms may explain why several VEGF 
inhibitors, which act by impeding VEGF binding 
to their receptor, actually reduce VEGF expres-
sion in the RPE, as shown for bevacizumab, 
ranibizumab and fucoidan [16, 98]. The signal 
transduction pathway in VEGFR-2 regulated 
VEGF secretion is mediated via PI3K, and not 
via phosphokinase C (PKC) [17]. Interestingly, 
the protective effect of VEGF has been described 
to be mediated by VEGFR-2 and PI3K [66]. 
Constitutive VEGF expression has also been 

shown to be regulated by of L-type, high-voltage 
activated Ca2+ channels in the RPE [99]. These 
channels may also be involved in hyperthermia 
and IGF-1 mediated VEGF upregulation (see 
below) [100].

 Hypoxia

The primary stimulus for VEGF upregulation is 
hypoxia [43, 101]. Experimentally, hypoxia can 
be generated via low oxygen pressure or chemi-
cally via cobalt chloride. Cobalt chloride 
increases VEGF expression in the RPE [102]. 
Hypoxia-induced elevation of VEGF is mediated 
via activation and translocation of the transcrip-
tion factors HIF1α (via PI3K/Akt) and NFkB, 
and the p38 MAPK pathway [103–105]. HIF1α 
is the major transcription factor for hypoxia-
related genes and also involved in hyperglycemic 
VEGF regulation. Of interest, VEGF and HIF1α 
are regulated by a common set of MicroRNAs 
(miRNAs) which bind to the 3′UTR of both 
genes, resulting in a cross-talk between VEGF 
and HIF1α, with one gene positively regulating 
the other [106]. miRNAs are noncoding RNA 
molecules that affect the stability and translation 

Fig. 5.3 Selected pathways of VEGF regulation in the 
RPE. While constitutive VEGF regulation in the RPE may 
be mediated by the transcription factors SP-1 and NFkB, 
Calcium channels, PI3K, the MAPK p38 (basal) and auto-
crine VEGFR-2 activation (apical) (all green), different 
stimuli can induce VEGF via several transcription factors, 
such as ATF4, Stat3 or HIF1α, via different kinases such 

as CK2, JNK, ERK1/2, Src or PKC, Calcium influx and 
downregulation of mRNA destabilizers such as Zfp39 (all 
red). Please note that these pathways are exemplary and 
that pathways involved in physiologic regulation may also 
contribute to pathologic elevation. For more specific 
information please refer to the text
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of mRNA by binding to a specific miRNA 
response element [107]. In addition, hypoxia 
upregulates VEGF via the Wnt/β-catenin path-
way, most likely via the T cell factor (TCF)-4 
binding element, and via hypoxia-induced tissue 
factor [14]. Also, dsRNA-activated protein kinase 
(PKR) has been implicated in hypoxia mediated 
VEGF expression, via the PI3K/Akt signaling 
pathway [108]. Furthermore, CXC-chemokine 
receptor 4 (CXCR4) has been implicated, most 
likely downstream of NFkB [109]. Additionally, 
PKC has been shown to take part in hypoxia 
mediated VEGF upregulation [110]. In a recent 
study, C9 mRNA was shown to induce VEGF in 
hypoxia, while the C9 protein inhibited it, sug-
gesting a direct regulatory effect of the C9 mRNA 
[111].

 Oxidative Stress and Hyperglycemia

Oxidative stress is an important stimulus for 
VEGF secretion in the RPE [12, 112]. 
Interestingly, in polarized RPE cells the secretion 
of VEGF seems to be more strongly induced on 
the apical side, indicating a protective effect 
directed towards the photoreceptors [12]. Both 
oxidative stress and hyperglycemia can induce a 
secretion of VEGF in exosomes [113] which is in 
concordance with the release of the anti-VEGF 
therapeutic in exosomes [114]. In oxidative stress 
induced VEGF upregulation, the MAPK ERK1/2 
is involved in short term VEGF upregulation 
[115, 116]. In addition, NFkB has been impli-
cated in oxidative stress induced VEGF upregula-
tion [113, 117]. Oxidized phospholipids, which 
accumulate in the RPE in the aged eye, also stim-
ulate VEGF expression in RPE cells. This is 
mediated by the transcription factor ATF4 via the 
protein kinase CK2 [118]. ATF4 is a contributor 
of the unfolded protein response, a form of endo-
plasmic reticulum (ER) stress response, which 
aims to restore ER homeostasis when the protein 
load is too high and the protein folding in the ER 
is disturbed [119]. ER stress has been shown to 
induce VEGF in the RPE via the transcription 
factor OASIS [120]. Furthermore, VEGF- 

induction by amyloid β [121] has been described 
to be mediated by ER stress [122]. Amyloid β 
induced upregulation of VEGF may be connected 
to mitochondrial reactive oxygen species, and to 
the activation of TLR-4 (see below) [123, 124]. 
Receptor for advanced glycation end products 
(RAGE) can act as a receptor for amyloid β, and 
RAGE-mediated VEGF upregulation is NFkB 
dependent [125].

VEGF is an important pathological factor in 
the diabetic retina. Indeed, high glucose has been 
described to increase the release of VEGF from 
retinal pigment epithelial cells [113, 126, 127]. 
Interestingly, also a sharp drop of glucose con-
centration may induce VEGF secretion [127]. 
The transcription factors HIF1α, NFkB and Stat3 
have been indicated to be involved in VEGF 
increase after high glucose insult [110, 128, 129]. 
Also, PKC seems to take part in VEGF regulation 
after in high glucose [110]. The increase may be 
related to an oxidative stress challenge of these 
cells as high glucose content of the cell medium 
may lead to an elevated production of ROS [113]. 
The insulin-like growth factor (IGF)-1 is an 
inducer of VEGF in the RPE [130]. This can be 
inhibited by somatostatin [131]. The upregula-
tion is mediated via Ca2+channels [100], HIF1α 
[132] and the MAPK ERK1/2 [133]. Insulin 
itself also elevates VEGF transcription [134].

 Inflammation

VEGF is also involved in inflammation. In order 
to detect pathogen associated molecular patterns 
(PAMPs) or danger associated molecular patters 
(DAMPs), RPE cells express Toll-like receptors 
(TLR) [135]. TLR are central for pathogen detec-
tion in innate immunity. Activation of TLR 
induces the expression and secretion of pro- 
inflammatory cytokines to induce inflammatory 
reaction and to augment the activation of the 
adaptive immune system. Among the TLR, TLR-2 
detects peptidoglycan of gram positive bacteria, 
TLR-3 is able to detected double stranded RNA, 
which is a hallmark of certain viruses, and TLR-4 
senses lipopolysaccharide which is found on 
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gram-negative bacteria [136, 137]. RPE cells 
express moderate levels of TLR- 2, and its activa-
tion by Chlamydia pneumoniae induces a VEGF 
response in RPE cells [138]. RPE cells abundantly 
express TLR-3, and the activation of the receptor 
induces a pro- inflammatory cytokine release in 
these cells [139], including VEGF [140]. MAPK 
did not participate in the regulation of VEGF in 
this setting. Also, the activation of TLR-4 has 
been shown to induce the secretion of VEGF, via 
NFkB [123]. Also, cytokines can induce VEGF 
secretion in RPE cells, as shown for Tumor necro-
sis factor (TNF) α [14]. This pathway may be cor-
related to oxidative stress-induced VEGF increase 
and may be mediated via Wnt/β-catenin [14]. Of 
interest, NFkB was not involved in this particular 
upregulation [14]. The influence of TNFα, how-
ever, may be related to the differentiation of the 
cells, as another study showed that the increase 
was only seen in non-polarized cells, while in 
polarized cells, VEGF secretion was, conversely, 
reduced by TNFα [141].

The cytokine transforming growth factor 
(TGF) β, on the other hand, is considered to be 
immunoregulatory in the retina [142] and pro- 
angiogenic, and is constitutively secreted by RPE 
cells in high amounts [70, 143]. TGFβ in differ-
ent isoforms induces VEGF in the RPE.  TGFβ 
induces VEGF expression in RPE cells via de- 
novo protein synthesis [28, 144]. Of interest, 
VEGF expression increases synergistically if 
cells are stimulated with TGFβ2 and TNFα, 
which is most likely to be regulated at a transcrip-
tional level [28]. While all major MAPK (p38, 
ERK1/2 and, shown for TGFβ2, JNK) seem to be 
involved in TGFβ induced VEGF upregulation, 
the major MAPK appears to be p38, especially 
when TNFα is also involved. A difference 
between TGFβ1 and TGFβ2 can be seen regard-
ing NFkB and PKC, as both are involved in 
VEGF upregulation caused by TGFβ2, but not 
TGFβ1 [28, 144]. Also, TGFβ2 and thrombin 
show a synergistic VEGF induction [145]. 
Thrombin is formed at hemorrhagic sites, and is 
elevated e.g. in retinal ischemia and proliferative 
diabetic retinopathy [146, 147]. While similar 
pathways are involved in thrombin mediated 
upregulation of VEGF, such as ERK1/2, p38, 

JNK, NFkB, PI3K, PTK and PKC, JNK seems to 
be a major factor here [145]. Thrombin also acts 
synergistically with TNFα. In contrast to TNFα, 
however, thrombin induces VEGF in polarized 
and non-polarized cells alike [148].

Interestingly, a marker for age-associated 
inflammation, miR-146a, which is upregulated in 
the aged RPE/choroid, reduces the expression of 
VEGF in RPE cells [149]. Also inflammasomes, 
which are key mediators of the innate immune 
system and which induce the secretion of several 
pro-inflammatory cytokines in the RPE, reduce 
VEGF secretion both via and independent of 
IL-18 [150, 151].

Complement factors have also been shown 
to induce VEGF secretion, shown for comple-
ment factor 5a [152], complement factor 3a 
[153] or sublytic C5b-9 membrane attack com-
plex [116, 154, 155]. For the sublytic, C5b—9 
mediated VEGF increase, Ras, ERK1/2 and 
Src, but not p38 were shown to be involved. In 
addition, the stabilization of VEGF mRNA by a 
reduction of the destabilizing protein zfp36 was 
shown [116].

 Hyperthermia

Several studies have shown that the secretion of 
VEGF is temperature dependent. Hyperthermia 
induces expression and secretion of VEGF, which 
was mediated by p38 and the c-Jun Kinase (JNK) 
[156] and PI3K [100]. In addition, hyperthermia 
induces VEGF secretion via Ca2+ channels [100]. 
In concordance, hypothermia reduces VEGF 
secretion by the RPE, while it shows no effect on 
Pigment epithelium-derived factor (PEDF) 
expression, which is an anti-angiogenic cytokine 
[157, 158]. Interestingly, hyperthermia induces 
VEGF expression in laser exhibited some protec-
tion against subsequent oxidative-stress induced 
VEGF expression [159].

More factors have been described to induce 
VEGF expression in the RPE, such as retinoid 
acid [160, 161], lysosomal stress [41], loss of 
cell-cell contact [162], or senescence [163]. More 
research is needed to elucidate the pathways 
which regulate these elevations.
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 Conclusion

RPE derived VEGF exerts many functions in the 
physiological and diseased retina. While VEGF- 
inhibitors are an established therapy and widely 
used for several diseases [164–166], the conse-
quences of long-term inhibition of VEGF are not 
sufficiently known and just being assessed. 
Further research is warranted to disclose the con-
sequences of anti-VEGF therapy, not only in the 
elderly, but also in the working-age and infant 
population [167–169].

The regulation of VEGF is complex and 
highly dependent on the stimulus. This might 
hold new avenues for a more targeted therapy, 
concentrating on the pathological stimulus rather 
than on broad VEGF secretion, possibly sparing 
the physiologic functions. More research is 
needed in elucidating the different regulatory 
pathways.
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The RPE Cell and the Immune 
System

Barbara Detrick and John J. Hooks

 Introduction

In addition to its indispensable role in the visual 
system, immunologically the RPE cell is a piv-
otal retinal cell that participates in the ocular 
immunity. Recent discoveries have highlighted 
the importance of this cell in regulating health 
and disease and our understanding about immu-
nity in the ocular microenvironment has grown 
exponentially in the last several years. The RPE 
cell orchestrates both innate and adaptive immu-
nity and contains a plethora of factors to regulate 
the immune response [1]. Compelling evidence 
now suggests that immune activation of the RPE 
cell may have far reaching effects in retinal infec-
tions, autoimmunity and retinal degenerations, 
i.e. age related macular degeneration (AMD) and 
diabetic retinopathy. As we review the varied 
ways in which the RPE cell influences ocular 
immunity, we will highlight possible mecha-
nisms to explain how these responses impact 
vision.

 RPE Cell: Role in Ocular Innate 
Immunity

The immune system is composed of two major 
recognition systems: innate immunity and adap-
tive immunity. Innate immunity is considered the 
immediate immune response to an insult or 
pathogen, is nonspecific and does not confer 
long-lasting protective immunity. Nevertheless, it 
often determines the fate of the adaptive immune 
response. Once engaged, innate immunity can 
activate a series of immune components: such as, 
microbial sensors (Toll-like receptors (TLRs), 
NOD-like receptors, NLR, RIG-1 like helicases), 
certain critical cell types, cytokines, chemokines 
as well as a group of complement components; 
all directed to assist the host with eliminating the 
current insult (Table 6.1).

Over the last several decades, tremendous 
progress has taken place in the field of immunol-
ogy. Many of these advances have enhanced our 
understanding of how the immune response 
impacts human health and disease and have 
uncovered novel therapeutic approaches to treat 
many human disorders [2]. In this chapter, we will 
not attempt to identify all of the new immunologic 
developments that have been reported. Rather, we 
have chosen to highlight a few discoveries that 
have relevance within the retina that better inform 
about mechanisms of ocular diseases and poten-
tial treatment strategies. Current reviews will be 
included in areas not covered in detail.
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 Components of Innate Immunity

 Toll-Like Receptors
TLRs are a family of evolutionary conserved innate 
immune recognition molecules that sense molecu-
lar patterns associated with microbial pathogens. 
TLR recognition of these microbial patterns leads 
to a signal transduction cascade that generates a 
rapid and robust inflammatory response marked by 
cellular activation and the production of a variety 
of cytokines, including pro-inflammatory cyto-
kines, cytokines that promote T cell differentiation, 
type 1 interferons and chemokines. Since their dis-
covery in 1980, the TLR molecules have been 
described in numerous cell types throughout the 
body [3]. Currently, the human TLR family com-
prises ten TLRs and each is distinguished by their 
ligand specificity [3]. Also, each TLR has a unique 

location and expression pattern within the cell. For 
example, TLR3, 7 and 9 are located manly within 
the cellular endosome while the remaining TLRs 
(TLR2, 4, 5, 6) are found on the cell membrane. 
Overall, TLRs located on the cell membrane recog-
nize bacterial products (i.e. TLR4 recognizes bac-
terial lipid A from Gram negative bacteria) while 
the intracellular TLRs detect viral or bacterial 
nucleic acids (i.e. TLR3 interacts with dsRNA 
formed during virus replication).

These sentinel molecules were originally 
described on the RPE cell well over 10 years ago 
[4]. It is not surprising that the RPE cell is 
endowed with many of the TLRs, since it is stra-
tegically situated and can provide a rapid defense 
system for the retina [4]. Analysis of TLR gene 
expression identified the presence of TLR1 
through 7, 9 and 10 on human RPE cells. 
Interestingly, TLR3, a vital TLR for defense 
against virus infection, is the most highly 
expressed TLR on the RPE cell. TLR3 recog-
nizes a dsRNA motif, an intermediate product of 
virus replication or an analog of dsRNA, 
polyinosinic:polycytidylic acid (Poly I:C). 
Analysis of signaling through TLR3 revealed that 
the RPE cell secreted several pro-inflammatory 
mediators, including, IL-6, IL- 8 (CXCL8), MCP-
1, ICAM-1, CXCL9, CXCL10 and VEGF [5]. 
These molecules provide signals for immune and 
retinal resident cells to activate and initiate 
inflammatory pathways. An important immuno-
suppressive cytokine, that is selectively upregu-
lated by TLR3, is IFN-β. This cytokine and its 
unique interaction with the RPE cell will be dis-
cussed later.

Interest in the retinal TLRs has continued at a 
rapid pace and recent work has demonstrated a 
potential involvement of TLRs in a variety of 
retinal diseases. For example, TLR polymor-
phisms have been associated with AMD [6, 7]. 
Investigations exploring the utility of siRNA 
treatment for AMD, identified that siRNA sig-
naled through TLR3 [8, 9]. This signaling pro-
cess results in the inhibition of vascular 
endothelial growth factor (VEGF) expression. 
These studies suggest a mechanism by which 
siRNA molecules can inhibit neovascularization 
in AMD.  Also, the critical importance of the 

Table 6.1 RPE cell participation in innate immunity

RPE cell 
component Immune responses generated
Immune sensors 
(TLRs, NOD-like 
receptors)

–  Cytokine/chemokine 
production

– Pro-inflammatory responses
–  TLR3 leads to photoreceptor 

and RPE modulation
– VEGF production
– Cell death or protection

Cytokines –  IL-6, IL-1β—inflammatory 
activity

–  IFN-β, IL-11, TGF-β—
immunosuppressive activity

–  IL-6, MCP-1— 
influence angiogenesis

Chemokines –  CXCL9, CXCL10—Attract T 
and NK cells

– CXCL8—Attracts neutrophils
–  MCP-1—Attracts monocytes, 

dendritic cells and memory T 
cells

Growth factor 
production

–  VEGF—Induces 
neovascularization

– PDGF
Complement 
components

–  CD46, CD55, CD59—
Downregulates complement 
activation

–  C3a and C5a receptors—
Induces inflammation

–  Associated with alterations in 
AMD and other dystrophies

B. Detrick and J. J. Hooks



103

TLRs is underscored by recent investigations 
evaluating deficiencies in TLR.  In a mouse 
model of diabetic retinopathy it was reported 
that a deficiency in TLR7 inhibits inflammation 
and this lack of TLR7 results in an attenuation of 
diabetic retinopathy [10].

Several investigators have identified that acti-
vation of TLR3 within RPE cells is associated 
with RPE cell damage that may contribute to 
retinal degenerations in AMD and other retinal 
disorders [11, 12]. Klettner and associates found 
that TLR3 activation in RPE cells results in cell 
death partly mediated by JNK [13, 14]. 
Alternatively, studies have also demonstrated a 
protective role for TLR3 signaling. Patel and 
associates have shown that TLR3 signaling 
through a STAT3 dependent mechanism pro-
tects RPE cells from oxidative stress [15, 16]. 
Taken together, these studies illustrate the major 
position of the RPE in innate immunity and 
stress the plethora of responses TLR signaling 
affects. Future experiments are needed to better 
define the role of TLRs in human ocular dis-
eases and to pinpoint additional strategies that 
limit or boost their function [12].

 Cytokines
Cytokines are potent, low molecular-weight pro-
tein cell regulators often produced transiently 
and locally by many cell types. Following their 
initial discovery nearly 60 years ago, the cytokine 
definition has grown to include their multiple 
effects as pleiotropic proteins whose biological 
properties support key roles in hematopoiesis, 
immunity, infectious disease, tumorigenesis, 
homeostasis, cellular development and growth. 
Thus, because of their varied participatory roles, 
we recognize these molecules as powerful agents 
that control many aspects of health and disease 
and as potential therapeutic tools for variety of 
immune based disorders. Immunologically, cyto-
kines have emerged as mediators that bridge 
innate and adaptive immunity, as molecules that 
participate in both inflammatory and anti- 
inflammatory activities and as regulators that 
influence numerous diseases.

The body is filled with cells that produce cyto-
kines and each cell is strategically designed and 

ready to generate a cytokine signature when 
needed. Within the retina, the RPE cell serves as 
a rich source of cytokines. Many of the cytokines 
produced, such as, IL-6, IL-8, MCP-1, CXCL9 
and CXCL10 are pro-inflammatory and will be 
highlighted here. The immunosuppressive cyto-
kines produced by the RPE cell will be discussed 
in the immunoregulation section.

In the early and mid 1980s, IL-6 was first 
described as a lymphocyte stimulating factor that 
activated T cells and differentiated B cells. Now 
some 40  years later, we appreciate that IL-6 
exerts its effects on a broad variety of responses 
ranging from acute and chronic inflammation to 
vascular disease and because of these multiple 
activities, this cytokine is now considered a pri-
mary target for clinical intervention [17].

In the eye, numerous cells generate IL-6. 
The RPE cell produces high levels of IL-6 in 
response to several stimuli, such as, infectious 
agents, other cytokines (IL-1 β, TNF-α and 
IFNs) and TLR ligation [18, 19]. As we have 
witnessed elsewhere in the body, the release of 
IL-6 by the RPE cell may be an important com-
ponent of a chronic as well as acute inflamma-
tory response in the retina. Based on the 
analysis of systemic diseases several studies 
have implicated the persistent production of IL-
6 as a cytokine involved with the onset and 
development of autoimmunity [20, 21]. In order 
to better understand pathogenic mechanisms in 
autoimmune retinopathy (AIR), we evaluated 
the presence of cytokine markers in AIR 
patients. Recently, our laboratory identified the 
increased presence of IL-6 and CXCL9 in AIR 
patient sera and show that these elevated levels 
correlate with augmented disease severity. 
These studies provide evidence that IL-6 and 
CXCL9 may participate in AIR pathology [22]. 
A previous study using flow cytometric immu-
nophenotyping to analyze this same cohort of 
patients noted that B-lymphocyte anomalies 
were described in AIR patient plasma compared 
to normal and uveitic patient samples [23]. 
Both of these observations hint that the immune 
response may play a role AIR.  Nevertheless, 
additional investigations are needed to unravel 
the involvement of the immune response in this 
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rare disease with the hope that more definitive 
guidelines for diagnosis and treatment strategy 
will be developed.

Chemokines are a superfamily of small diffus-
ible protein molecules (8–14  kDa) secreted by 
various cell types in response to inflammatory, 
infectious and autoimmune disease signals [24]. 
Chemokines participate in inflammation by regu-
lating neutrophil, macrophage and lymphocyte 
trafficking to the pathologic site. The presence of 
chemokine expression in the retina has been asso-
ciated with a number of retinal disorders. 
Numerous studies have revealed that within the 
retina, the RPE cell provides high levels of IL-8, 
MCP-1 and CXCL9 and CXCL10. IL-8, often 
identified as one of the early inflammatory media-
tors following injury, is a potent chemoattractant 
and activator of neutrophils. In addition, IL-8 pro-
motes the migration and proliferation of endothe-
lial cells and possesses strong angiogenic 
properties within the eye. Another chemokine that 
directs monocytes, memory T cells and dendritic 
cells to an inflammatory site and is associated with 
neovascularization, is CCL2 (MCP-1). Like IL-8, 
this chemokine has also been implicated in num-
ber of disorders within the retina. Not long ago, 
Chan and colleagues demonstrated in an animal 
model that CCL2 was associated with AMD. The 
authors show that mice deficient in CCL2 develop 
a retinal disease that mimics human AMD [25].

As a result of extensive work examining the 
immunoregulatory role of the IFN molecules in 
the immune response, a group of chemokines 
was discovered. CXCL9 and CXCL10 are inter-
feron inducible chemokines that interact with 
their receptor, CXCR3, on the surface of T cells 
and NK cells resulting in the migration and acti-
vation of these cells into inflamed sites. Following 
the first description of these two chemokines by 
Detrick et al., in a degenerative disease, experi-
mental coronavirus retinopathy (ECOR), Nawaz 
and collaborators also detected both CXCL9 and 
CXCL10 on retinal endothelial cells in human 
diabetic retinopathy [26, 27]. Additional chemo-
kine signaling studies were reported in a rodent 
model of degeneration by Rutar and associates. 
These investigators found that CXCL10 was 
present in this model system and was responsible 

for the chemokine mediated inflammation 
observed [28, 29].

Chronic inflammation and exaggerated VEGF 
production are important hallmarks of choroidal 
neovascularization in AMD and other vitreoreti-
nal disorders. Moreover, the RPE is a key patho-
logic site in this disease. Reports from several 
investigators have shown in vitro that stimulation 
of RPE cells with cytokines, such as, IL-1β, 
TNF-α and IFN-γ results in the production of 
high levels of VEGF [30, 31]. This example 
emphasizes the potent influence of immune acti-
vated RPE cells and the detrimental consequence 
of this upregulation of inflammatory cytokines. 
Based on such findings, strategies to block VEGF 
production have been developed and anti-VEGF 
is now considered standard care for AMD. For a 
more detailed description of VEGF treatment and 
AMD, we refer the reader to [32].

This is an exciting time in cytokine biology. 
As a result of these new discoveries, it is antici-
pated that continued research will further our 
understanding and offer new options for thera-
peutic interventions.

 Complement
The complement system, a complex and sophis-
ticated network of various proteins, regulators 
and receptors, is an integral component of innate 
and adaptive immunity. Over the years there has 
been a rebirth of interest related to the comple-
ment system. The complement system in the 
immune privileged-eye plays a critical role in 
retinal hemostasis by providing the retina neuro-
protection. This dynamic proteolytic cascade is 
tightly regulated and constantly monitors inflam-
mation via its complement regulatory proteins 
while continuing to eliminate invading patho-
gens [32].

The RPE cell manufactures and possess on its 
cell surface many of the complement compo-
nents. For example, both C3a and C5a receptors 
are expressed on the RPE membrane. When C5a 
interacts with the RPE C5a receptor,  TLR4 is 
activated to produce pro-inflammatory cytokines, 
such as IL-1β, IL-6, IL-8, MCP-1 and GM-CSF 
[33, 34]. In this way the complement system 
drives inflammation in the retina.

B. Detrick and J. J. Hooks



105

Alternatively, as mentioned above, the com-
plement system also has designed ways to down- 
regulate its activity through three major membrane 
complement regulatory proteins, CD46, CD55 
and CD59. CD46 and CD55 act early in the com-
plement cascade to inhibit C3 and C5 convertase. 
CD59 acts later in complement pathway to block 
C9 and the membrane attack complex, MAC. All 
three of these regulatory proteins are found on the 
RPE cell [35]. Pro- inflammatory cytokines, for 
example, IL1β and TNF-α, amplify the expres-
sion of CD46 and CD59 and thus may provide 
protection to the RPE cell from complement-
mediated cytolysis. Thus, the RPE cell is respon-
sible for maintaining a delicate balance between 
initiating inflammation and suppressing comple-
ment-medicated inflammation.

Based on a number of eloquent studies, there 
is significant evidence that altered regulation of 
the complement system may be associated with 
AMD and Stargardt’s disease [36, 37]. These 
exciting reports identified a strong genetic com-
ponent that links complement regulatory protein 
polymorphisms and MAC formation. During the 
course of AMD, both MAC and C5a have been 
described to accumulate in drusen and in RPE 
[34, 35]. These studies add to our current under-
standing that chronic inflammation and dysregu-
lation of complement regulatory proteins promote 
inflammation and thus contribute to a retinal 
degenerative process. Another RPE associated 
factor, Apolipoprotein E (APoE) has been shown 
to participate in lipid metabolism and neurode-
generation. Complement activation induces 
ApoE accumulation in RPE cell and ApoE is 
commonly detected in the RPE and drusen com-
ponent in AMD [38].

 RRPE Cell: A Sentinel Cell and Innate 
Immunity
Since the RPE cell is endowed with many of the 
components of the innate immune response, it 
can serve as a first responder to infectious insults. 
When one reviews the literature on examples of 
retinal infections, it becomes apparent that the 
varied infectious agents used the RPE cell as a 
refuge. This is true for systemic cytomegalovirus 
infection, cytomegalovirus retinopathy, corona-

virus in experimental coronavirus retinopathy 
(ECOR), HIV in AIDS, and ocular infections 
associated with mycobacterium tuberculi and 
Toxoplasma gondii [39–43]. As discussed above, 
the RPE cell provides the first line of defense and 
is posed to eliminate the pathogen with its multi-
ple TLR molecules, interactions with immune 
cells and production of soluble mediators [5]. 
However, for many infectious agents, activation 
of the adaptive immune response is required.

 RPE Cell and Microglia Interactions
Microglia are resident macrophage cells in the 
brain and retina. These cells participate in a num-
ber of immunologic activities, such as, the pro-
duction of both pro- and anti-inflammatory 
cytokines and molecules. Microglia cells are 
therefore important immunoregulatory cells that 
are capable of rapidly responding to a variety of 
warning signals. Numerous studies have identi-
fied that microglia activation in the brain is asso-
ciated with a variety of neurodegenerative and 
neuroinflammatory diseases. Not surprisingly, 
these cells in the retina, are also activated in reti-
nal degenerative and inflammatory conditions.

Thus, both the RPE cell and the retinal microg-
lia cells are capable of participating in inflamma-
tory and degenerative processes. Within the retina, 
studies have shown that the RPE cells and the 
microglia may interact, and cross talk with one 
another, especially through the production of 
cytokines [15]. As we have seen, the RPE cells are 
activated by TLR3 stimulation and produce a 
variety of potent cytokines [5]. Klettner and asso-
ciates showed that supernatant fluids from TLR3 
activated RPE cells can up-regulate microglia 
cells to produce IL-1β, IL-6 and Cox-2. These 
studies provide evidence that RPE cells may act 
as an inflammatory signal for microglia cells.

These initial studies have been expanded to 
investigate the cross-talk between RPE and 
microglia. Jo and associated demonstrated that 
interaction between these cells determines the 
integrity of the outer blood-retinal barrier in 
murine diabetic retinopathy [44]. This interaction 
was mediated by the presence of IL-6 and the 
production of TNF-α by the microglia cells. In a 
rat model of photo oxidative damage, which has 
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similarities with AMD, IL-1β produced by 
microglia was associated with increased expres-
sion of the chemokines, CCL2, CXCL1 and 
CXCL10 in the RPE cell. The authors stress the 
potential importance of these chemokines in 
AMD. Using the human ARPE-19 in vitro, it was 
demonstrated that activation of microglia cells 
triggered inflammasome activation in RPE cells 
with resultant lysosomal destabilization [45]. In 
summary, these exciting studies substantiate sig-
nificant immunologic collaboration between the 
RPE cell and the microglia cell within the retina. 
Moreover, these studies highlight the need for 
continued studies exploring the relationship 
between these cells and their potential role in a 
variety of retinal disorders.

 RPE Cell Participation 
in Immunoregulation

Inflammation in the retina is a critical response of 
the host to retinal insults and is outlined in 
Fig.  6.1. Regulation of the immune system is 
clearly an important area of research. In fact, stud-
ies identifying how tumor cells escape immune 
destruction by the PD-L1 pathway has led to 
exciting novel cancer treatment strategies. The 
concept of regulatory mechanisms in the ocular 
microenvironment that restrain immune- mediated 
inflammation is not new. Over 70 years ago, Sir 
Peter Medawar identified the concept of immune 
privilege in the brain, eye and the pregnant uterus 
[46]. Today, we know that immune privilege 
extends to the anterior chamber as well as the 
retina where an array of regulatory mechanisms 
act in concert to prevent immunologic inflamma-
tion and maintain tissue integrity [47, 48]. Some 
of these mechanisms include the presence of a 
blood-retinal barrier, a lack of lymphatic drain-
age, the presence of immunosuppressive cyto-
kines and regulatory T cells. Controlling 
unnecessary inflammation is not an immunologi-
cally inert activity but rather a very active process 
that allows the eye to escape the damage associ-
ated with a full blown inflammatory response. 
Today, we recognize that the RPE cell is a major 
player in this dynamic regulatory pathway.

The eye has evolved suppressive mechanisms to 
down-regulate the immuneresponse and one way in 
which this RPE cell participates to control unwanted 
activation is by producing cytokines. An outline of 
the immune-protective role of the RPE cell is seen 
in Figs.  6.2, 6.3, and 6.4. The RPE cell releases 
three suppressive factors including TGF-β, IL-11 
and IFN-β. One of these molecules highly expressed 
in the RPE cell is IFN-β [5, 6]. It is well known that 
the IFNs are involved in numerous immune reac-
tions and induction of type 1 IFN gene expression is 
an essential part of innate immunity [4]. Since the 
RPE cell continuously expresses high levels of IFN-
β through IRF-7 up-regulation, our  laboratory 
explored ways in which this molecule may function 
in the retinal microenvironment (Fig. 6.2). In vitro 
experiments and in  vivo studies show that IFN-β 
acts as an immunosuppressive cytokine to block 
immune reactivity and thus protect the retinal tissue 
from excessive damage and visual loss [6]. IFN-β 
provides this protection in two ways. IFN-β can 
down-regulate CXCL9 and the adhesion molecule, 
ICAM-1. The net effect of this activity would be a 
“tightening” of the blood retinal barrier and 
decreased ocular inflammation [49].

IL-11 is another interesting member of the IL- 
6 family of cytokines and is produced in elevated 
levels by the RPE cell [50]. This pleiotropic cyto-
kine has anti-inflammatory and cytoprotective 
actions [51]. Under normal conditions the RPE 
cell does not produce IL-11, however, following 
treatment with TGF-β, IL-1β or TNF-α, an up- 
regulation of gene expression and protein pro-
duction of IL-11 is observed (Fig. 6.3). Therefore, 
during inflammation, IL-11 is produced by the 
RPE cell and then participates by limiting inflam-
mation and providing cytoprotection to the RPE 
and other retinal cells [52].

TGF-β is a potent multifunctional cytokine 
that has been shown to provide immunosuppres-
sive actions in the eye [53]. These studies have 
shown that TGF-β down-regulates APC function 
and inhibits several T cell functions contributing 
to ocular immune privilege. Several investigators 
have also shown that the presence of TGF-β is 
associated with retinal disorders, such as retinal 
detachments, proliferative vitreoretinopathy and 
choroidal neovascularization. As noted above, 
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the RPE cell is a major source of TGF-β. 
Moreover, TGF-β can act upon RPE cell causing 
the release of VEGF, PDGF and hemooxygenase 
[20, 54, 55].

The manner by which RPE cellular receptor 
for complement and PD-L1 regulate the immune 
response have been described and are outlined in 
Fig. 6.4.

Inflammation within the Retina

E selectin ICAM1

Retinal endothelial cells

CXCL9

CXCR3

IL-6, CXCL8
VEGF

MHC I

RPE

IFN-g induced chemokines (CXCL9,10,11) attract T & NK cells to site of
inflammation

MHC II

T

CXCL10 CXCL11

IFN-g

CXCL9

T

T

T

NK

NK

T

Fig. 6.1 Inflammation 
within the retina. IFN-γ 
generated by activated T 
cells induces RPE cells 
to express MHC class I 
and II molecules and to 
produce 
proinflammatory 
cytokines such as IL-6, 
CXCL8 (attract 
neutrophils), CXCL9, 
CXCL10, CXCL11 
(attract T cells). CXCL9 
is also produced by 
retinal vessel endothelial 
cells  

Retinal endothelial cells

IFN-b tightens retinal blood barrier
IFN-b deereases
CXCL9, ICAM1 and
E selectin on
Endothelial cells
Resulting in decreased
leukocyte adhesion &
T cell trafficking to
retina

E selectin ICAM1 CXCL9

CXCL9

CXCR3

RPE

IFN-b inhibits CXCL9 expression and decreases T & NK cell migration

T

CXCL10 CXCL11

TLR3

T

T

T

NK

NK

T

IFN-b

Fig. 6.2 IFN-β inhibits CXCL9 expression and decreases 
T and Natural Killer (NK) cell migration. High levels of 
IFN-β are produced by the RPE cells through the activa-
tion of TLR3 within the RPE cell. IFN−β decreases 

CXCL9, ICAM-1 and E selectin on endothelial cells. This 
results in a dramatic tightening of the retinal-blood bar-
rier. This also results in decreased leukocyte adhesion and 
T cell trafficking into the retina
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 RPE Cell: Role in Ocular Adaptive 
Immunity

Unlike the innate immune response, the adaptive 
response is highly specific, has immunologic 
memory, and can respond rapidly and vigorously 
to a second antigen exposure. The adaptive 
immune response involves antibody-mediated 
and cell–mediated immune responses (Table 6.2). 
Antigen processing and presentation represent 

the hallmark of the adaptive immune response. 
An overview of all the components and their 
interactions during the adaptive immune response 
is not possible here however, early experiments 
establishing the RPE as an APC will be briefly 
mentioned. We direct the reader to the following 
review, [56].

Major Histocompatibility Complex, MHC, 
class I and II molecules, which serve as the rec-
ognition system capable of distinguishing self 

RPE

RPE cellular receptors down-regulate T cells and Complement

Decrease Complement
mediated cytotoxicity Checkpoint

Inhibitors
Suppress
T cells

Complement Inhibitory
Receptors

CD
46

CD
55

CD
59 PD-L1

Activated
T cells

PD-L1

T

T
T

Fig. 6.4 RPE cellular receptors down-regulate T cells 
and Complement. Activated RPE cells express three com-
plement inhibitory receptors. CD46 is a complement reg-
ulatory protein that inactivates C3b and C4b. CD55 is a 
complement decay accelerating factor that indirectly 

blocks MAC formation. CD59 directly blocks MAC for-
mation. Activated RPE cells also express the immune 
checkpoint inhibitor, PD-L1. Interaction of T cells with 
this receptor on the RPE cell results in suppression of T 
cell activity

RPE

TGF-b and IL-11 support Treg formation and decreases activated
T cell migration

CD4

Activated
T cells

T
T

CXCL10 CXCL11
CXCL9

T reg

IL-11

X

TGF-b
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T

Fig. 6.3 TGF-β and 
IL-11 support Treg 
formation and decreases 
activated T cell 
migration. When 
activated, the RPE cell 
produces two additional 
anti-inflammatory 
cytokines, TGF-β and 
IL-11. TGF-β stimulate 
CD4+ T cells to 
differentiate into Tregs. 
These cells suppress 
effector T cell activation 
and proliferation. IL-11 
provides protection of 
Tregs
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from non-self, bind peptide antigens, present 
them to appropriate T cells and initiate the first 
step in antigen recognition. Cells armed with 
these molecules are capable of becoming antigen 
presenting cells, APC. Resident APCs can be 
found in various areas throughout the body, 
including the retina. Depending on the cell type, 
these molecules may require activation by IFN-γ. 
Both T cells and NK cells can serve as the source 
of INF-γ.

Since antigen presentation is the central 
component of adaptive immunity, our laborato-
ries explored the expression and function of 
MHC molecules within the retina. When one 
evaluates the normal retina, MHC class I and II 
molecules are not expressed. We noted that 
when retinal tissue obtained from patients with 
uveitis, retinitis pigmentosa or Sympathic 
Ophthalmia were evaluated, the RPE cell 
expressed MHC class I and II molecules and the 
infiltrating T cells contained IL-2 and IFN-γ 
[57–59]. Next, our in vitro studies demonstrated 
that IFN-γ treatment up- regulated both class I 
and class II molecules on normal RPE cells and 
hence equipped the cell to participate as a resi-
dent APC in the retina [60, 61]. In a series of 
in vitro studies we demonstrated that both reti-
nal and non-retinal (BCG) antigens can be pro-

cessed and presented by the activated RPE cell 
[60]. These finding were an essential first step 
underscoring the important role of the RPE cell 
in inflammatory, infectious and degenerative 
disorders. In order to further evaluate the RPE 
cells in  vivo, we explored two animal models 
systems that are described below.

Animal models have been invaluable to assist 
in uncovering fundamental mechanisms of dis-
ease pathogenesis. One of the first animal models 
to explore retinal inflammation was experimental 
autoimmune uveitis, EAU, which is a T cell- 
mediated disease that mimics human uveitis [62]. 
Using this model system, our laboratory tracked 
the expression of the MHC class II molecules on 
RPE cells and recorded the entry of inflammatory 
cells into the retina [63]. Moreover, following the 
administration of anti-MHC class II antibody 
prior to EAU induction, we observed that this 
treatment limited the expression of MHC class II 
molecules on RPE cells, reduced the severity of 
disease and significantly delayed the onset of 
EAU. Collectively, these studies helped to estab-
lish the critical role of the RPE cells in ocular 
autoimmunity and inflammation.

Another animal model system used to clarify 
basic mechanisms involved in retinal degenera-
tions was experimental coronavirus retinopathy 
(ECOR) [1]. This is the first retinal model to 
demonstrate a virus-induced degeneration, viral 
persistence, a genetic predisposition to virus- 
induced tissue damage and a virus triggered auto-
immune response. ECOR is a retinal degenerative 
disease that is composed of three basic compo-
nents; a virus component, a genetic component 
and an immunologic component [64–66]. Our 
early studies showed that inoculation of the neu-
rotrophic JHM strain of mouse hepatitis virus 
(MHV) into the vitreous or anterior chamber of 
BALB/c mice resulted in two distinct patterns of 
retinal pathology. The early phase of the disease, 
day 1–8, was characterized by retinal vasculitis 
and perivasculitis. The late phase of the disease, 
after day 10, was characterized by retinal degen-
erative changes. The retinal layers revealed disor-
ganization with large areas of outer and inner 
segment loss. In addition, the RPE cells were 
morphologically abnormal with foci of RPE cell 

Table 6.2 RPE cell participation in adaptive immunity

RPE cell component Immune responses generated
MHC class I –  Role in antigen 

presentation
– Modulated by IFNs
–  Participation in NK and T 

cell killing
MHC class II and 
costimulatory 
molecules (CD80, 
CD86)

–  Role in antigen 
presentation

– Modulated by IFN-γ
Cytokines – See Table 6.1
RPE cytokine 
receptors

–  Stimulate RPE pro- 
inflammatory and 
immunoregulatory 
cytokines as well as VEGF

Complement – See Table 6.1
PD-L1 (programed 
death ligand)

– Tolerance

– Regulation of T cells
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swelling, proliferation and cell atrophy [67, 68]. 
During this infection, we also noted that the RPE 
cell was the first cell infected by the virus [64, 65, 
69, 70]. This was not unexpected since the RPE 
cell serves as an excellent reservoir for numerous 
pathogens. Analysis of retinal gene expression 
and protein expression identified the early up- 
regulation of cytokines and chemokines, includ-
ing, IL-6, TNF-α, IFNs, CXCL9, CXCL10 and 
ICAM-1 [26, 71]. The presence of IFN-γ was 
also detected in the serum and served as the ratio-
nal for the enhanced expression of MHC class I 
and II molecules on the RPE cell.

The genetic constitution of the host can be a 
critical factor in determining the outcome of a 
viral infection and this was also observed in 
ECOR [72]. The susceptible strain of mice, 
BALB/c, were not the only rodent strain exam-
ined. CD-1 mice were extensively studied after 
coronavirus infection. During the early phase of 
the disease (day 1–8) both strains of mice showed 
that the virus infected and replicated within the 
retina and this was associated with a typical reti-
nal vasculitis. However, on day 10–140, only the 
BALB/c mice experienced the late phase of the 
disease marked by retinal degeneration. In con-
trast, in the resistant strain, CD-1 mice, the retina 
reverted to a normal architecture. We have identi-
fied two key differences between the mouse 
strains that contributed to this retinal degenera-
tion. First, a distinct difference in the intensity of 
the innate immune response was observed in 
these mice that developed a retinopathy com-
pared to the mice without late retinal disease. At 
day 2 and 3 the BALB/c mice had extremely high 
levels of IFN-γ, CXCL9 and CXCL10 which was 
measured by retinal gene expression. These same 
elevated levels of cytokines were found in the 
serum [26]. When CXCL9 and CXCL10 interact 
with its receptor, CXCR3 on T cells and NK 
cells, immune cells migrate to specific targets, in 
this case to the retina. The second distinct differ-
ence was the observation that the retinal degen-
erative process in BALB/c mice was associated 
with the presence of antiretinal autoantibodies. 
These antibodies were directed against the neural 
retina and the RPE cell. In contrast, these autoan-
tibodies were not detected in the sera from  normal 

or mock injected BALB/c mice. Likewise, none 
of the CD-1 mice developed antiretinal antibod-
ies [66]. These mice also produced significantly 
lower levels of CXCL9 and CXCL10. Therefore, 
the mice that failed to develop antiretinal anti-
bodies also failed to develop a retinal degenera-
tion. These findings suggest a role for 
autoimmunity in the pathogenesis of ECOR and 
illustrate how a robust innate immune response 
may contribute to a heightened adaptive immune 
response that leads to a retinal degeneration. This 
model recapitulates key elements of human reti-
nal degenerative diseases and serves as a tem-
plate for exploring basic mechanisms of this 
degenerative process.

 Immunologic Tools That Translate 
into RPE Discoveries

Development of new powerful technologies to 
support translational studies in human immunol-
ogy have led to significant findings in basic and 
clinical immunology as well as in visual science. 
We initially investigated the RPE cell by develop-
ing monoclonal antibodies to identify epitopes 
that were unique to the RPE cell [73]. One evolu-
tionally conserved epitope that we identified that 
was specific only  to RPE cells was termed, 
RPE65 [73, 74]. This molecule has subsequently 
been the subject of active genetic research. 
Mutations in the RPE65 gene have been identi-
fied in Leber’s Congenital Amaurosis. Recently, 
RPE65 adenoviral vector expressing RPE65 
cDNA was used successfully in 12 pediatric 
patients with this disease [75, 76].

 Future Directions and Clinical 
Applications

In summary, the RPE cell plays a pivotal role in 
retina immunity. The RPE cell orchestrates both 
innate and adaptive immunity and possesses mol-
ecules that can limit these responses. The regula-
tion of immunity and hemostasis within the retina 
through cytokine production, TLR activation, 
complement regulators and APC properties are all 
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key elements in the RPE cell’s inventory. 
Continuing investigations of these immune related 
components, their complex regulatory networks 
and their various antagonists will allow even more 
discoveries and provide additional clues to inform 
about mechanisms that can lead to future treat-
ments for many human retinal diseases.
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The RPE in Myopia Development

Yan Zhang and Christine F. Wildsoet

 Introduction

Myopia, or near-sightedness, is one of the most 
common types of refractive error, which are 
major causes of visual impairment and blindness 
worldwide [1–3]. Refractive errors occur when 
there is a mismatch between the refractive state 
or focusing power of the eye and its axial length. 
They reflect the product of complex developmen-
tal interactions between various ocular tissues 
and compartments, including the cornea and 
crystalline lens, which together provide refract-
ing power, and the anterior and vitreous cham-
bers, which are the major determinants of overall 
eye length [4, 5]. Myopia describes the case when 
the eye is relatively too long and the image plane 
for distant objects falls in front of the retina. Most 
myopia is axial rather than refractive in nature 
and the product of excessive elongation of the 
vitreous chamber [5, 6]. While the problem of 
blurred distance vision resulting from such focus-
ing errors can be corrected, for example, with 
optical appliances, the excessive eye growth car-
ries an increased risk of a number of ocular 
pathologies, including cataract, retinal detach-
ment, myopic maculopathy, glaucoma and cho-
roidal neovascularization, many of which can 

lead to irreversible vision loss, with no evidence 
of a safe threshold level of myopia [7, 8].

In recent years, both the prevalence and sever-
ity of myopia have increased rapidly worldwide, 
albeit with variations between regions and ethnic 
groups [9–12]. While the estimated global preva-
lence of myopia was only 28% in 2010, it is now 
projected to increase to 50% by 2050 [10]. In 
some subpopulations of East Asia, the reported 
prevalence of myopia has already reached 
80–95% [9, 13, 14]. While there has also been a 
tendency to view such prevalence figures as an 
Asian problem, Western countries are not exempt 
from this myopia epidemic [12, 15]. For exam-
ple, one United States-based study reported an 
increase in the prevalence of myopia from 25 to 
42% over a 30-year period [12]. The global prev-
alence of high myopia is also increasing, with a 
projected figure of 10% by 2050, up from 4% in 
2010 [10]. As the risk of secondary ocular com-
plications increases with the level of myopia, the 
latter figures represent a major public health con-
cern. Indeed, myopia is now recognized as a sig-
nificant public health problem, both socially and 
economically [2, 13, 16, 17].

What is the origin of the myopia epidemic? It 
is generally accepted that myopia is likely a prod-
uct of gene-environment interactions, rather than 
being determined by either genetic or environ-
mental factors alone [18–22]. Genetic contribu-
tions to myopia have been investigated for both 
familial non-syndromic (simple) and syndromic 
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forms. Linkage studies have mapped two dozen 
loci and identified mutations in a few genes. 
More recently, genome-wide association studies 
(GWAS) have been used to screen for myopia 
candidate genes. Many of the identified candidate 
genes have been linked to biological processes, 
with plausible connections to retina-sclera sig-
naling cascades and thus local eye growth modu-
lation. Examples include retinal 
neurotransmission, ion transport, extracellular 
matrix (ECM) and connective tissue remodeling 
[23–25]. Nonetheless, variants identified in 
GWAS studies explain only ~3% of the variation 
in myopia prevalence [26]. On the other hand, 
human epidemiological studies have provided 
convincing evidence for influences of environ-
mental factors, such as excessive near work and 
outdoor activities in myopia development and 
prevention, respectively [27–30]. However, con-
tributing factors are poorly understood and it is 
likely that interactions between genes and envi-
ronmental factors at least partly explain the 
apparent complexities associated with predicting 
human myopia.

Despite the now general acceptance of the 
seriousness of the climbing myopia prevalence 
statistics from a public health perspective, treat-
ments for preventing myopia and/or slowing its 
progression and thus controlling this epidemic 
remain limited in both options and overall effi-
cacy [31]. Currently, therapeutic interventions 
are confined to methods of slowing myopia pro-
gression and thus limiting the level of myopia 
and risk of pathology [32]. While standard opti-
cal appliances (spectacles and contact lenses) and 
refractive surgeries are able to restore sharp dis-
tance vision, they have no positive benefits on 
myopia progression. Nonetheless, some special-
ized spectacles and contact lenses with multifo-
cal optics have been shown to slow myopia 
progression [33, 34], and another contact lens 
modality, orthokeratology, which induces multi-
focal ocular changes after overnight wear, has 
also been shown to slow myopia progression 
[35–37]. In terms of drug therapies for control-
ling myopia progression, trials of topical oph-
thalmic medications have been limited to two 
muscarinic receptor antagonists, atropine and 

pirenzepine, both of which have been shown to 
slow myopia progression [38–42]. However, the 
underlying mechanisms for their therapeutic 
actions, including their site of action, remain the 
subject of debate. The same is true for a third 
drug, 7-methylxanthine, which has been approved 
for use as an oral medication in Denmark [43]. 
Among reported limitations and side-effects of 
the above treatments are ocular infections, due to 
poor handling of contact lenses and corneal 
changes with orthokeratology, as well as loss of 
efficacy and rebound effects with more tradi-
tional, higher concentrations of topical atropine 
[31]. Apart from the more conventional optical 
and pharmacological interventions, the results of 
epidemiological studies showing an apparent 
protective effect of outdoor activities against 
myopia onset and to a less extent, against pro-
gression, await a better understanding of contrib-
uting factors for their translation into behavioral 
recommendations [27, 29, 30].

 RPE Changes in Human High 
Myopia and Related Pathology

Although few pathological changes have been 
reported in patients with mild to moderate 
myopia, these changes increase significantly 
with high myopia (generally defined as <−5 or 
−6 diopters [D]) [44–46]. Since the major ocu-
lar change in myopia is an enlargement of the 
posterior vitreous chamber, it is not surprising 
that pathological changes in high myopia are 
also largely limited to posterior ocular tissues, 
including retina, retinal pigment epithelium 
(RPE), Bruch’s membrane, choroid and sclera. 
In myopic maculopathy, RPE changes, includ-
ing RPE atrophy or loss, are among the fre-
quently described features contributing to the 
characteristic fundus appearance [45]. Lacquer 
cracks, another commonly encountered fundus 
feature of high myopia, are believed to be 
caused by mechanical linear breaks in Bruch’s 
membrane, and in patchy chorioretinal atro-
phy, holes in Bruch’s membrane have been 
detected with new imaging technologies, such 
as swept-source optical coherence tomography 
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(SS-OCT) (Fig. 7.1) [45, 47]. Such findings are 
also consistent with observations from more 
classical, histological studies of highly myopic 
eyes, of RPE losses and Bruch’s membrane 
defects [48].

 Role of RPE in Eye Growth 
Regulation and Myopia: 
Experimental Studies

 Local Regulation of Eye Growth 
and RPE as a Relay Station

Although changes in the RPE are commonly 
observed in high myopia, such changes are usu-
ally considered to be secondary to the stretching 
of posterior ocular tissues as the vitreous cham-
ber enlarges. The active contributions of RPE to 

later complications, as well as myopia onset and 
early progression are not very well understood.

Research studies on key ocular tissues such as 
retina, RPE, choroid, and sclera from myopic 
patients have been limited by the availability of 
tissue [49–51]. As substitutes, researchers have 
relied on a number of different animal models for 
myopia, including chicks, guinea pigs, tree 
shrews, marmosets and monkeys, with mice and 
zebrafish having been also featured in some more 
recent studies [19, 52–59]. Compared to the more 
widely studied earlier models, the latter models 
offer advantages of well-characterized genomes, 
as well as the availability of genetically modified 
animals.

Studies using animal models have provided 
convincing evidence for the role of visual envi-
ronmental factors in eye growth regulation and 
myopia development. Most animals exhibit 
refractive errors at birth and, under normal condi-
tions, these neonatal refractive errors are elimi-
nated through a process of active, vision-dependent 
emmetropization, which involves the coordinated 
growth of key ocular components. Evidence for 
the latter comes from studies involving manipula-
tions of the visual experience of young animals 
experimentally, using either optical defocusing 
lenses or form depriving diffusers. All of these 
disrupt this emmetropization process, with refrac-
tive errors being the net result. Specifically, hyper-
opic optical defocus (imposed with negative 
lenses) and form-deprivation (wearing diffusers) 
represent robust methods for stimulating exces-
sive eye elongation, inducing myopia, while myo-
pic defocus (imposed with positive lenses) slows 
eye elongation in most models. These experimen-
tal paradigms have been capitalized on in animal 
model studies aimed at understanding underlying 
mechanisms. Two lines of evidence point to these 
altered eye growth patterns being largely con-
trolled locally, within the eye itself (Fig. 7.2) [19, 
60–67]. Neural lesioning studies involving optic 
nerve section offer the strongest evidence for 
local ocular control; specifically, while the retina-
brain link is thus disrupted, the usual response to 
negative lenses and diffusers, of increased eye 
elongation and myopia, is not [63, 65, 67]. 
Additional evidence comes from studies involv-

Fig. 7.1 Fundus photograph from a myopia patient with 
chorioretinal atrophy showing multiple patchy lesions. An 
OCT image from the same patient shows a RPE defect in 
the area of atrophy (between arrows). (Images courtesy of 
Professor Kyoko Ohno-Matsui (Tokyo Medical and 
Dental University, Tokyo, Japan))
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ing localized manipulation of retinal images; in 
these cases, ocular growth changes are confined to 
the affected segment of the vitreous chamber [60, 
64, 68]. The most parsimonious explanation for 
these observations relies on the assumption that 
the neural retina is linked via one or more local 
molecular signal cascades, directed at and mediat-
ing the morphological changes in the two outer 
layers of the eye wall—the choroid and sclera, 
which ultimately determine the physical dimen-
sions of the vitreous chamber and thus eye length. 
By manipulating the retinal image and thus neural 
activity within the retina, the growth modulating 
signals are altered, with refractive errors being the 
net result (Fig. 7.2) [19, 69–73].

The RPE is a monolayer of hexagonal-shape 
pigmented epithelial cells positioned between the 
neural retina and the choroid (Fig.  7.3). 
Interconnected by tight junctions, the RPE cells 
form a key component of the blood-retina barrier, 

which tightly regulates the exchange between the 
retina and choroid of ions and water, as well as 
many molecules, including nutrients, and waste 
products (Fig. 7.4). The polarized nature of the 
RPE necessitates orientation labeling; the so- 
called apical membrane refers to the microvillus 
surface into which photoreceptor outer segments 
project, while the basal membrane refers to the 
surface facing the choroid and abutting Bruch’s 
membrane. Many of the functions of RPE exhibit 
directionality, including the secretion of growth 
factors and cytokines, and there are also asym-
metries in the distributions of neurotransmitter 
receptors, ion channels and transporters across 
the apical versus basal membranes [74–78]. Due 
to its unique location, juxtaposed between the 
retina and choroid, and barrier function, the RPE 
not only plays essential roles in maintaining reti-
nal homeostasis and functions, but also plays 
important roles in maintaining choroidal 

Fig. 7.2 Schematic diagram illustrating the presumed retina-sclera growth modulatory signaling cascades mediating 
positive lens-induced hyperopia, negative lens-induced myopia, and form-deprivation-induced myopia
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morphology and physiology [77, 79–81]. In the 
context of eye growth regulation and myopia, 
there seems little doubt that the RPE also serves 
as a relay or conduit for retina-derived growth 
modulatory signals directed at the choroid and 
sclera. It is thus also highly likely to play a criti-
cal role in the eye growth regulation and refrac-
tive error development, although the possibility 
has been the focus of attention only recently and 
thus this field of knowledge is still evolving [72].

 Growth Factors and Eye Growth 
Regulation

The RPE is the source of a wide variety of growth 
factors essential to the maintenance of the struc-
tural integrity and functions of retina and choroid 
[81]. Pigment epithelium-derived factor (PEDF) 
and transforming growth factor-β (TGF-β) are 
among the growth and neurotrophic factors 

secreted predominantly from the apical (retinal) 
side, while vascular endothelial growth factor 
(VEGF) appears to be predominantly secreted 
from the basolateral (choroidal) side, with a pre-
sumed role in maintaining the survival and fenes-
trated morphology of the choriocapillaris [77, 79, 
82–84]. The fact that the RPE also expresses 
receptors for a number of growth factors implies 
also direct autocrine regulation of some of its 
functions [85–87]. Some growth factors are also 
likely to contribute to pathological changes, as the 
RPE is known to respond to changes and injuries 
by differentially modulating the synthesis and 
secretion of certain ones [88, 89]. In the context of 
eye growth regulation and myopia, there has been 
only limited study of the roles of RPE- derived 
growth factors. Nonetheless, a number of multi-
functional growth factors, including TGF-βs, bone 
morphogenetic proteins (BMPs), basic fibroblast 
growth factor (bFGF), and insulin-like growth fac-
tors (IGFs) have been investigated to this end.

a b c

Fig. 7.3 Primary culture of human fetal RPE cells (a, b) and chick RPE cells (c). Confluent primary human fetal RPE 
cells in culture form tight junctions, as revealed with immunohistochemistry (ZO-1 labelling, b)

Retina

RPE

CHO

SC-C

SC-F

a b c

Fig. 7.4 Histology sections of the posterior wall of the 
chick eye, showing retina, RPE, choroid (CHO), and 
bilayered sclera (cartilage layer, SC-C; fibrous layer, 

SC-F) viewed under light microscopy (a), after nuclear 
staining with DAPI (b), and merged (c)
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 TGF-βs
TGF-βs are probably the most studied growth 
factors in myopia research. They belong to a 
superfamily of structurally-related, multifunc-
tional growth factors; apart from isoforms of 
TGF-β, it also includes BMPs, growth differenti-
ation factors (GDFs), activins, inhibins, nodal 
and anti-Müllerian hormone (AMH) [90, 91]. 
Outside the eye, TGF-βs are known to be secreted 
by many cell types and involved in a wide variety 
of physiological and pathological processes, 
including embryonic development, organogene-
sis, immune modulation, cancer progression, 
wound healing and extracellular matrix remodel-
ing [90, 91]. TGF-β has three isoforms, TGF-β1, 
TGF-β2, and TGF-β3; all are secreted as dimeric 
precursor proteins, from which active TGF-β is 
subsequently released in target tissues [92]. The 
known molecules involved in TGF-β activation 
include matrix metalloproteinase 2 (MMP2), 
MMP9, thrombospondin 1 (THBS1), and integ-
rin [92–95]. Upon ligand binding to TGF-β 
receptors, intermediate steps involving the for-
mation of heterotetrameric receptor complexes 
and then phosphorylation of receptors lead to 
activation of down-stream canonical or non- 
canonical signaling pathways to induce expres-
sion of target genes [90, 96].

Investigations into the roles of TGF-βs in eye 
growth regulation and myopia encompass both 
chick and mammalian models and different visual 
manipulations, with focuses on changes in either 
or both gene and protein expression of TGF-βs 
and/or their receptors in a variety of ocular tissues 
[97–109]. Scleral fibroblasts have been the focus 
of a number of such in vivo studies, as well as in 
vitro studies, which have linked TGF-β to cell 
proliferation, synthesis and secretion of proteo-
glycans, collagen production, cell contraction and 
cell phenotype alteration [100, 101, 110–112]. In 
terms of investigations into the ocular growth 
effects of exogenous TGF-β in animal models, 
one involving the chick form-deprivation model 
found subconjunctival injection of TGF- β1 to 
inhibit the myopia rescue effect of bFGF [113].

Chick, tree shrew and marmoset models have 
all been used in investigations into the role of 
RPE-derived TGF-β on eye growth regulation. 
Key results from relevant studies involving TGF-β 
isoforms and RPE are summarized in Table 7.1. In 
chicks, mRNA for all three TGF-β isoforms and 
all three TGF-β receptors (TGFBR1, TGFBR2, 
TGFBR3), was found to be expressed in the RPE, 
which also showed isoform-specific, defocus-sen-
sitive changes in TGF-β gene expression [109]. 
Specifically, short-term exposure to myopic defo-

Table 7.1 Summary of key findings in animal models of eye growth regulation in relation to TGF-β expression changes 
in RPE alone, or combined with adjacent tissues

Animal Visual treatments Ocular tissues
TGF-β 
isoforms Methods Main results References

Chick FD for 12 days Retina-RPE- 
choroid

TGF-β2 Protein (ELISA) ↑ Seko et al. 
[107]

Chick FD for 10 days Retina-RPE- 
choroid
Retina-RPE- 
choroid

TGF-β1
TGF-β1, 
2, 3, 5

tRNA (PCR)
Protein, active 
form (WB)

↓
↓

Honda et al. 
[100]

Chick +7 or −7 D lens for 
15, 30, 120 min

Retina-RPE TGF-β2 mRNA (qPCR) NS Simon et al. 
[108]

Chick −10 or +10 D for 2 
or 48 h

RPE TGF-β1, 
2, 3

mRNA (qPCR) NS with −10 
D
↑TGF-β2 
with +10 D

Zhang et al. 
[109]

Tree 
shrew

−5 D lens for 6 or 
24 h

RPE
Retina-RPE

TGF-β1, 
2
TGF-β1, 
2

mRNA (qPCR)
mRNA (qPCR)

↓TGF-β2 
24 h
NS

He et al. [114]

FD Form-deprivation, WB Western blot, NS no significant change in treated versus control, ↑ increase in treated versus 
control, ↓ decreased treated versus control

Y. Zhang and C. F. Wildsoet



123

cus (e.g., with +10 D lenses) resulted in selective 
up-regulation of TGF-β2, up to 3.5- and 7.5-fold 
after 2 and 48 hours exposures, respectively. The 
2 hours short-term treatment was used to identify 
genes important for the initiation of altered eye 
growth, before detectable changes in eye growth 
can occur, while genes showing differential 
expression with the 48 hours treatment are likely 
involved in maintaining the altered growth pattern, 
as by this time altered growth is detectable with 
biometry. As imposed myopic defocus inhibits 
ocular growth, these results suggest that RPE-
derived TGF-β2 serves as an inhibitor of ocular 
elongation. In the broader context of myopia con-
trol, they identify TGF-β2 as a gene of interest. In 
the tree shrew, 24 hours of −5 D lens resulted in a 
1.4-fold down-regulation of TGF-β1 gene expres-
sion in RPE, but had no effect on TGF-β2 [114]. 
Interestingly, no differential gene expression of 
TGF-β1 was observed in combined retina-RPE tis-
sues in the same study, perhaps reflecting oppos-
ing retinal expression changes. Nonetheless, 
differential gene expression of TGFβ-induced 
(TGFBI) in retina-RPE combined samples was 
detected in a microarray study involving marmo-
sets [115].

Direct supporting evidence for ocular growth 
inhibition by RPE-derived TGF-β is still lacking, 
in part due to design features of relevant earlier 
studies that render their results inconclusive. 
Specifically, TGF-βs are secreted proteins that 
exist in both latent and active forms, yet these 
properties were not generally taken into account 
in previous studies in the choice of protein expres-
sion assays, which were also mostly undertaken 
on combinations of ocular tissues, as were gene 
expression measurements [100, 102, 107, 108].

 BMPs
The roles of BMPs in eye growth regulation and 
myopia development have been the subject of a 
number of recent investigations. As already 
noted, BMPs belong to the TGF-β superfamily. 
As the largest subfamily of this superfamily, it 
contains more than 20 members, which are typi-
cally further grouped into four subfamilies, based 
on their sequence similarity and known functions 
[116, 117]. Their name—bone morphogenetic 

protein—reflects their initial recognition as pro-
teins involved in ectopic bone formation, 
although BMPs are now known to play important 
roles in many biological events, including 
embryogenesis, postnatal homeostasis, stem cell 
regulation and regeneration, as well as in various 
pathological events, including neovascularization 
and some cancers [88, 118–123]. BMPs are syn-
thesized as precursor proteins, which are then 
secreted in dimeric form with or without their 
prodomain, or packaged into vesicles for release 
from cells [124]. Secreted BMPs may interact 
directly with neighboring cells, be released into 
the bloodstream, or bind with extracellular antag-
onist proteins, such as noggin, which regulate 
their activity. BMPs signal through two different 
types of serine/threonine kinase receptors, type I 
and type II receptors, with Smad proteins playing 
an important intracellular role in the transduction 
to the nucleus of signals from activated receptor 
complexes [118, 124].

During embryonic development, BMPs and 
their receptors are widely expressed in ocular tis-
sues, with diverse roles, including lens induction, 
ciliary body morphogenesis, RPE specification, 
retinal patterning, retinotectal projection and reti-
nal stem cell differentiation [125–137]. In the 
postnatal eye, BMPs play important roles in main-
taining physiology hemostasis and they have also 
been implicated in a number of ocular diseases 
[25, 88, 121, 122, 138–140]. To-date, expression 
patterns for BMPs and BMP receptors have been 
described for three commonly used myopia ani-
mal models—chicks, tree shrews and guinea pigs 
[99, 141–146]. Consistent with roles in ocular 
growth regulation, BMP gene and/or protein 
expression changes have been detected in one or 
more posterior ocular tissues in response to com-
monly used visual manipulations in all three mod-
els [99, 141, 142, 145–149]. Of potentially greater 
relevance to eye growth regulation, BMP2 has 
been found to induce the gene expression of four 
inhibitor of DNA binding  proteins (IDs) in cul-
tured chick scleral fibroblast; it also influences 
cell proliferation and extracellular matrix (ECM) 
synthesis and degradation, with reported effects in 
a cultured human scleral fibroblast model on col-
lagen, glycosaminoglycan (GAG), and aggrecan 
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synthesis, as well as MMP2, TIMP2 and chondro-
genesis-associated gene expression [142, 150–
152]. Interestingly, increased BMP2 gene 
expression in human sclera fibroblasts was also 
found in response to mechanical loading, to which 
intraocular pressure contributes in vivo [153]. 
Collectively, these observations suggest a key role 
for BMP2 in scleral remodeling and thus in eye 
growth regulation.

The most direct evidence implicating BMPs in 
the eye growth modulating signal pathways link-
ing the retina with the choroid and sclera comes 
from studies involving chick and tree shrew mod-
els [114, 143, 145, 146]. Key results for relevant 
BMP gene expression studies involving the RPE 
are summarized in Table  7.2. In relation to the 
RPE, defocus, sign-dependent differential regu-
lation of BMP gene expression has been described 
in response to short-term negative or positive lens 
treatments in chicks [145, 146]. Changes in 
BMP2 gene expression are most robust although 
two other members of the BMP family, BMP4 
and BMP7, also show similar bidirectional 
changes in gene expression, in accord with the 
direction of experimentally-induced eye growth 
changes. Specifically, expression is down- 
regulated in eyes showing accelerated growth, as 
in myopia progression, and up-regulated in eyes 
showing slowed (anti-myopia) growth. Other 
related gene expression studies did not find any 

defocus-induced changes in the retina and 
reported only small-scale changes in BMP gene 
expression in choroid relative to changes in RPE 
[144]. These observations together strongly sug-
gest critical roles of RPE-derived BMPs in 
defocus- driven eye growth regulation, with 
BMPs serving as growth inhibitors. They also 
offer additional insight into the results of two 
other chick studies that examined gene expres-
sion in combinations of ocular tissues that 
included RPE. In one of these studies involving 
retina-RPE, BMP2 gene expression was reported 
to be down-regulated after 6 hours and 3 days of 
form-deprivation, in the same direction as that 
induced by negative lenses, with both treatments 
leading to accelerated eye growth [143]. The 
other study involving retina-RPE-choroid 
reported early, bidirectional BMP2 gene expres-
sion under conditions inducing myopia and 
hyperopia, and as described above for isolated 
RPE [154]. While similar roles for RPE-derived 
BMPs in eye growth regulation in mammals 
await confirmation, a recent study involving tree 
shrews reported down-regulation of BMP2 gene 
expression in retina-RPE after 24 hours of −5 D 
lens treatment [114]. Recent confirmation of 
BMP2 expression in normal guinea pig RPE 
(unpublished observation), also represents a 
promising first step in a line of research that has 

Table 7.2 Summary of key findings in animal models of eye growth regulation in relation to BMP expression changes 
in RPE alone, or combined with adjacent tissues

Animal Visual treatments Ocular tissues BMPs Methods Main results References
Chick FD for 6 h or 3 

days
Retina-RPE BMP2 mRNA (microarray, 

qPCR)
↓ McGlinn et al.  

[143]
Chick −15 or +15 D for 

6 h or 3 days
Retina-RPE BMP2 mRNA (microarray, 

qPCR)
↓ with −15 D Stone et al. 

[155]

Chick −10 or +10 D for 
2 or 48 h

RPE BMP2 mRNA (qPCR) ↑ with +10 D
↓ with −10 D

Zhang et al. 
[146]

Chick −10 or +10 D for 
2 or 48 h

RPE BMP4, 7 mRNA (qPCR) ↑ with +10 D
↓ with −10 D

Zhang et al. 
[145]

Chick −10 or +10 D for 
1, 2, or 3 days

Retina-RPE- 
choroid

BMP2 mRNA (RNA 
sequencing)

↑ with +10 D
↓ with −10 D

Riddell et al. 
[154]

Tree 
shrew

−5 D lens for 6 or 
24 h

RPE
Retina-RPE

BMP2, 4
BMP2, 4

mRNA (qPCR)
mRNA (qPCR)

NS
↓

He et al. [114]

FD Form-deprivation, WB Western blot, NS no significant change in treated versus control, ↑ increase in treated versus 
control, ↓ decreased treated versus control
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potential to open up new therapeutic avenues for 
myopia control.

 Other Growth Factors
In addition to TGF-βs and BMPs, two other 
growth factors that have also attracted the interest 
of myopia researchers are IGFs and 
bFGF. Currently, relatively little is known about 
their signaling pathways, including whether or 
not the RPE is an important player, either as a site 
of synthesis or as a target. Nonetheless, studies 
that offer some evidence implicating the RPE are 
summarized below.

Insulin-like growth factors (IGFs) are poly-
peptide growth factors of the insulin family that 
consists of two members, IGF1 and IGF2, which 
play important roles in development and diseases 
[156–158]. Both IGFs and IGF receptors (IGF1R 
and IGF2R) are also widely expressed in ocular 
tissues [159–162]. For example, in chicks, IGF 
receptors have been detected in all posterior ocu-
lar tissues, i.e., retina, RPE, choroid, and sclera 
[161, 162]. IGFs and their receptors have also 
been implicated in altered eye growth in animal 
models. For example, in chicks, IGF1R is 
reported to be differentially regulated in RPE 
after 4 hours of positive lens wear and intravitreal 
injection of IGF1, to induce myopic eye growth 
[161–163]. Differential regulation of IGF2 was 
also observed in retina-RPE in tree shrews, after 
24  hours of negative lens wear, although no 
change in IGF1 gene expression was detected 
[114]. Results from in vitro studies involving cul-
tured human RPE cells also support a role for the 
RPE in IGF- mediated eye growth regulation; 
they were found to express both IGFs and their 
receptors and also secrete IGFs into the culture 
medium [164–166].

RPE is one of a number of ocular tissues that 
synthesize bFGF and its receptors and also 
secrete bFGF [167]. The retina and choroid were 
among other ocular tissues found to express 
bFGF and its receptors in one study in chicks, 
although due to the technique used and the dense 
pigmentation of the RPE, it was not possible to 
characterize bFGF receptor expression profile in 
this study [168]. Since both intravitreal and sub-
conjunctival injections of bFGF are effective in 

inhibiting the excessive eye elongation induced 
by form-deprivation, the retina, RPE, choroid 
and sclera all represent potential sites of action 
[113, 169]. Other indirect evidence supporting a 
role for bFGF as an important regulator of eye 
growth includes an observed decrease in bFGF in 
the chick sclera after 2 weeks of form- deprivation. 
However, that no change in bFGF was found in 
combined retina-RPE-choroid in the same study 
tends to argue against the RPE as the source of 
bFGF [107]. Results of other studies involving 
guinea pigs also tend to point away from the 
RPE.  For example, inhibition of lens-induced 
myopia with a peribulbar injection of bFGF has 
been linked to altered scleral expression of both 
collagen and integrin and expression of bFGF 
was reported to be reduced in scleral desmocytes 
isolated and cultured from experimentally (lens)-
induced myopic eyes [110, 170]. Thus, while 
these results in chicks and guinea pigs are consis-
tent with a role for bFGF as a “stop” signal in 
growing eyes, the exact details of the growth 
modulating signal pathway, including the iden-
tity of the cells mediating the action of bFGF, 
await further study.

 Neurotransmitters and Eye Growth 
Regulation

A number of neurotransmitters have been impli-
cated in eye growth regulation and the RPE is 
known to both express receptors for some of 
these neurotransmitters and also synthesize and 
secrete some of them [72, 171]. Therefore it is 
possible that the RPE is involved in 
neurotransmitter- related eye growth regulation 
and myopia development. Retinal neurotransmit-
ters, including dopamine (DA), acetylcholine 
(Ach), glucagon and vasoactive intestinal peptide 
(VIP) are the most studied of these molecules in 
myopia research. Related studies targeting DA 
and Ach are reviewed below.

 Dopamine
Dopamine is one of the most studied neurotrans-
mitters in the context of eye growth regulation 
and myopia development [172–174]. Dopamine 
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is widely expressed in both the central nervous 
system and retina where it plays important roles 
in development. In the postnatal retina, dopamine 
has been linked to retinomotor movements and 
the uncoupling of gap junctions on horizontal 
cells, both of which affect visual sensitivity 
[175–177]. Dopaminergic receptors represent a 
large family of G protein-coupled receptors (D1–
D5), with members grouped into two subfami-
lies, D1-like (D1, D5) and D2-like (D2–D4) 
receptors, based on their biochemical and phar-
macological properties [178]. Evidence support-
ing the role of dopamine in eye growth regulation 
comes mainly from two lines of research show-
ing that: (1) retinal levels of dopamine and its 
metabolites are decreased in animals with visual 
manipulations that accelerate eye growth, and (2) 
locally administered exogenous dopamine recep-
tor agonists inhibit the excessive eye elongation 
that underlies myopia, with more recent studies 
involving wild type, and genetically modified 
mice models offering further confirmatory evi-
dence [52, 173, 179–197]. The evidence linking 
reduced dopamine levels and turnover with myo-
pia comes from studies involving young chicks, 
guinea pigs, tree shrews and monkeys, which 
report consistent reductions with form- 
deprivation or lens induced models [181, 183, 
187, 188, 196]. Further indirect evidence tying 
these changes to eye growth comes from studies 
of eyes allowed to recover from form-deprivation 
myopia, when both retinal dopamine and DOPAC 
levels return to levels comparable to those of con-
tralateral control eyes [198]. Interestingly, low 
vitreal concentrations of dihydroxyphenylacetic 
acid (DOPAC), a dopamine metabolite, have also 
been linked to the use of low light intensity in 
rearing and associated myopia development in 
chicks [199]. Studies involving chicks, guinea 
pigs, tree shrews and monkeys are also the source 
of supporting evidence that the development of 
myopia can be inhibited by dopamine agonists, 
delivered by either intravitreal or subconjunctival 
injection, or by topical application [180, 184–
186, 189–192, 194, 195, 197]. While retinal 
dopamine receptors are potential sites of action 
for the latter effects, the RPE is also known to 
express both D1- and D2-like receptors [176, 
200, 201]. Furthermore, the RPE appears to be a 

readily accessible target for applied drugs. For 
example, both intravitreal and subconjunctival 
injections of radioactively-labeled spiperone, a 
D2 receptor antagonist, were found to reach the 
RPE [192]. That the RPE is a plausible site of 
action for dopaminergic effects on eye growth is 
further supported by other in vitro studies. One 
such study reported physiological responses, 
including hyperpolarization, in response to dopa-
mine applied to either apical or basolateral mem-
branes of cultured RPE [202]. In another in vitro 
co-culture study, apomorphine, a dopamine 
receptor agonist, dramatically inhibited the 
growth-stimulatory effect of RPE cells on scleral 
chondrocytes [203]. Nonetheless, there remain 
many unanswered questions in relation to the sig-
nal pathway mediating the anti-myopia action of 
dopamine, given that in yet two other studies, 
RPE was found to both synthesize and secrete 
dopamine [204, 205].

 Acetylcholine (Ach)
Acetylcholine is a ubiquitous yet important neu-
rotransmitter with critical roles in retina develop-
ment and functions [206, 207]. Retinal cholinergic 
cells comprise several subsets of amacrine cells, 
which are known to synapse with other neu-
rotransmitter networks in the retina, including 
dopaminergic cells [208–210]. Acetylcholine 
(Ach) receptors fall into two broad categories, 
muscarinic acetylcholine receptors (mAChRs) 
and nicotinic acetylcholine receptors (nAchRs) 
[211, 212]. Muscarinic receptors (mAChRs), 
which are widely distributed throughout the eye, 
represent a family of G protein-coupled receptors, 
with five receptor subtypes (M1–M5) described 
in mammals [211, 212]. Consistent with the 
reports of mAchR on RPE as well as in retina, in 
vitro studies have shown that intracellular signal 
pathways in RPE can be activated by mAchR ago-
nists [206, 209, 213–216]. Different from the 
finding with dopamine of reduced retinal turnover 
in form-deprived myopic eyes, levels of retinal 
Ach and its metabolite, choline, appear unaffected 
by the development of myopia in both chicks and 
tree shrews [188]. On the other hand, intervention 
studies have shown antimuscarinic drugs to be 
effective inhibitors of myopia development in 
both humans and animal models. In animal stud-
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ies, drugs were administrated via either intravit-
real or subconjunctival injection, while topical 
drops have been the norm for human studies, 
which have also been limited to atropine, a non-
selective antagonist, and pirenzepine, a 
M1-receptor antagonist [195, 217–225]. Reports 
in more recent human studies of inhibitory effects 
with much lower concentrations of topical atro-
pine than used in earlier studies (e.g., 0.01 and 
0.1% compared to 1%) [42], argue against inner 
ocular tissues, including the retina and RPE, as 
sites of action, based on pharmacokinetic princi-
ples. The relatively high intravitreal doses needed 
to achieve treatment efficacy in another compara-
tive study of eighteen antimuscarinic drugs tested 
in form-deprived chicks, also challenges the 
notion of a muscarinic receptor- mediated mecha-
nism involving retina or RPE [226], leading to 
more recent speculation on possible nonmusca-
rinic mechanisms being involved [227–229]. 
These conclusions are also in line with findings 
from other studies, including in vitro ones, point-
ing to the choroid and/or sclera as likely site(s) of 
action for the anti-myopic effects of antimusca-
rinic drugs, although underlying mechanisms 
remain poorly understood [217, 230, 231].

As a final aside, it should be noted that 
intravitreally- injected nAchR antagonists have 
been shown to influence eye growth in chicks 
[232]. As nAchRs have also been found in retina 
and RPE, they are plausible sites mediating the 
complex response patterns observed.

 Glucagon and Vasoactive Intestinal 
Peptide (VIP)
Glucagon and vasoactive intestinal peptide (VIP) 
are part of a superfamily of secretin-glucagon 
peptides that function as neurotransmitters or 
neuromodulators in both central and peripheral 
nervous systems, acting through G-protein cou-
pled receptors [233]. Both glucagon- and VIP- 
immunoreactive neurons have been described in 
chick retina [234–236]. Furthermore, the RPE 
also expresses glucagon receptor mRNA, and 
both glucagon and VIP have been shown to stim-
ulate intracellular activities in RPE [237–240].

Evidence for roles of glucagon in eye growth 
regulation comes largely from studies in chicks. 
In the earliest of such studies, the expression of 

the immediate-early gene, ZENK, was reported 
to be decreased in glucagonergic amacrine cells 
in response to both form-deprivation and nega-
tive lens treatments and increased with positive 
lens treatments in chicks [241]. Later studies 
reported retinal glucagon mRNA to be also 
down-regulated with negative lens treatments 
and up-regulated with positive lens treatments 
[237, 242]. In addition, differential regulation of 
retinal mRNA levels of preproglucagon was 
found with form-deprivation and negative lens 
treatments [237, 243]. Finally, retinal glucagon 
peptide levels were found to be decreased after 
exposure to negative lenses [244]. That glucagon 
may act as a stop signal for eye growth, as sug-
gested by these studies, is also consistent with 
results of pharmacological studies in which glu-
cagon agonists, injected intravitreally, were 
found to inhibit experimentally induced myopia 
[244–246]. It is also plausible, but not conclu-
sively established, that the RPE is the target for 
retinal and exogenous glucagon, serving as a sig-
nal relay for these ocular growth effects.

VIP has been the subject of far fewer studies, 
with one reporting levels of VIP to be signifi-
cantly increased in the retinas of form-deprived 
monkeys and another reporting VIP gene expres-
sion to be up-regulated in tree shrew retina and 
retina-RPE, while down-regulated in RPE with 
negative lens wear [114, 247, 248]. VIP receptor 
antagonists, delivered by intravitreal injection, 
have also been reported to inhibit form- 
deprivation myopia in chicks [249]. However, 
neither the role of VIP nor the role of glucagon in 
form-deprivation myoia has been confirmed in 
the mouse model [250].

 Ions, Ion Channels and Eye Growth 
Regulation

The RPE plays important roles in regulating the ion 
composition and volume of the subretinal space 
and choroid and thus the maintenance of tissue 
homeostasis. As already noted, the RPE comprises 
a monolayer of highly polarized cells intercon-
nected with tight junctions, which restrict the para-
cellular movement of ions and fluid. That the 
paracellular resistance between RPE cells is ten 
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times higher than the transcellular resistance is one 
measure of the effectiveness of these junctions. The 
polarized expression of ion channels and other 
functionally related molecules on RPE has been 
well documented and is consistent with the uni-
directional fluid transport across the RPE, in an 
apical-to-basal direction, facilitated by the trans-
port of ions [75, 80, 81, 251]. Thus Na+-HCO3

− and 
Na+-K+-2Cl− cotransporters, along with Na+-K+-
ATPase, which are found on the apical membranes 
of the RPE, allow the intracellular uptake of Cl− 
and regulation of intracellular pH. Cl− ions along 
with K+ ions are extruded into the choroid from ion 
channels on the basolateral membranes of the RPE, 
which also express the cystic fibrosis transmem-
brane conductance regulator (CFTR) [81, 252]. 
This movement of ions serves to drive the move-
ment of water from the subretinal space into the 
choroid.

Investigations into the roles of ion channels in 
eye growth regulation and the possible involve-
ment of RPE have been limited to the chick 
model [69, 72]. In eyes made myopic by form- 
deprivation, both retinal and choroidal tissues 
were found to have markedly raised Na+ and Cl− 
levels, with K+ levels also elevated, albeit local-
ized to the outer retina-RPE region [253]. In eyes 
allowed to recover from induced myopia, the lev-
els of K+, Na+, and Cl− normalized around the 
time of refractive error recovery, while during the 
recovery phase, the retina, RPE, and choroid all 
showed thickening and edema [253, 254]. These 
findings point to potential roles of ion and fluid 
movement across RPE in refractive error regula-
tion, with more direct evidence contained in 
related pharmacological studies. Specifically, 
intravitreal injection of barium chloride, a non-
specific potassium channel inhibitor, was found 
to inhibit the compensatory ocular growth 
responses to imposed optical defocus, irrespec-
tive of its sign, while bumetanide, a selective 
Na+-K+-Cl− cotransporter inhibitor, selectively 
inhibited the response to negative lenses [255]. In 
addition, an unrelated study reported differential 
regulation of several Cl− transporters and chan-
nels in the RPE with negative lenses, with gene 
and protein expression being down-regulated 
after just one day of lens wear [256].

The identity of the signal molecules mediating 
the above changes in ion transport and fluid 
movement across the RPE during the develop-
ment and recovery from myopia remains unre-
solved, although two in vitro studies point to 
dopamine and Ach as plausible candidates. In 
one of these studies, using retina-RPE-choroid 
preparations, dopamine was found to modulate 
basal membrane Cl− conductance in chick RPE 
[202], and in the other study using human RPE 
cultures, mAchR agonists were found to induce 
rapid increases in intracellular calcium [213].

 Morphological Changes in RPE 
in Experimental Myopia

In relation to myopic growth-related morphologi-
cal changes in RPE, two studies of relevance 
include one involving chicks and another, quokka 
wallabies, which are a marsupial [257, 258]. As 
one of three layers lining the scleral cup, which 
undergoes substantial enlargement in myopia, the 
RPE must necessarily undergo substantial expan-
sion of its surface area in parallel. In chicks made 
myopic by form-deprivation for 1–2 weeks, indi-
vidual RPE cells were found to thin and stretch to 
maintain coverage of the expanding vitreous 
chamber, rather than dividing to add cell num-
bers; nonetheless, their hexagonal shapes were 
preserved [258]. Similarly in form-deprived 
quokkas, RPE cells were found to be enlarged in 
treated eyes, with their appearance being other-
wise relatively unaffected, when compared 
against those of fellow, control eyes [257]. A 
unique finding of the latter study was the redistri-
bution of multinucleated RPE cells in enlarged 
form-derived eyes, from the usual, mostly ventral 
location as seen in untreated (control) eyes, to 
more peripheral dorsal and nasal locations, 
around the retinal rim. However, it should also be 
noted that unlike most mammals and primates, 
the eyes of quokkas also grow throughout life, 
Nonetheless, these limited observations suggest 
that the RPE adapts to the expanding vitreous 
chamber in myopia, mostly through passive 
stretch, with possible implications for the long- 
term health of RPE cells and risk of pathology, 
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especially in highly myopic eyes [45]. Finally, it 
is noteworthy that application of mechanical 
stress to cultured RPE cells has been reported to 
induce VEGF in rat RPE and MMP-2 activation 
in human RPE [259, 260]. These observations 
raise the possibility that the mechanical forces 
experienced by the RPE of growing eyes may 
themselves indirectly influence eye growth 
through effects on RPE activity.

 Summary

In summary, the RPE likely plays an important 
role in  local eye growth regulation and thus the 
development of myopia, reflecting in part its criti-
cal location, interposed between the retina and 
choroid. Observations of growth factor synthesis 
and secretion, neurotransmitter receptor expres-
sion and activation, ion exchanges and fluid move-
ment across RPE, are also compatible with a role 
for the RPE in eye growth regulation. Further elu-
cidation of the presumed eye growth modulatory 
signal pathways and the role of the RPE as a signal 
relay may lead to novel therapeutic interventions 
for myopia control. An improved understanding of 
the morphological and functional changes in RPE 
at various stages of disease development and the 
key mediating factors may also lead to improved 
management of the pathological complications of 
myopia, including myopic maculopathy.
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 Introduction

Proliferative vitreoretinopathy (PVR), prolifera-
tive diabetic retinopathy (PDR) and age-related 
macular degeneration (AMD) are diseases that, 
despite a different initiating cause, share several 
common pathological features, including a (dis-
turbed) healing response and inflammation. 
Neovascularization represents an additional com-
ponent in PDR and AMD.  However, the newly 
formed vessels appear weak and are prone to 
haemorrhage leading to further activation of the 
healing response. Ultimately these diseases are 
typically characterized by the formation of 
fibrotic retinal membranes or may lead to fibrotic 
changes in the retina itself [1].

Retinal membranes are fibrocellular prolifera-
tions located at the retinal surfaces. Based on 
their location the membranes can be divided into 
two main groups, (1) epiretinal membranes 
(ERMs) that are located on the inner surface of 
the retina, and (2) subretinal membranes that are 
typically formed between the outer neuroretina 
and the retinal pigment epithelial monolayer, 
although intraretinal membranes have also been 
described [2, 3]. Besides location, retinal mem-
branes can also be divided on the basis of histo-
pathological features, more specifically avascular 
membranes as occur in PVR or those that display 
a prominent vascular component as is seen in 
PDR and AMD [2].

Several different cell types, including astro-
cytes, Müller cells, myofibroblasts and inflam-
matory cells can be present in these membranes, 
and in case of fibrovascular membranes also 
endothelial cells are abundant. In addition to 
the afore mentioned cell types retinal mem-
branes often contain numerous retinal pigment 
epithelial (RPE) cells [3–5]. These RPE cells 
contribute significantly to the local fibrotic, 
inflammatory and pro-angiogenic responses 
(Fig. 8.1). In this chapter we will discuss vari-
ous aspects of RPE cell function and regulation 
in relation to its regulatory role in fibrosis, 
inflammation and angiogenesis in retinal prolif-
erative disease.
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 Retinal Pigment Epithelium 
and Retinal Proliferative Disease

RPE cells are mitotically quiescent, differenti-
ated and polarized cells residing as a monolayer 
between the photoreceptors and Bruch’s mem-
brane. The main functions of the RPE are (1) 
transport of nutrients, ions and water, (2) absorp-
tion of light and protection against photo- 
oxidation, (3) re-isomerization of all-trans-retinal 
into 11-cis-retinal, which is a key element of the 
visual cycle, (4) phagocytosis of shed photore-
ceptor membranes, and (5) secretion of various 
essential factors for structural integrity of the 
retina. Moreover, the RPE constitutes the outer 
blood-retinal barrier which requires specialized 
tight junction molecules between the RPE cells 
to provide them with their barrier function. 
However, RPE can be become activated for 
instance in response to injury associated with 
breakdown of the blood-retinal barrier and subse-
quent exposure to plasma proteins, but also by 
high glucose levels, drusen-components or 
hypoxia [6–10]. In addition RPE cells can be 
activated by cytokines/chemokines and growth 
factors, for instance derived from infiltrating 

immune cells [11]. Activated RPE are considered 
key cellular elements in the development of fibro-
vascular membranes where they can augment the 
pro-fibrotic, pro-inflammatory and pro- 
angiogenic responses in the retinal tissue.

 RPE and Fibrosis

Fibrosis is often considered to result from a dys-
regulated healing attempt through continual local 
injury or impaired control over repair mecha-
nisms and is characterized by excessive deposi-
tion of extracellular matrix (ECM) components 
associated with loss of normal tissue architecture 
and function [12]. Retinal membranes also con-
tain abundant ECM proteins, mainly the fibrillary 
collagen subtypes-I and -III, but also subtypes II, 
IV, and V.  Besides collagen, also other ECM 
components can be present in retinal membranes, 
including elastin, laminin, fibronectin, tenascin 
and vitronectin [13–16]. The ECM composition 
of retinal membranes may however vary in the 
course of disease. For instance fibronectin may 
be more abundant in membranes of short clinical 
duration while the collagen content increases 
over time [14, 17, 18].

Regardless of the initiating insult or the organ 
affected, accumulation of fibroblasts and espe-
cially myofibroblasts along with excessive ECM 
deposition and tissue contraction represent key 
events in the formation of fibrotic tissue. 
Myofibroblasts are specialized fibroblast-like 
cells characterized by the expression of α-smooth 
muscle actin (αSMA), enhanced contractility, 
migratory and proliferative potential and an 
increased synthesis of the above mentioned ECM 
components (present in retinal membranes) when 
compared to normal fibroblasts, especially when 
stimulated with growth factors such as transform-
ing growth factor (TGF)-β and platelet-derived 
growth factor (PDGF) [19–22]. During normal 
tissue repair myofibroblasts appear and eventu-
ally disappear by apoptosis. In contrast, chronic 
presence and activity of myofibroblasts charac-
terize many fibrotic pathologies. In fibrotic dis-
ease myofibroblasts can originate from several 
sources including resident tissue fibroblasts, for 

Fig. 8.1 Fibrosis, inflammation and angiogenesis repre-
sent important pathologic characteristics of retinal prolif-
erative disease. Activation of the retinal pigment 
epithelium (RPE) that can occur by different types of 
stimuli contributes to the pathogenesis of these pathologic 
features
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instance upon stimulation with TGF-β or PDGF, 
but also from other precursor cell types including 
keratocytes in the eye and perivascular mesen-
chymal stem cells and circulating CD34 express-
ing fibrocytes [23–25]. In addition myofibroblasts 
may develop through endothelial mesenchymal 
transition (EndoMT) or epithelial mesenchymal 
transition (EMT) [19, 20, 26].

EMT is associated with loss of typical epithe-
lial features (e.g. tight junction molecules like 
zonula occludens and E-cadherin) while mesen-
chymal features (e.g. αSMA, collagen and fibro-
nectin expression) that promote migratory 
capacity, invasiveness and traction forces are 
acquired. Essentially EMT represents a normal 
physiological tissue response to injury to pro-
mote wound closure and tissue repair. EMT is 
normally tightly controlled by various factors 
and key transcription factors, including SNAIL 
family members, zinc-finger E-box-binding 
(ZEB) and basic helix-loop-helix (bHLH) tran-
scription factors that typically repress expression 
of epithelial proteins while they enhance expres-
sion of mesenchymal proteins [27]. Yet, in 
fibrotic situations EMT programs are not attenu-
ated, resulting in persistent myofibroblast forma-
tion and excessive ECM accumulation [27, 28]. 
Myofibroblasts have been detected in retinal 
fibrovascular membranes [5, 29, 30] where they 
are considered as important cellular source of 
ECM accumulation and membrane contraction. 
Immunohistochemical analysis of membranes 
have identified RPE cells as source of myofibro-
blasts, for instance based on co-localization of 
cytokeratin-18 as an RPE marker with αSMA as 
myofibroblastic marker [31].

 Retinal Pigment Epithelial Cells 
and Epithelial Mesenchymal 
Transition

A variety of growth factors, their receptors and 
signaling pathways have been found elevated in 
vitreous and membranes from patients with fibro-
proliferative retinal diseases and are considered 
to contribute to RPE EMT in these diseases. 
Some of the most well examined growth factors 

and signaling cascades involved in RPE EMT are 
discussed in more detail hereunder.

 Transforming-Growth Factor-β

TGF-β contains three isoforms, TGF-β1, TGF-β2 
and TGF-β3. TGF-β molecules are dimeric and 
initially secreted by the producing cells as a large 
latent complex that also contains two latency 
associated peptide (LAP) chains and a latent 
TGF-β binding protein (LTBP) [32]. After secre-
tion active TGF-β is released from the latent 
complex, mainly via the action of proteases for 
instance plasmin, matrix metalloproteases 
(MMP)-2, and -9, bone morphogenetic protein 
(BMP)-1, but also other molecules such as 
thrombospondin- 1, retinoic acid, αV integrins as 
wells as by reactive oxygen species and an acidic 
environment [33–37]. After formation the active 
TGF-β molecules interact with a receptor com-
plex containing two type-I TGF-β receptors 
(TGF-βR-I) and two TGF-βR-II subunits with 
resultant activation of intracellular signaling pro-
cesses [38].

TGF-β signaling is generally considered to 
represent a major regulator of fibrosis and is a 
very potent inducer of EMT [38, 39]. Increased 
TGF-β and TGF-βR expression has been observed 
in retinal membranes [40]. In line with this, TGF- 
β1 and TGF-β2 induce dedifferentiation of cul-
tured RPE cells into myofibroblasts [41–45]. 
TGF-β-induced EMT in RPE involves the canon-
ical Smad signaling pathway, which requires 
phosphorylation of Smad2 and Smad3 and for-
mation of a complex with Smad4 that subse-
quently translocates into the nucleus regulating 
transcription of TGF-β responsive genes [38, 46, 
47]. Smad7 is an inhibitory Smad which recruits 
Smurf to TGF-β receptors for polyubiquitination 
and degradation [38]. Smad7 overexpression 
abolished TGF-β2/Smad2/3/4 signaling and 
expression of collagen type-1 in ARPE-19 cells. 
Also in an in  vivo retinal detachment-induced 
PVR model Smad7 overexpression was found to 
suppress Smad2/3 signaling and EMT by RPE 
[48]. Although TGF-β signals mainly via Smads, 
upon receptor binding TGF-β can also activate 
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other signaling pathways, referred to as “non- 
canonical” TGF-β signaling, including the 
MAPK and PI3K signaling pathways [38]. These 
non-canonical TGF-β pathways, involving mole-
cules as TAK1, p38MAPK, PI3K/Akt [49–53] 
also contribute to TGF-β induced EMT in 
RPE.  Yet, cross-talk between the canonical 
TGF- β- Smad signaling pathways, the non-
canonical signaling pathways and jagged-notch 
signaling are likely involved in EMT in RPE 
[51, 54]. Moreover, these pathways induce the 
expression of Snail and ZEB, transcription fac-
tors that are fundamental in EMT by repressing 
epithelial proteins including E-cadherin and 
ZO-1 and enhancing expression of mesenchy-
mal proteins such as αSMA, fibronectin and col-
lagen and are involved in TGF-β-induced EMT in 
RPE [27, 55, 56].

 Platelet-Derived Growth Factor

PDGF is a family of growth stimulating polypep-
tides that exert broad functions in health and dis-
ease. The PDGF family comprises of four genes 
that encode the peptide chains PDGF-A, 
PDGF-B, PDGF-C and PDGF-D, which by 
disulfide bridging can form the homodimeric 
molecules PDGF-AA, PDGF-BB, PDGF-CC 
and PDGF-DD or the heterodimeric PDGF-AB 
molecule [57]. Pro-peptide chains of PDGF-A 
and PDGF-B dimerize intracellulary, and intra-
cellular removal of the N-terminal pro-domains 
is required for secretion and activity. In contrast, 
PDGF-CC and PDGF-DD are secreted as latent 
molecules that become activated in the extracel-
lular space by proteolytic removal of the 
N-terminal CUB domain, for instance by prote-
ases as plasmin and tissue plasminogen activator 
[57]. PDGF dimers exert their activity via bind-
ing to specific receptors consisting of two PDGF- 
receptor (PDGF-R) chains (αα, αβ or ββ chains). 
PDGF-A and PDGF-C chains are ligands for 
PDGF-Rα, the PDGF-D chain binds PDGF-Rβ, 
while the PDGF-B chain can bind both PDGF-Rα 
and PDGF-Rβ, yet with a higher affinity for 
PDGF-Rβ [57]. Thus depending on the PDGF 
isoform that binds, PDGF-R chains dimerize in 

either one of three dimeric forms; αα, αβ, ββ. 
PDGF-R belongs to the receptor tyrosine kinase 
(RTK) family and PDGF binding is followed by 
autophosphorylation of crucial tyrosine residues 
within the receptor chain, with subsequent acti-
vation of downstream signaling pathways, 
including RAS-MAPK, PI3K/Akt and PLC [57]. 
PDGF molecules are generally considered as key 
driving forces in fibrosis. They promote fibro-
blast proliferation and chemotaxis, increase the 
production of ECM components and inflamma-
tory cytokines by fibroblasts and stimulate EMT 
[57, 58].

Increased PDGF and PDGF-R activity has 
been observed in human PVR and PDR vitreous 
and membranes and the PDGF molecules can be 
blood borne or locally produced, for instance by 
glial cells, RPE cells, and macrophages. PDGF is 
a strong stimulator of EMT in RPE, as reflected 
by increased αSMA and collagen production and 
decreased expression of ZO-1 [59–64]. Moreover, 
PDGF-receptor inhibition prevents EMT in vitro 
and in vivo as well as PVR development in exper-
imental animal models [63–66]. RPE cells 
express the PDGF-Rβ chain at far higher levels 
than the PDGF-Rα chain [62, 64]. Yet, despite its 
low expression by RPE, activation of PDGF-Rα 
is considered as important determinant to elicit 
cellular responses, including cellular contraction 
in RPE [67]. Whether this is related to a specific 
PDGF isoform, PDGF-Rαα homodimer or 
PDGF-Rαβ heterodimer formation is unclear so 
far. Also trans-activation of PDGF-Rα via other 
growth factor receptors activated by their own 
ligand (e.g. fibroblasts growth factor (FGF), epi-
dermal growth factor (EGF) or hepatocyte growth 
factor (HGF)) can occur and result in the dedif-
ferentiation of RPE into the contractile myofibro-
blast phenotype [68].

PDGF-induced EMT is associated with 
increased proliferation, migration and cellular 
contraction, and involves activation of signaling 
molecules including ERK1/2, p38 and Akt [63, 
65, 69, 70]. Presumably these signaling cascades 
result in induction of Snail of which overexpres-
sion in ARPE-19 induces EMT characterized by 
loss of the epithelial markers E-cadherin and 
ZO-1 and upregulation of the mesenchymal 
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markers αSMA and fibronectin [27, 71, 72]. 
Moreover, overexpression of Snail significantly 
enhanced motility and migration (typical features 
of myofibroblasts) by RPE [72].

 Coagulation Cascade

Tissue injury associated with vascular damage/
dysfunction results in activation of the coagula-
tion cascade and is crucial to facilitate the healing 
process [73]. Stepwise activation of coagulation 
serine proteases present in the plasma results, at a 
certain point, in the conversion of factor X into 
activated factor X (FXa). FXa subsequently 
cleaves pro-thrombin into active thrombin, which 
converts soluble plasma fibrinogen into an insol-
uble fibrin clot along with aggregation and 
degranulation of platelets [74]. The main func-
tion of the fibrin clot is to re-establish blood ves-
sel integrity, to act as a reservoir of growth factors 
and cytokines, and to provide a scaffold to pro-
mote migration, activation, proliferation and dif-
ferentiation of leukocytes and mesenchymal cells 
in order to restore tissue homeostasis [73]. Two 
pathways of coagulation cascade activation are 
recognized, the extrinsic pathway and the intrin-
sic pathway. Extrinsic coagulation is driven by 
tissue factor and directly initiated upon tissue 
injury (vascular injury) and critical for the initial 
fibrin formation. Amplification and maintenance 
of coagulation is subsequently controlled through 

feed-forward regulation via the intrinsic pathway 
(Fig. 8.2) [73].

Uncontrolled activation of the coagulation 
cascade has been recognized to contribute to 
fibrosis in several organ systems [73]. Classically 
the fibrin clot was thought to influence a fibrotic 
response by acting as a provisional structural 
matrix for fibroblasts, endothelial cells and 
inflammatory cells to migrate and to proliferate 
on, and by acting as a reservoir of growth factors 
and fibrogenic cytokines [75]. Damage to the 
blood vessels associated with breakdown of the 
blood retinal barrier is an important pathological 
event in PVR, PDR and AMD. Along this line, 
fibrin deposits have been found in the eyes of 
patients with retinal proliferative disease and it 
has been reported that RPE can use fibrin as scaf-
fold supporting myofibroblastic de- differentiation 
and migration [76–80]. However studies in lung 
fibrosis clearly revealed that fibrin generation per 
se may not be required for a fibrotic response, 
and that thrombin and FXa directly contribute to 
the fibrotic response by regulating cellular activ-
ity [81–83].

FXa and thrombin can directly activate cell 
surface expressed proteinase-activated receptors 
(PARs), thereby initiating cellular processes 
associated with tissue healing, including cellular 
migration, proliferation and myofibroblast differ-
entiation [73]. Four different PAR types (PAR1–
4) exist. PARs are G-coupled proteins of which 
signalling is initiated via proteolytic cleavage of 

factor XII factor XIIa

factor XI factor XIa

factor IX

factor X

factor V factor Va

prothrombin thrombin

fibrinogen fibrin fibrinopeptides
+

factor Xa factor X

factor VIIfactor VIIa

trauma

trauma
tissue factor

common pathway

extrinsic pathwayintrinsic pathway

factor IXa

Fig. 8.2 Simplified 
scheme of the 
coagulation cascade. 
Indicated is the stepwise 
activation of serine 
proteases by the 
extrinsic and intrinsic 
pathways. At the point 
of convergence of these 
two pathways, factor Xa 
converts prothrombin 
into active thrombin. 
Thrombin subsequently 
converts soluble 
fibrinogen into insoluble 
fibrin
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the extracellular N-terminal part. The newly 
formed N-terminus binds to another extracellular 
part of the receptor, causing a conformational 
change that activates intracellular signalling via 
the G-coupled proteins (Fig. 8.3). Each PAR has 
its own unique cleavage site that can be cleaved 
by several proteases of which thrombin by far has 
the highest affinity for these receptors, with the 
exception of PAR2 (Table 8.1) [84]. Indeed PAR1 
abrogation protects against fibrosis in several 
organ systems, pointing at an important role for 
this receptor and its activating coagulation prote-
ases in eliciting cellular responses crucial for 
fibrosis to develop [73].

Besides fibrin, increased thrombin activity 
and elevated levels of coagulation proteins have 
been found in vitreous from patients with PVR, 
PDR and AMD [85–90]. RPE cells express PARs, 

mostly abundantly PAR1 and PAR3 [91, 92]. 
Thrombin, and to a lesser extent FXa, induce 
EMT in RPE cells, which is associated with 
decreased expression of epithelial markers ZO-1 
and E-cadherin, intercellular gap formation and 
increased expression of mesenchymal markers 
including αSMA, collagen type-1 and N-cadherin 
as well as actin stress fiber assembly [64, 92–95] 
(Fig. 8.4). These processes are PAR1 dependent 
and may involve induction of autocrine PDGF- 
PDGF- R signalling and signalling cascades 
including phosphatidylinositol 3-kinase (PI3K) 
and inositol 1,4,5-triphosphate (IP3)/diacylglyc-
erol (DAG) controlled protein kinase C (PKC) 
activation followed by phosphorylation of PKC- 
potentiated inhibitory protein of 17 kDa (CPI-17) 
and subsequent myosin light chain phosphoryla-
tion as well as Snail induction [64, 91, 94–96].

proliferation angiogenesis cell adhesion

TBPNFκB

NFκB

GATAELK1

ERK1/2

MEK1/2
p38

IKK2

PKCς

Ras

Raf1

PI3K

Gα

Gα-1 Gα-12/13

GαGβ GβGγ Gγ

cell survival differentiation

Fig. 8.3 Activation of proteinase-activated receptors 
(PARs). PARs are seven transmembrane domain receptors 
which activation involves proteolytic cleavage of the 
N-terminus. This leads to unmasking of a tethered ligand, 
which then binds to the second extracellular loop. This 
then results in a conformational change at the C-terminus, 

recruitment of heterotrimeric G-proteins and subsequent 
activation of signaling pathways that elicit cellular effects, 
including proliferative, pro-angiogenic, pro-inflammatory 
and differentiation responses. (Figure source: J. Bastiaans, 
Thesis 2015, Erasmus University, ISBN/EAN 
978–94–6233-054-2)
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 Hypoxia and Glucose

Retinal hypoxia is an important determinant in the 
pathogenesis of AMD and PDR, where it results 
from drusen deposition and thickening of Bruch’s 
membrane or retinal microvasculopathy, respec-
tively [97, 98]. Hypoxic culture conditions induce 
EMT in ARPE-19 as evidenced by enhanced 
αSMA expression. This involves hypoxia-induced 
TGF-β2 production and Snail induction [99]. 
Moreover, prolonged hyperglycemia is involved 
in diabetes and may influence EMT by RPE in 
PDR. It was observed that high glucose level fur-
ther increased RPE barrier breakdown under 
in vitro hypoxic conditions, which involved p38 
MAPK activation [100]. Moreover, high glucose 
induces RPE EMT in vitro, which is associated 
with increased Snail activity, cellular migration, 
fibronectin and collagen production, PI3K/AKT 
signaling and induction of connective tissue 
growth factor [7, 101].

 RPE Monolayer Disruption

Although it has been observed that several different 
stimuli can be involved in EMT induction in RPE, 
it seems that disruption of RPE cell-cell contact 
and dissociation from Bruch’s membrane may rep-
resent absolute prerequisites for EMT [102, 103]. 
For instance it was observed that RPE cells in the 
center of cultured porcine RPE sheets maintained 
cell-cell contact and retained a differentiated epi-
thelial phenotype, while RPE cells at the edge of 
the sheet migrated away from the sheet, lost their 
epithelial morphology and pigment and dedifferen-
tiated into fibroblast-like cells. Moreover, disrup-
tion of the RPE cell-cell contact in the center of the 
sheets was associated with EMT, as evidenced by 
the acquirement of vimentin and N-cadherin 
expression while P-cadherin expression dimin-
ished, which was also associated with enhanced 
cellular proliferation [103]. Importantly, in  vitro 
studies revealed that TGF-β1 and TGF-β2 induced 
dedifferentiation of cultured RPE cells into myofi-
broblasts [42–44]. Yet, TGF-β2 did not induce 
αSMA expression in differentiated RPE cells in the 
central region of cultured porcine RPE sheets, 
while it did enhance αSMA expression in those 
cells that already had undergone EMT [103].

Maintenance of RPE layer integrity is con-
trolled by junctional complexes (adherens junc-
tions and tight junctions) that typically sequester 
EMT signaling molecules. Cadherins, which 
form part of the adherens junctions, sequester 
β-catenin at the plasma membrane/cytoplasm. In 
RPE cells undergoing EMT, β-catenin translo-
cates to the nucleus while inhibition of β-catenin 
signaling prevents EMT and the associated pro-
liferation [27, 104, 105]. Hepatocyte growth fac-
tor (HGF), a factor that induces disruption of cell 
layers, induces β-catenin release from adherens 
junctions and enhances EMT, proliferation and 
migration by RPE [106–110]. Also ZO-1 as part 
of the tight junction links transcription molecules 
crucial for maintenance of epithelial layer integ-
rity. ZO-1-associated nucleic-acid-binding pro-
tein (ZONAB) binds to ZO-1 and knock-down of 
ZO-1 or overexpression of ZONAB results in 
RPE monolayer breaks, EMT and associated pro-
liferation, both in vivo and in vitro [111].

Table 8.1 Agonists of protease activated receptors

PAR1 PAR2
Activated protein 
C
Cathepsin G
Factor Xa
Granzyme A
Kallikrein 1, 4, 5, 
6, 14
Matrix 
metalloprotease 1
Meziothrombin 
(desF1)
Penicillium 
citrinum 13
Plasmin
Proatherocytin
Thrombin
Trypsin IV

Acrosin
Bacterial gingipains
Chitinase
Granzyme A
Kallikrein 2, 4, 5, 6, 14
Mast cell tryptase
Matriptase/membrane-type 
serine protease 1
Penicillium citrinum 13
Peptidase 1, 2, 3
Tissue factor:Factor Xa:Factor 
VIIa
Transmembrane protease serine 
2
Transmembrane protease serine 
11D
Trypsin
Trypsin IV

PAR3 PAR4
Thrombin Bacterial gingipains

Cathepsin G
Factor Xa
Kallikrein1, 14
Mannon binding lectin serine 
peptidase 1
Plasmin
Thrombin
Trypsin
Trypsin IV
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 MicroRNA Regulation

MicroRNAs (miRNAs) are small noncoding 
RNAs that selectively bind mRNA, thereby 
inhibiting their translation or promoting their 
degradation and, in addition to the direct effect of 
transcription factors on gene expression, miR-
NAs also regulate the epithelial phenotype and 
EMT [27]. In RPE miRNA-204 and miRNA-211 

are abundantly expressed and target TGF-βR2 
and Snail mRNA while reduced expression of 
miRNA-204/211 results in diminished expres-
sion of tight junction associated claudin mole-
cules, increased TGF-βR2, PDGF-B, Snail1/2 
expression, decreased trans-epithelial resistance 
and increased proliferation. This all points at a 
critical role for these miRNAs in maintaining 
retinal epithelial integrity and barrier function 

unstimulated thrombinFig. 8.4 Thrombin 
induces epithelial 
mesenchymal transition 
by RPE cells. ARPE-19 
cells were cultured 
under standard 
conditions (left column) 
or stimulated for 48 h 
with thrombin (5 U/mL) 
and the cells were fixed 
and stained for the 
myofibroblast marker 
alpha smooth muscle 
actin (α-SMA, red: top 
row), the tight junction 
protein zonula 
occludens-1 (ZO-1, 
green: middle row) and 
collagen type-1 (green: 
lower row). The nuclei 
were counterstained 
with DAPI (blue). 
Thrombin enhances the 
expression of αSMA 
fibers and collagen 
type-1 in ARPE-19 and 
reduces expression of 
ZO-1. (Figure modified 
from [64])
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[112]. Differential expression of miRNAs occurs 
upon TGF-β2-induced EMT in RPE [113]. This 
includes miRNA downregulation of miRNA-29b 
that is associated with increased collagen produc-
tion [113]. TGF-β1-induced EMT in RPE is also 
associated with downregulation of miRNA-29b 
and overexpression of miRNA-29b inhibits TGF- 
β1- induced EMT by RPE as it prevented down-
regulation of ZO-1 and E-cadherin and 
upregulation of αSMA [53]. In addition, TGF- 
β1- induced EMT in RPE has been found to be 
associated with downregulation of miRNA-124, 
while miRNA-124 overexpression upregulated 
the levels of ZO-1 and occludin and downregu-
lated αSMA, fibronectin and vimentin expression 
in RPE and reduced RPE mediated collagen-gel 
contraction [114]. This involved the inhibitory 
effect of miRNA-124 on RHOG (Ras homology 
Growth-related) expression, a protein that con-
trols RAC1 (Ras-related C3 botulinum toxin sub-
strate 1), which is a regulator of EMT in RPE 
[114, 115]. RPE differentiation is promoted by 
miRNA-184 via suppression of AKT2/mTOR 
signaling. Decreased miRNA-184 expression has 
been observed in RPE from AMD along with 
increased AKT2 levels while in RPE miRNA-
 184 was found to block AKT/mTOR signaling 
and to suppress proliferation and migration [116]. 
All together this illustrates that miRNAs fulfill an 
important regulatory effect on pathways crucial 
in EMT in RPE, which warrants further studies 
into this regulatory mechanism.

 RPE and Myofibroblast 
Dedifferentiation by Other Cell Types

Müller cells may represent another important 
source for myofibroblasts in retinal membranes 
[31, 117]. This can be induced by growth factors 
including, insulin-like growth factor-I (IGF-I), 
IGF-II and PDGF, which facilitate tractional 
potential of these cells [118, 119]. Activated and 
dedifferentiated RPE have been identified as 
source of such growth factors and culture medium 
obtained from RPE that have undergone myofi-
broblastic differentiation induces a myofibroblas-
tic phenotype in Müller cells [64, 91, 120]. In 

addition thrombin-induced myofibroblast differ-
entiation of RPE can be associated with the pro-
duction of IGFBP-3, a factor that may reduce 
IGF-I and IGF-II induced Müller cell contraction 
[64, 91, 119]. This illustrates that in retinal fibro-
sis the RPE may thus represent a source of medi-
ators that modulate myofibroblastic 
dedifferentiation of other retinal cell types in a 
paracrine manner.

 RPE and Inflammation

Inflammation is an important pathologic compo-
nent in proliferative retinal disease. Infiltration of 
the vitreous, retina, fibroproliferative retinal 
membranes and choroid by leukocytes, including 
neutrophils, monocytes, macrophages as well as 
T- and B-lymphocytes, is observed in PVR, PDR 
and AMD [5, 121–128].

 Cytokines/Chemokines Produced by 
RPE

Chemokines are chemotactic cytokines that regu-
late the recruitment of leukocytes to sites of 
injury and elevated levels of chemokines, includ-
ing chemokine (C-C motif) ligand (CCL)2, 
CCL14, chemokine (C-X-C motif) ligand 
(CXCL)7, CXCL8, CXCL10, CXCL12, 
CXCL16, IL-6 and macrophage-colony stimulat-
ing factor (M-CSF), have been detected in vitre-
ous from patients with PVR, PDR and AMD [30, 
127, 129–134].

RPE cells may represent an important source 
of chemokines upon activation by different types 
of stimuli. Several inflammatory cytokines, 
including IFN-γ, IL-1β, and TNF-α, induce the 
production of for instance CCL2, CCL5, CCL7, 
CXCL8, CXCL9, CXCL10, CXCL11, CXCL16 
and CX3CL1 by RPE, which may be further 
enhanced upon costimulation with combinations 
of these cytokines [135, 136]. IL-4 typically 
induces production of the eotaxins CCL11 and 
CCL26, and while not by itself affecting CCL5 
and CCL7 production by RPE, it does enhance 
the effect of TNFα on the production of these 
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chemokines [136]. In addition, RPE can increase 
their production of other pro-inflammatory cyto-
kines, including IL-1α, IL-1β and IL-6, for 
instance upon activation with IL-1, TNF-α or 
LPS [11].

The cytokines that activate chemokine/cyto-
kine production by RPE may derive from infil-
trating leukocytes as it was found that for instance 
activated T-lymphocytes stimulate the production 
of CCL2, CCL5, CCL7, CCL8, CXCL1, CXCL2, 
CXCL3, CXCL8, CXCL9, CXCL10 and 
CXCL11 by RPE via secretion of TNFα and 
IFN-γ [135]. However since RPE cells express 
receptors for cytokines they produce themselves, 
autocrine or paracrine effects induced by these 
cytokines might be involved as well.

TLRs (toll-like receptors) are a family of evolu-
tionary conserved innate immune receptors which 
can either be expressed at the cell membrane (e.g. 
TLRs 1, 2, 4, 5 and 6) or intracellularly (e.g. TLRs 
3, 7 and 9) and recognize and respond to microbial 
pathogen- associated molecular patterns (PAMPs) 
as well as endogenous ligands for instance derived 
from damaged cells (damage-associated molecular 
patterns: (DAMPs)). TLRs are thus crucial compo-
nents of innate immunity that participate in host 
defense against infection, tissue damage, repair and 
regeneration [137]. Well known PAMPs are bacte-
rial lipopolysaccharides for TLR4, bacterial lipo-
proteins and lipotechoic acid and fungal zymosan 
for TLR1, TLR2 and TLR6 and bacterial flagellin 
for TLR5, while double stranded RNA typically 
binds to TLR3, single stranded RNA to TLR7 and 
bacterial unmethylated CpG DNA to TLR9 [137, 
138]. Endogenous ligands (DAMPs) that may acti-
vate TLRs, in particular TLR2 and TLR4, com-
prise amongst others heat shock proteins, HMGB1, 
but also extracellular matrix molecules including 
fibronectin, fibrinogen, hyaluronan, or breakdown 
products thereof, while mRNA molecules exhibit 
the capacity to activate TLR3 [137, 138]. RPE cells 
abundantly express TLRs and especially TLR1 and 
3 are most highly expressed and expression of such 
TLR molecules is even further enhanced by inflam-
matory stimuli [139].

Although the contribution of TLRs to prolif-
erative retinal disease has not been studied in 
great depth so far, TLR activation on RPE likely 

contributes to these diseases, for instance by 
contributing to the generation of a local pro- 
angiogenic and inflammatory environment. For 
instance amyloid-β enhances cytokine produc-
tion by RPE cells, including CXCL2, CXCL8, 
CX3CL1, IL-1β, IL-6, IL-18, IL-33 and TNF-α, 
which may involve TLR4 mediated activation of 
the MyD88-NF-κB signaling pathway and 
NLRP3 inflammasome activation [140–142]. 
But possibly also TLR 3 and TLR4 activation in 
RPE cells through RNA released from damaged 
cells or HMGB1, respectively, is involved in 
shaping the local inflammatory/pro-fibrotic 
milieu as this enhances the release of cytokines 
and growth factors by the RPE [139, 143–148]. 
In addition, histones, which are DNA binding 
proteins essential to chromatin remodeling and 
gene expression, can also be released after reti-
nal tissue injury and exhibit the ability to stimu-
late cytokine production by RPE in a TLR4 
dependent manner [149].

The coagulation and complement systems 
may also be involved in shaping the inflamma-
tory environment in retinal proliferative dis-
ease. Thrombin, FXa as well as complement 
components can induce production of several 
different cytokines/chemokines by RPE, 
including CCL2, CCL7, CXCL8, GM-CSF and 
IL-6 [85, 91, 150, 151]. Furthermore, hyper-
glycemic and hypoxic conditions can trigger 
inflammatory cytokine production, including 
CXCL8, CXCL12, IL-1β, IL-6 and IL-18, by 
RPE cells [152, 153].

Altogether, these data illustrate that RPE cells 
can produce cytokines/chemokines in response to 
a variety of stimuli associated with proliferative 
retinal diseases. These cytokines and chemokines 
are involved in recruitment, activation and differ-
entiation of immune cells (Table 8.2), but also in 
the activation of other retinal resident cells.

 Adhesion Molecule Expression by 
RPE

Transmigration of immune cells across the vas-
cular endothelium into tissue not only depends 
on local chemokine/cytokine gradients, but also 
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requires expression of adhesion molecules, not 
only on the immune cells and endothelial cells, 
but also tissue resident cells [154].

Intercellular adhesion molecule-1 (ICAM-1: 
CD54) interacts with other adhesion molecules, 
including lymphocyte function associated anti-
gen- 1 (LFA-1: CD11a/CD18), macrophage 
adhesion ligand-1 (MAC-1: CD11b/CD18), and 
the integrin p150,95 (CD11c/CD18: type-4 com-
plement receptor), which are expressed by 
immune cells and are required for adhesion and 
chemotaxis. Adhesion molecule expression by 
RPE cells is crucial for immune cell adhesion 
and migration. RPE cells have been found to 
express ICAM-1 and binding of leukocytes, 
including neutrophils and activated (T-) lympho-
cytes, hugely depends on this ICAM-1 expres-
sion [155, 156]. Several inflammatory stimuli, 
including IL-1β, TNF-α, or IFN-γ upregulate 

ICAM-1 expression by RPE and significantly 
enhance ICAM-1 dependent leukocyte binding 
to RPE cells [155]. Yet, under strong inflamma-
tory conditions also ICAM-1 independent mech-
anisms may be involved in adhesion of leukocytes 
to RPE, while leukocyte activation associated 
with integrin/adhesion molecule activation 
appears crucial as well [156, 157]. Migration of 
lymphocytes through RPE monolayers involves 
ICAM-1 and LFA-1 as antibodies against these 
adhesion molecules abrogated the migration of 
T-lymphocytes across an RPE monolayer [158]. 
Also other adhesion molecules expressed by 
(activated) RPE cells, including VCAM-1, facil-
itate T-lymphocyte migration across RPE mono-
layers [159].

It has been described that thrombin stimulates 
ICAM-1 expression by RPE cells and strengthens 
the physical interaction between RPE cells and 
monocytes when co-cultured [91, 160]. Moreover, 
stimulation of monocyte-RPE (ARPE- 19) co-cul-
tures with thrombin significantly enhances mono-
cyte to macrophage differentiation, which is blocked 
by neutralizing antibodies directed against ICAM-1 
(CD54) or integrin-β2 (CD18) and thus indicating 
the importance of the ICAM-1-LFA-1/MAC-1 sys-
tem in RPE driven macrophage differentiation 
(Fig. 8.5). Yet whether such macrophages are of the 
so-called M2 type (CD163 positive) that are typi-
cally associated with tissue repair, angiogenesis and 
fibrosis, also in fibro(vascular) retinal membranes 
[133, 161], is unclear so far. M2 macrophages 
secrete huge amounts of pro-fibrotic/angiogenic 
mediators (including TGF-β, PDGF and VEGF) 
that drive for instance EMT and ECM production, 
while M1 macrophages typically produce pro-
inflammatory mediators, which may however (for 
instance CCL2) also be involved in the recruitment 
of fibrocytes that, once infiltrated into the tissue, can 
adopt a pro-fibrotic phenotype and have been 
observed in vitreous and retinal membranes [12, 
162–165]. Nevertheless these data demonstrate that 
adhesion molecules expressed by RPE are involved 
in immune cell recruitment, activation as well as 
differentiation and thereby thus modulate the local 
inflammatory/pro- angiogenic/pro-fibrotic milieu in 
the retina/vitreous.

Table 8.2 Chemokines produced by RPE cells

Chemokine Chemotactic for
CCL2 (MCP-1) Monocytes, basophils
CCL5 
(RANTES)

T-lymphocytes, monocytes, 
eosinophils

CCL7 (MCP-3) Monocytes, eosinophils
CCL8 (MCP-2) Monocytes, lymphocytes, 

basophils, eosinophils
CCL11 
(eotaxin-1)

Eosinophils

CCL26 
(eotaxin-3)

Basophils, eosinophils

CXCL1 
(GRO-α)

Neutrophils

CXCL2 
(MIP-2α)

Neutrophils

CXCL3 
(MIP-2β)

Neutrophils

CXCL8 (IL-8) Neutrophils, basophils, 
T-lymphocytes

CXCL9 (MIG) T-lymphocytes
CXCL10 (IP-10) T-lymhpocytes, monocytes
CXCL11 
(I-TAC)

T-lymphocytes, neutrophils, 
monocytes

CXCL16 
(SR-PSOX)

T-lymphocytes

CX3CL1 
(fractalkine)

T-lymphocytes, monocytes

Chemokines are indicated by their official nomenclature, 
in between brackets common aliases used
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unstimulated

thrombin + hirudin

thrombin + αCD18

thrombin

thrombin + isotype

thrombin + αCD54

Fig. 8.5 Thrombin facilitates ICAM-1-LFA-1/MAC-1 
interactions between RPE and monocytes that are involved 
in RPE-induced monocyte to macrophage differentiation. 
CD14+ monocytes isolated from peripheral blood mono-
nuclear cell fraction and ARPE-19 cells were co-cultured 
on glass slides for 72 hours. The cells remained unstimu-
lated, were stimulated with thrombin (5  U/mL), stimu-
lated with thrombin (5 U/mL) in the presence of the direct 
thrombin inhibitor hirudin (7.5 U/mL), neutralizing anti-
bodies against CD18 (αCD18; LFA-1/MAC-1), CD54 
(αCD54; ICAM-1) or an isotype control (each antibody at 
1  μg/mL). Non-adherent cells were washed away and 

adherent cells were stained with CD68 to identify macro-
phages (dark red staining). Thrombin stimulation is asso-
ciated with (myo)fibroblastic dedifferentiation of the RPE 
cells as evidenced by the spindle shaped morphology they 
adopt. Moreover this stimulation is clearly associated with 
the differentiation of monocytes into macrophages (top 
right panel, some macrophages are indicated by arrows), 
which was inhibited by hirudin as well as neutralizing 
antibodies directed against CD18 and CD54, but not the 
isotype control. (Figure adapted from: J. Bastiaans, Thesis 
2015, Erasmus University, ISBN/EAN 
978–94–6233-054-2)
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 RPE and Angiogenesis

Choroidal and retinal neovascularization as seen 
in wet AMD and PDR, respectively, is highly 
dependent on local growth factor activity. Vascular 
endothelial growth factor (VEGF) is considered a 
key growth factor in stimulating neovasculariza-
tion that, in order to establish its full pro-angio-
genic action, does depend on the additive or 
synergistic help from other angiogenic factors, 
including for instance PDGF, IGF- I, placental 
growth factor (PlGF) and bFGF [166–168].

RPE cells within the direct vicinity of endothe-
lial cells likely contribute to pathological neovas-
cularization through production of pro-angiogenic 
factors [169, 170]. Studies with transwell co-cul-
ture of choroidal endothelial cells (CEC) with 
RPE cells (ARPE-19) clearly revealed that RPE 
cells release VEGF that facilitates CEC transmi-
gration, yet VEGF by itself was not able to induce 
proliferation which required additional factors 
produced by the RPE [171]. Increased production 
of pro-angiogenic factors by RPE can occur upon 
different types of stimuli. Hypoxia induces VEGF 
and PDGF expression in RPE which involves 
PKC-signaling and hypoxia-inducible factor 1-α 
(HIF-1α) transcriptional activity and may be fur-
ther enhanced by alterations in ECM composition 
[9, 10, 172–175]. Moreover, hyperglycemic condi-
tions upregulate VEGF production by RPE, which 
involves activation of the transcription factors 
specificity protein 1 (Sp1) and HIF-1α [173, 176–
178]. In contrast, bFGF production by RPE may 
be reduced under hyperglycemic conditions [179].

Pigment epithelium-derived factor (PEDF) is 
under normal conditions secreted by the RPE and 
retains retinal and choriocapillaris structure by 
inhibition of endothelial cell proliferation [180, 
181]. However, decreased PEDF expression by 
RPE can occur under hyperglycemic and hypoxic 
conditions [182].

Activation of innate immune receptors on 
RPE may also promote neovascularization. For 
instance activation of receptor for advanced gly-
cation end products (RAGE), a pattern recogni-
tion receptor abundantly expressed by RPE, by 
accumulated glycation end products but also 
amyloid-β present in drusen, or high mobility 

group box 1 protein (HMGB1) and calcium- 
binding S100 proteins, released from dying cells, 
stimulate VEGF secretion by RPE cells [141, 
183–191]. Besides RAGE, amyloid-β can acti-
vate TLR4 signaling in RPE and thereby pro-
motes VEGF and bFGF production [142]. In 
addition, amyloid-β may cause decreased PEDF 
production by RPE cells and conditioned media 
from amyloid-β exposed RPE cells was found to 
cause a steep increase in tubule formation by 
human umbilical vein endothelial cells. This 
clearly indicates that drusen components may 
stimulate retinal neovascularization by altering 
the balance between pro-angiogenic and anti- 
angiogenic factors produced by RPE cells [184].

Inflammatory mediators and growth factors, 
for instance IL-1β, TNF-α, IFN-γ and TGF-β1, 
TGF-β 2 and TGF-β3 that can be elevated in 
fibroproliferative retinal disorders also induce 
VEGF production by RPE [192–195]. The com-
plement system may also promote the creation of 
a pro-angiogeninic environment by RPE as C3a 
stimulates VEGF production by RPE while it 
decreases PEDF production [196]. In addition, 
coagulation cascade activity may drive pro- 
angiogenic mediator production by RPE as FXa 
and thrombin stimulate expression and release of 
VEGF, PDGF and bFGF by RPE cells [64, 91, 
92, 193, 197]. The effect of FXa and thrombin on 
VEGF production likely involves autocrine/para-
crine TGF-β signaling and comprises activation 
of MAPK, ERK1/2, p38, PI3K and Akt signaling 
molecules [92, 193, 197]. The effect of thrombin 
on VEGF production by RPE can by further 
amplified, either in an additive or synergistic 
manner, by other pro-angiogenic factors like 
TNF-α and TGF-β2 as well as monocytes [193].

These data point at the existence of a direct 
link between, inflammation, coagulation, a 
 pro- angiogenic RPE phenotype, and retinal 
neovascularization.

 Conclusion

Studies conducted over the last decades revealed 
that RPE cells play an essential role in several 
pathologic characteristics of retinal proliferative 
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diseases. This includes at least (1) the formation 
of fibro(vascular)membranes by undergoing 
EMT, associated with migration, proliferation, 
ECM production and cellular contraction, (2) 
inflammation via the production of 
cytokines/chemokines and adhesion molecules 
that facilitate leukocyte recruitment and differ-
entiation which further shapes the local pro-
fibrotic and pro-angiogenic environment, and 

(3) angiogenesis by creating a pro-angiogenic 
environment which typically involves the pro-
duction of pro-angiogenic factors along with 
diminished production of anti-angiogenic fac-
tors (Fig. 8.6). A challenge for the future is to 
further unravel the molecular mechanisms 
involved in these processes as such knowledge 
may serve as the basis for improved or novel 
therapeutic approaches.

Fig. 8.6 Fibrosis, inflammation and angiogenesis repre-
sent important pathologic characteristics of retinal prolif-
erative disease. Retinal pigment epithelium (RPE) cells 
play an important role in the pathogenesis of these charac-
teristics. RPE cells contribute to fibrosis via the process of 
epithelial mesenchymal transition (EMT) in which they 
lose typical epithelial characteristics and dedifferentiate 
into myofibroblast-like cells. Myofibroblasts are special-
ized cells and represent the main effector cells in fibrosis. 
They exhibit migratory capacity that promotes invasive-
ness, proliferate and resist apoptosis, facilitating exces-
sive cell accumulation. Importantly myofibroblasts exhibit 
strong capacity to produce extracellular matrix (ECM) 
components and display contractile properties thereby 
contributing to excessive ECM deposition and tissue dis-
tortion, respectively. RPE cells contribute to inflammation 

via the production of a plethora of chemokines and cyto-
kines that regulate immune cell recruitment, activation 
and differentiation within the ocular tissue. In addition, 
the RPE cells enhance their expression of adhesion mole-
cules, thereby facilitating cellular interaction with 
immune cells required for immune cell infiltration and 
activation. The RPE contributes to angiogenesis via 
enhanced production of pro-angiogenic factors and dimin-
ished production of anti-angiogenic factors, which pro-
motes the creation of a local pro-angiogenic growth factor 
environment. To adopt these effector functions the RPE 
cells need to be activated by a stimulus. The nature of the 
stimulus can be diverse (e.g. cytokines, growth factors, 
coagulation proteins, drusen, hypoxia, hyperglycemia, 
loss of junctional integrity, damage-associated molecular 
patterns; for details see text)
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 RPE in the Pathology of AMD

Age-related macular degeneration (AMD) is a 
complex eye disease with multifactorial aetiol-
ogy [1]. Its development is associated with 
aging, genetics and many cardiovascular risk 
factors. In AMD straight lines appear wavy, 
objects look smaller than normal, and colours 
are less bright. Peripheric vision usually remains 
unchanged. Rod and cone photoreceptors, reti-
nal pigment epithelial cells (RPE) and the 
underlying choroid perform degenerative 
changes in AMD.  Chronic oxidative stress, 
impaired protein clearance, mitochondrial dys-
function, endoplasmic reticulum stress and 
inflammation are strongly linked to AMD 
(Fig. 9.1; [2, 3]). Clinically, RPE mottling and 
drusen accumulation are the primary hallmarks 

of degenerative cellular processes in AMD 
(Fig.  9.2). The RPE degeneration secondarily 
leads to damage and cell death of photoreceptor 
cells and thereby to the loss of vision. Decreased 
RPE functionality usually occurs gradually dur-
ing several years and decades with high indi-
vidual variability. Lipofuscin accumulates into 
lysosomes and the extracellular protein/lipid 
deposits drusen between the basal lamina of the 
RPE and the inner collagenous layer of the 
Bruch’s membrane (Fig. 9.1). Since both lipo-
fuscin and drusen are highly autofluorescent, 
they are easy to detect with fundus imaging 
(Fig. 9.3). AMD is subdivided mainly to dry and 
wet forms with 80% and 20% prevalences, 
respectively [1]. Choroidal neovascularization 
sprouting into retina is a clinical sign of wet 
AMD. There are no effective therapy options for 
dry AMD, while intraocular injections of anti-
bodies against vascular endothelial growth fac-
tor (VEGF) are used for wet AMD [4]. RPE 
cells have a central role in the production of 
VEGF and thereby in the development of wet 
AMD [5].

 Functions of RPE Cells

Highly pigmented RPE cells grow as a hexagonal 
monolayer that extends anteriorly from the optic 
disc to the ora serrata where neurosensory retina 
ends. From ora serrata, the RPE layer continues 
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Fig. 9.1 Schematic presentation of retinal pigment epi-
thelium (RPE)-derived age-related macular degeneration 
development. Constant oxidative stress induces protein 
misfolding and aggregation once the refolding capacity of 
heat shock proteins (Hsps) is exceeded. Decline in lyso-
somal clearance system including autophagy evokes lipo-
fuscin accumulation, increases oxidative stress, 

mitochondrial damage, endoplasmic reticulum stress 
(ER), protein aggregation and NLRP3 inflammasome 
activation. Damaged and aggregated proteins undergo 
exocytosis process that is estimated to be involved in dru-
sen biogenesis. Ubiquitin (Ub) regulates primarily protea-
somal clearance, but is also involved autophagy due to its 
binding sites with autophagy receptors LC3 and p62

Healthy macula AMD

Fig. 9.2 Fundus photographs of healthy retina and dry age-related macular degeneration (AMD). Red arrow indicates 
drusen and white arrow retinal pigment epithelium mottling
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as a membrane passing over the ciliary body and 
covers the posterior part of the iris. The apical 
side of the RPE faces the light-sensitive outer seg-
ments of rod and cone photoreceptors, while the 
basal membrane of the RPE is in contact with the 
fenestrated capillaries of the choroid. RPE cells 
have a symbiotic relationship with photoreceptors 
through the apical microvilli that surround the 
outer segments of the neural cells. The Bruch’s 
membrane between the RPE layer and choroidal 
endothelial cells regulates the exchange of nutri-
ents and signalling molecules. RPE cells regulate 
the vitamin A metabolism, heat exchange, ion bal-
ance, light absorption, production of various 
growth factors, and active transport of molecules 
in and out of the RPE [6]. RPE cells also function 
as nonprofessional phagocytes by degrading reti-
nal outer segments [7]. Major functions of the 
RPE also include the establishment of the blood–
retina barrier and maintenance of the immune 
privilege of the eye [6, 8]. In addition, RPE cells 
have a crucial role in the production of various 
growth factors including VEGF [9, 10].

 Oxidative Stress in the RPE

The retina is the most prominent oxygen con-
sumer among human tissues [11]. Its photo- 
oxidative activity is increased by the load of 

mitochondria-driven short-lived reactive oxygen 
species (ROS). They are produced due to diurnal 
phagocytosis of lipid-rich photoreceptor outer 
segments (Fig.  9.1; heterophagy), high retinal 
oxygen concentration, constant need of energy, 
and constant light exposure [2]. In addition to 
elevated ROS levels, lipid peroxidation may lead 
to the accumulation of long-lived 
4- hydroxynonenal (HNE), malondialdehyde 
(MDA), and glycation end (AGE) products [12]. 
These lipid peroxidation end-products tend to 
concentrate around the macular area and evoke 
additional and chronic oxidative stress to RPE 
cells.

High cellular pigmentation is a central charac-
ter of RPE. The pigmentation of postmitotic RPE 
cells mainly results from melanosomal melanin 
[13, 14], which acts as a ROS scavenger and thus 
protects the neural retina [15, 16]. The majority 
of light is absorbed via melanin that is located in 
the melanosomes of RPE cells [17]. In addition 
to melanin, photoreceptors and their pigments, 
such as carotenoids, lutein, zeaxanthin, and 
meso-zeaxanthin, absorb light [18]. All those 
macular pigments prevent auto-oxidation and the 
subsequent generation of ROS in RPE cells. Due 
to persistent oxidative stress, RPE cells also con-
tain high amounts of anti-oxidative enzymes, 
such as superoxide dismutase and catalase [19].

During the aging process, RPE cells experi-
ence increased oxidative stress, altered melanin 
content, and decreased antioxidant production 
[20–23]. Elevated melanosomal oxygen con-
sumption and ROS production contribute to 
increased oxidative stress, which in turn is esti-
mated to occur due to auto-oxidative melano-
somal lipofuscin accumulation onto the surface 
of melanosomes in RPE cells [20]. In young 
RPE, melanosomes and melanin are cytoprotec-
tive while in aged cells, lipofuscin shifts them 
into toxic organelles [22, 24, 25]. In contrast to 
melanosomal lipofuscin, lysosomal lipofuscin is 
better characterized and known to play a role in 
the pathology of AMD.  Once oxidated 
 polyunsaturated fatty acids (PUFAs) from retinal 
outer segments are not efficiently digested in the 
lysosomes of aged RPE cells, they start to accu-
mulate in the form of lipofuscin (Fig.  9.1). 

Fundus autofluorescence in AMD

Fig. 9.3 Fundus autofluorescence photographs of dry 
age-related macular degeneration (AMD). Red arrow 
indicates autofluorescence coming mainly from lyso-
somal lipofuscin, while white arrow reveals drusen 
autofluorescence
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Lipofuscin is a chromophore, serving as the 
major RPE photosensitizer [26]. It contains vita-
min A-derived fluorophores that have been shown 
to suppress mitochondrial functionality and 
increase the RPE cell damage [27, 28]. In line 
with melanolipofuscin, lysosomal lipofuscin 
absorbs high-energy photons, especially from 
blue light, and undergoes a variety of photochem-
ical reactions involving ROS formation and sec-
ondary photochemical damage in the retina and 
RPE cells [26]. The accumulating free radicals 
also damage the lysosomes of RPE cells resulting 
in the further loss of their capacity to degrade the 
photoreceptor outer segment material, which 
again accelerates the lipofuscin formation [27, 
28]. In addition to the ability of lipofuscin to 
decline the lysosomal enzyme activity and mito-
chondria respiration, it promotes the misfolding 
of intracellular proteins, which evokes additional 
oxidative stress in RPE cells.

It is widely accepted that RPE degeneration is 
associated with detrimental events in cellular 
functions, such as increased oxidative stress, 
decreased capacity to repair DNA, and protein 
damages (Fig.  9.1; [2, 29]). This then leads to 
protein misfolding and aggregation, and in cer-
tain circumstances even to cell death [30].

 Proteasomes and Lysosomal 
Autophagy in AMD

Maintenance of the cellular balance of proteins 
or protein homeostasis, also referred to as proteo-
stasis, comprises the regulation of protein synthe-
sis, folding, location, and degradation [27, 28]. 
Molecular chaperones, ubiquitin-proteasome 
degradation, autophagy-lysosomal pathway, and 
endoplasmic reticulum (ER) are central systems 
to regulate the proteostasis in cells (Fig.  9.1). 
Heat shock proteins (Hsps) are molecular chaper-
ones that have a capacity to refold misfolded pro-
teins. This is a unique system in cells to repair 
damaged proteins. Heat shock proteins protect 
RPE cells against oxidative stress, but it seems 
that the protective mechanism become weakened 
during the AMD process [31, 32].

Once Hsps’ repair capacity becomes exceeded, 
misfolded proteins have a tendency to gather into 

detrimental aggregates. Prior to protein aggrega-
tion, soluble proteins are tagged with small ubiq-
uitin moieties that target damaged proteins to 
degradation in the large enzyme complexes called 
proteasomes. If proteasomes are not able to 
remove damaged proteins, and aggregation 
occurs, autophagy system tries to compensate the 
proteasomal response (Fig. 9.1; [27, 28]).

Autophagy, sometimes called self-eating, 
directs the degradation of unnecessary cellular 
molecules and organelles by delivering them to 
lysosomes where they become broken down by 
hydrolytic enzymes. Three basic types of autoph-
agy are distinguished: macroautophagy, 
chaperone- mediated autophagy (CMA), and 
microautophagy [33]. Macroautophagy is medi-
ated by the formation of autophagosome, a 
double- membrane vacuole that includes materi-
als to be degraded. An autophagosome fuses with 
a lysosome, resulting in a structure called autol-
ysosome, in which the final degradation of the 
cellular material occurs (Fig.  9.1). 
Microautophagy is conceptually the simplest 
mechanism of autophagy as it involves the direct 
uptake of cytoplasmic material thorough invagi-
nated lysosomal membrane. Heat shock proteins 
Hsp90, Hsc70, or Hsp40 regulate the CMA pro-
cess. The role of microautophagy or CMA in 
AMD is little known. Macroautophagy is consid-
ered as the major autophagic pathway and has 
been the most extensively studied in AMD 
research. It involves combined activity of 
autophagosomes and lysosomes where the hydro-
lysis by lysosomal enzymes is supported by sev-
eral autophagy-related proteins (Atgs) [34]. In 
addition to basal regulation, autophagy is a host 
defence response to stress. The autophagic pro-
cess is mainly regulated via the mechanistic tar-
get of rapamysin (mTOR) and adenosine 
monophosphatekinase (AMPK)-controlled sig-
naling. Both of them are responsible for monitor-
ing the nutritional status of the cell. Oxidative 
stress activates via AMPK host defence autoph-
agy [35, 36].

There is mounting evidence showing that 
decreased autophagy in RPE cells is associated 
with the development of AMD [37–39]. One 
indication of that is the upregulation of the 
autophagy receptor SQSTM1/p62, a protein 
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shuttling between autophagy and proteasome-
mediated proteolysis, and clearly present in the 
macula of AMD donor samples [39]. Circulating 
autoantibodies in AMD recognize human macu-
lar tissue antigens implicated in autophagy [40]. 
Moreover, autophagy proteins, autophagosomes, 
and autophagy flux are significantly reduced in 
tissue from human donor AMD eyes [38].

 Cross-Talk Between Endoplasmic 
Reticulum, Mitochondria, 
and Lysosomes

Autophagosomes originate at the contact point of 
endoplasmic reticulum (ER) and mitochondria, 
called mitochondria-associated membranes 
(MAM) (Fig.  9.1; [41]). That forms one link 
between mitochondria and ER in the regulation of 
protein clearance in RPE cells [42]. ER is a large 
cellular organelle containing a machinery for pro-
tein production, post- translational modification, 
folding, and secretion to extracellular space via the 
Golgi apparatus processing [41]. Moreover, the 
ER participates in drug detoxification, and regu-
lates calcium balance, carbohydrate metabolism, 
and lipid biosynthesis. ER is rich of heat shock 
proteins that control the protein folding with cal-
cium [43]. Oxidative stress and excessive ROS 
production in mitochondria result in the calcium 
efflux from the ER and the formation of misfolded 
protein aggregates. In order to maintain proteosta-
sis and cellular functionality, the ER activates an 
adaptive quality control system, which is called 
the unfolded protein response (UPR). The UPR is 
initiated by three independent transmembrane 
stress transducers; (1) inositol-requiring kinase-1 
(IRE1), (2) RNA-activated protein kinase-like ER 
kinase (PERK), and (3) activating transcription 
factor-6 (ATF6). The UPR activation evokes 
increased levels of ER-derived heat shock pro-
teins, such as glucose-regulated protein-78 
(GRP78), that prevent protein aggregation by 
refolding of misfolded proteins. However, pro-
longed and excessive stress will induce caspase 
activation, mitochondrial dysfunction, and cell 
death [30].

Mitochondrial dysfunction for excessive ROS 
and DNA damage may lead to mitophagy, which 

is the selective autophagy degradation of mito-
chondria [27, 28, 35, 44]. Generally, this process 
involves the elimination of damaged and depolar-
ized mitochondria via the PINK1-Parkin path-
way that is regulated by SQSTM1/p62 and 
proteasomes [35]. Role of mitophagy in AMD is 
little known. However, dysfunctional protea-
somal and autophagy clearance systems, exces-
sive ROS production by damaged mitochondria, 
and ER stress induce inflammation in AMD 
(Fig. 9.1; [38, 39, 43, 45, 46]).

 Compromized Functionality 
of Lysosomes Predisposes RPE Cells 
to Inflammasome Activation

The activation of NLRP3 inflammasome has 
been associated with aged RPE and the patho-
genesis of AMD (Fig. 9.1; [3, 47, 48]). NLRP3 
is an intracellular pattern recognition receptor 
(PRR) that forms a large protein complex upon 
a two-phase activation process. In the priming 
phase, a signal activating the transcription fac-
tor nuclear factor kappa B (NF-κB) e.g. through 
Toll-like receptors (TLRs) or cytokine recep-
tors results in the production of NLRP3 protein 
as well as the pro-forms of inflammatory cyto-
kines IL-1β and IL-18 [49, 50]. The second sig-
nal becomes recognized by NLRP3 that gets 
activated and initiates the assembly of an 
inflammasome where a small adaptor protein, 
apoptosis-associated speck-like protein con-
taining a CARD (ASC), connects NLRP3 to the 
executing enzyme, caspase-1. Activated cas-
pase-1 cleaves IL-1β and IL-18 into their 
mature forms that can be secreted out of the cell 
[51, 52]. Caspase-1 activation is also capable of 
driving cell death called pyroptosis, which 
probably contributes also to the RPE atrophy 
[47]. For example, blue light-induced oxidative 
stress in lipofuscin-loaded RPE cells resulted in 
apoptotic cell death until the cells received a 
priming signal for the inflammasome activation 
[53]. A pre- treatment of RPE cells with IL-1α, 
complement component C5a, or conditioned 
medium of pyroptotic cells, promoted lipofus-
cin-mediated photo-oxidative stress to switch 
the cell death mechanism from apoptosis to 
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pyroptosis along with the inflammasome acti-
vation and IL-1β release [53].

NLRP3 senses numerous activators ranging 
from biological and chemical to physical and par-
ticulate stressors [54]. Lysosomal rupture [55–57] 
as well as the major lipofuscin fluorophore 
N-retinylidene-N-retinylethanolamine (A2E; [58]) 
are known to activate the NLRP3 inflammasome. 
Similarly, dysfunctionality of proteasomes and/or 
autophagy along with the accumulating waste 
material induced the inflammasome signaling in 
human RPE cells [59, 60]. It has been suggested 
that insufficient intracellular clearance forces RPE 
cells to exocytose the waste material, which could 
then participate the formation of drusen, another 
type of deposits found as the clinical marks of 
AMD (Fig. 9.1; [61, 62]). Drusen material isolated 
from AMD patients [63] as well as its components, 
such as amyloid β (Aβ; [64–66]) and complement 
components [63, 66], are also well-known activa-
tors of inflammasome signaling in RPE cells or 
activated macrophages in the retina of dry AMD 
model mice. C1Q- mediated inflammasome activa-
tion was observed to result from the release of 
cathepsin B from lysosomes to the cytosol [63]. 
Excessive complement activity plays a role in the 
pathogenesis of AMD especially through the defi-
ciency the complement factor H (CFH) that nor-
mally inhibits the complement cascade [67–70]. 
Also deficiency in pentraxin 3 (PTX3), an upstream 
regulator of CFH, has been linked to increased 
inflammasome activation in RPE cells [65].

 Oxidative Stress Drives 
and Mediates Inflammasome 
Activation in the RPE

The activation of NLRP3 differs from that of 
many traditional PRRs that recognize evolution-
arily conserved structures in their ligands. The 
NLRP3 activation is more complex and in many 
cases an indirect process. Cathepsin B escaping 
from lysosomes to the cytosol along with potas-
sium efflux and oxidative stress comprise the 
three major models suggested to promote the 
NLRP3 activation [71]. Those events also over-
lap and contribute to each other, making it chal-

lenging to define the ultimate activating 
mechanism. For example, both oxidative stress 
[72, 73] and potassium efflux [74] have been sug-
gested to function as the final activator for several 
independent activating factors.

Oxidative stress can contribute both to prim-
ing and the activation of AMD-related inflamma-
some signaling. Reactive oxygen species damage 
cellular macromolecules, such as proteins, lip-
ids, and DNA. The oxidative stress-induced pro-
tein modification carboxyethylpyrrole (CEP) 
primed macrophages for the inflammasome acti-
vation with drusen components [63], whereas 
the lipid peroxidation end product 4-hydroxynon-
enal provided the activating signal in LPS-
primed human RPE cells [75]. HNE and another 
lipid peroxidation end product malondealdehyde 
(MDA) have also been used experimentally to 
stabilize isolated porcine photoreceptor outer 
segments (POS) against autophagy for creating 
lipofuscin- loaded RPE cells [76]. In another 
study, the uptake of oxidized but not native lipo-
protein activated the NLRP3 inflammasome in 
human RPE cells [77]. Oxidative stress also 
reduces the expression of DICER1, a cytoplas-
mic RNase III- type endoribonuclease responsi-
ble for cleaving Alu RNA into non-toxic 
fragments [78, 79]. In addition to DICER1 loss, 
iron accumulation is another AMD-related event 
resulting in the increased levels of Alu RNA 
[80]. Alu RNA can both prime and activate 
NLRP3 and it also induces mitochondrial ROS 
production in human RPE cells [81]. Besides the 
probable role of oxidative stress, the ATP recep-
tor P2X7 has been observed important in Alu 
RNA-induced retinal degeneration [82], alluding 
that changes in ionic balance may neither be 
excluded in this process [83].

Zhou et al. showed that autophagy/mitophagy 
decline activates NLRP3 through mitochondria- 
derived ROS production in macrophages [84]. 
Similar findings were observed also in another 
study where ammonium pyrrolidinedithiocarba-
mate (APDC) prevented the inflammasome sig-
naling in addition to a mitochondrial ROS 
scavenger, suggesting that NADPH oxidase may 
also participate the ROS-mediated inflamma-
some activation in RPE cells with dysfunctional 
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intracellular clearance (Piippo et al. unpublished 
data). In any case, the role of dysfunctional mito-
chondria is prominent in aged RPE. In addition to 
increased ROS release and reduced energy pro-
duction, mitochondrial (mt)DNA functions as a 
danger factor when released from mitochondria 
to the cytosol. NLRP3 inflammasome activation 
can promote the relocation of mtDNA [85], and 
oxidized mtDNA is further capable of activating 
NLRP3 by direct contact with the receptor [86]. 
In human RPE cells, mtDNA primed NLRP3 
along with the induction of other pro- 
inflammatory cytokines, such as IL-6 and IL-8 
[87]. AMD patients with the high-risk allele for 
CFH were shown also to possess significantly 
higher mtDNA damage when compared to sub-
jects having wild-type genes [27, 28]. AMD reti-
nas have also been shown to contain higher levels 
of more oxidized mtDNA and more single nucle-
otide polymorphism (SNPs) when compared to 
age-matched controls [88].

Interestingly, MAMs have been shown to pro-
vide a platform also to the inflammasome activa-
tion [84, 89]. In macrophages upon the 
inflammasome activation, NLRP3 translocated to 
MAMs and attracted also ASC there [84]. The 
idea of MAMs for bringing mitochondria, ER, 
autophagy, and inflammasomes into very close 
contact is attractive in AMD but more studies on 
RPE cells are needed on this topic.

 Conclusions

RPE degeneration is one of the primary clinical 
sign in AMD development. It has been known for 
a long time that oxidative stress, protein aggrega-
tion and inflammation coincide with AMD patho-
genesis. Recent findings indicate that lysosomal 
autophagy has a key role in the suppression of oxi-
dative stress induced protein aggregation and 
inflammasome mediated inflammation in RPE 
cells. Currently, there are no effective therapies for 
treatment of dry AMD, while different formula-
tions of intravitreal anti-VEGF are increasing for 
wet AMD treatment. All clinical trials that have 
targeted to suppress inflammation in AMD have 
been failed. Since AMD is complex disease, drug 

development will be challenging especially taking 
account of personalized medicine demands. Based 
on the existing data, RPE at a cellular level is a 
central therapy target to develop novel AMD treat-
ments. The prevention of protein aggregation and 
acceleration of clearance might have an important 
place in the slowing of AMD progression.
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 Introduction

Human retinal pigment epithelium (RPE) devel-
opment starts early in embryogenesis. At birth, 
RPE cells already show pigmentation (melano-
somes) and with further maturation a significant 
increase of other intracellular granule types (lipo-
fuscin and melanolipofuscin) will lead to the 
characteristic (healthy) RPE phenotype: a cell 
monolayer embedded between the photoreceptor 
outer segments and Bruch membrane, filled with 
different types of granules.

Knowledge on the principles of RPE develop-
ment is a necessary first step in order to separate 
aging processes and, henceforward, age-related 
changes. This chapter will summarize the current 
knowledge in RPE development. Furthermore, 
findings from recent systematic and unbiased his-
tological studies emphasize normal age-related 
changes to discriminate diseased RPE in age- 
related macular degeneration (AMD).

 RPE Development

As a preliminary remark, most of our knowledge 
on RPE development arises from multiple studies 
in animal models which helped to elucidate mol-
ecules, proteins, and cells involved in these com-
plex processes. These findings in molecules and 
proteins functions can serve as a basis for studies 
in human RPE development.

The evolution of the vertebrate eye starts in a 
region of the ventral forebrain by an evagination 
of the neuroepithelium towards the surface ecto-
derm. The distal optical vesicle, as a part of the 
“eye field”, will develop into pigmented (iris, cili-
ary body, and RPE) and unpigmented (neuroreti-
nal) structures of the eye [1], regulated by multiple 
eye field transcription factors, EFTFs, like Rx, 
Pax6, Six3, Six6, Lhx2, and others [2, 3].

Also, close relationship between ectoderm and 
optical vesicle leads to optic cup formation. RPE, 
though in developmental stage itself, is a required 
partner and has significant influence in further eye 
development (control of the closure of the optic 
fissure) and retinal differentiation [1, 4–9]. With 
the closure of the optic fissure, RPE covers the 
complete outer wall of the optic cup [1].

In the embryonic mouse, the development of the 
RPE starts as early as day 13, and few days later first 
pigmented granules (melanosomes) are visible [10]. 
At this time point, RPE cells also show epithelial 
character arranged in a  monolayer. In humans, pig-
ment granules are usually observed very early 
within the first weeks of foetal development [11].
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For an optimal epithelial development several 
cell-cell interactions have been described: actin 
microfilament—intermediate filament and cell 
surface—cell surface connections [12–14].

 RPE Differentiation

For agonistic and/or antagonistic properties on 
RPE differentiation an extensive number of 
intrinsic and extrinsic proteins and factors (inter 
alia retinoids, FGF/MAP kinase, FGF, notch sig-
nal, IGF-1, hedgehog, Sox2, Rx, Pax2, Pax6, 
Gas1, hedgehog, BMP) are necessary which 
originate from the adjacent tissue and extracellu-
lar matrix [1, 5, 15–29]. In addition, several sig-
naling pathways maintain RPE differentiation.

Especially, two pathways seem to be impor-
tant for RPE differentiation and pigmentation, 
and, therefore, impact on RPE phenotype: Wnt 
and Mitf pathways.

 Wingless-Related Integration Site 
“Wnt”-Expression

Wnt/β-catenin signaling has major impact on the 
conversion of retinal progenitor cells into RPE and 
subsequent RPE differentiation in several animal 
models [28, 30, 31]. Wnt/β-catenin is regulated by 
Otx2 [28, 31–33], suppressed by Six3 [31, 33], 
while overstimulation of the Wnt/β- catenin path-
way leads to RPE development of the whole optic 
vesicle [33–37]. β-catenin activation is also 
reported in epithelial–mesenchymal transitions 
(EMT) during embryogenesis and cancer progres-
sion [4, 34, 38], but also in RPE EMT, a process 
with clinical relevance in which RPE loses epithe-
lial phenotype and exhibits migratory properties 
(e.g., in proliferative retinopathy) [12, 39–43].

 Mitf (Microphthalmia Associated 
Transcription Factor)

Mitf [44] is important at the early stages of eye 
formation, especially in melanin-producing cells: 
for the transition from eye field into optic cup and 
for RPE cell transformation [5, 33, 45, 46]. In this 

context, Mitf activates several genes for RPE pig-
ment differentiation, especially in melanosomes 
(inter alia tyrosinase and tyrosinase- related pro-
tein) [47–49]. Absence or loss of Mitf activity 
results in altered melanin/melanosome content 
and affected RPE pigmentation [4, 6, 9], and might 
also result in RPE transdifferentiation [6, 50]. Mitf 
activity itself is regulated by a number of proteins 
(e.g., Vsx2, FGF, Sox2, and Lhx2) [6, 51–53].

It is still under investigation at which time 
point the RPE differentiation process stops (and 
whether it stops at all, or can be re-initiated at a 
later time point). Histological studies hint that 
RPE differentiation is not finished at birth but 
might continue postnatally (e.g., spatial organiza-
tion, pigmentation) [54–57].

 RPE Proliferation 
and Transdifferentiation

It is believed that the mitotic ability of RPE cells 
decreases significantly with further development, 
in utero and postnatal. However, there is still 
ongoing debate whether RPE is capable of cell 
division under physiological circumstances or 
not. Kokkinopoulos et  al. found that peripheral 
RPE cells show proliferative properties, distin-
guishable from central RPE in which prolifera-
tive behavior is considerably less [58]. A few 
reports indicate that some cells remain in a prolif-
erative status throughout life. In early studies, 
human RPE cells were reported to be post- 
mitotic, non-dividing cells [56, 59]. However, in 
a study examining monkey RPE, Rapaport et al. 
[60] found 3H-thymidine-labeled RPE more than 
200 days postnatal. This could be evidence that 
some (probably not all) post-mitotic RPE cells 
carry cell regenerating capabilities (mitotic stem 
or progenitor cells) under physiological 
 conditions to maintain cell repair and regenera-
tion [61, 62]. Similar effects can also be observed 
under pathologic conditions, e.g., after laser 
treatment and in cell culture experiments [63].

A related and distinctive feature of RPE cells is 
the presence of multinucleate cells which are com-
mon in rodents, but reported only sporadically in 
humans [59]. A recent systematic analysis of mac-
ular RPE cells provided evidence that multinucle-
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ated RPE cells are nearly completely absent at the 
human fovea, while perifovea showed around 10% 
multinucleated cells [64]. The differences may 
reflect the regional differences in photoreceptor 
topography [65] and the different needs of RPE 
cells in the photoreceptor supporting system.

Transdifferentiation (conversion of one dif-
ferentiated cell type to another, with or without 
an intervening cell division) [66] is a phenome-
non observable in RPE cells. Since mature RPE 
also has capabilities of retinal gene expression, 
there might exist (mostly unknown) mechanisms 
which control and suppress intrinsic RPE trans-
differentiation in the healthy retina/RPE. In dis-
eased retina/RPE, these protective and inhibitory 
effects might be repealed to initiate transdiffer-
entiation cascades. Once transdifferentiation has 
started, a return to properties of native RPE-cell 
seems to be not possible. In age-related macular 
degeneration, dissociated RPE cells from the 
monolayer (“sloughed cells” [67]) have not only 
lost direct cell contact but also apical-basal 
polarity [68–70]. These cells have migratory 
capabilities and may migrate between basal lam-
inar deposits and inner collagenous layer of 
Bruch’s membrane (“subducted cells”) or across 
the subretinal space and into the retina (see 
below, changes in diseased RPE).

 RPE Postnatal and in Adolescence

A key feature of maturation of RPE cells is the 
accumulation of different intracellular granule 
types (melanosomes, lipofuscin, melanolipofus-
cin, Fig. 10.1).

Pre-melanosomes and melanosomes are gen-
erated in utero [11]. At birth, the human RPE 
contains only melanosomes. About 8% of the 
total cell volume is occupied by melanin in the 
first two decades of life, decreasing to 6% in the 
subsequent two decades and to 3.5% at age 60 
and higher [54].

In a histological RPE study examining human 
donor eyes, Feeney reported precursors of lipofus-
cin and lipofuscin granules in the first decade [72]. 
She and others also provided evidence that a signifi-
cant increase in lipofuscin accumulation occurs in 
adolescence, followed by a lesser increase between 
20 and 40 years and a second significant increase 
after age 40 [72, 73]. Feeney was the first who 
reported number of granules per cell profile. Recent 
high resolution structured illumination autofluores-
cence microscopy and 3D electron microscopy 
studies showed that RPE cells contain hundreds (up 
to 500!) of granules (Fig. 10.1) [74, 75].

Granule content per cell differs not only by 
regional location (fovea vs. perifovea vs. 

A B C

Fig. 10.1 RPE granule abundance depends on retinal 
location. Normal RPE granule distribution and F-actin 
cytoskeleton. High-resolution structured illumination 
microscopy enables delineation of individual intracellular 
autofluorescent lipofuscin and melanolipofuscin granules. 
Melanosomes, which are only minimally autofluorescent, 
are visible only by blocking signal from underlying auto-
fluorescent granules, and non-autofluorescent cell nuclei 
create dark areas within the cells (a fovea; b perifovea). At 
near-periphery (out to 10-mm eccentricity), granule ratio 

changes and RPE cells contain fewer melanosomes and 
more lipofuscin/melanolipofuscin granules (c). The nor-
mal polygonal shape of RPE cells is highlighted by the 
stained circumferential F-actin bundle of the RPE cyto-
skeleton (red in a). Adjacent cells have parallel cytoskel-
etons (arrowheads in a). Donor: 83 years, female. F-actin 
labeled with AlexaFluor647-Phalloidin. Scale bar: 10 μm. 
(Reprinted from Ach et al. [71] with permission from the 
Association for Research in Vision and Ophthalmology)
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Fig. 10.2 Composite and 
difference maps of RPE 
numerical density and AF 
in two different age 
groups: <51 years versus 
>80 years. (a–d) RPE 
numerical density peaks at 
the fovea (≤51 years old: 
6520 ± 946 cells/mm2; 
>80 years old: 6405 ± 1323 
cells/mm2) and decreases 
with eccentricity in both 
age groups. Cell numbers 
were determined in 
flat-mounts of RPE-
Bruch’s membrane in short 
post-mortem human eyes. 
(e, f) Warm colors indicate 
higher values, and cool 
colors indicate lower 
values in the older group. 
Green indicates minimal 
differences between 
groups. The numerical 
density difference map 
shows no significant age 
change at fovea and 
periphery and a significant 
increase in cell density 
with age at the perifovea. 
The AF difference map 
shows significantly 
increased intensity in all 
regions with age, 
especially at 2–4 mm from 
the foveal center (corre-
sponds with a ring of 
highest density of rods). 
Color bar for differences in 
numerical density ranges 
between −2000 and +2000 
cells in increments of 
250 cells/mm2. Color bar 
for differences in AF 
intensity ranges between 
−0.3 and +0.3 in incre-
ments of 0.0375 arbitrary 
units. (Reprinted with 
permission from the 
Association for Research 
in Vision and 
Ophthalmology from Ach 
et al. [77])

periphery) but also within a location which 
leads to phenotypic heterogeneity of the 
monolayer [71, 76]. Despite this massive 
intracellular deposition of granules RPE cells 
still look healthy with regular actin cytoskele-

ton and exhibiting a polygonal geometry 
(Fig. 10.2) [77].

The total number of RPE cells varies between 
4.2 and 6.1 million per eye [59]. Whether RPE 
cell density at the macula changes with age is dis-
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cussed controversially. Previous reports showed 
RPE cell loss with aging [78–80]. These studies 
have been plagued by long post-mortem delay to 
preservation, vertical sections without appropri-
ate correction factors, tangential sections through 
a limited number of retinal locations, or insuffi-
cient and biased sampling schemes underlying 
the steep gradients of neuroretinal cell density in 
the fovea.

A recent histologic study using a systematic 
and unbiased sampling scheme shows stability of 
macular RPE in humans with aging [77], consis-
tent with findings of studies with the largest 
series of eyes [81, 82]. It is unclear whether 
changes in cell number are dominant in the 
periphery and near the ora serrata.

Another feature of the aging RPE are changes 
in the monolayer’s geometry. The RPE shows 
polygonal cell structure when viewed en face. 
Predominantly hexagonal cells are found at the 
fovea; however, with increasing distance from 
the fovea, hexagonal predominance gets lost and 
RPE cells show more or less than six neighbors.

In addition, several reports demonstrate a 
decrease of hexagonal cells with aging, showing 
a life-long re-arrangement (Fig. 10.3) [77, 83]. A 
histological study found cells with 3–13 neigh-
bors, and, of interest, cells with more than six 
neighbors fitted perfectly into the polygonal 
monolayer geometry, suggesting that they are 
healthy [77]. Reasons for the cell re-arrangement 
could include cell division (though controver-
sially discussed), compensatory enlargement 
after focal cell loss, and fusion of neighboring 
cells. Whether the decreased regularity in RPE 
cell geometry actually results in a reduced func-
tionality of the cells remains unclear.

Oxidative stress which leads to alterations in 
the cytoskeleton might be the cause for cellular 
de-organization [84]. In AMD affected RPE cells, 
stress fibers and massive alterations in the fila-
mentous action cytoskeleton are detectable 
(Fig. 10.4) [71, 84–86]. It is widely accepted that 
intracellular microfilaments and microtubules are 
involved in many cellular functions and struc-
tures like membranes and organelles. In addition, 
in RPE cells microfilaments are also necessary 
for pigment transport (melanosomes) to and from 

the apical processes [87–89] and altered cyto-
skeleton function might lead to de- or hyperpig-
mentation in AMD [90], known as risk factors for 
AMD progression.

Fig. 10.3 RPE geometry changes with age. Cytoskeleton 
of retinal pigment epithelium (RPE) in an RPE–BrM flat- 
mount from two donors (40 years and 86 years) labeled 
with Phalloidin for filamentous actin (F-actin). While 
RPE cell density remains stable with aging, the mono-
layer geometry changes. The number of hexagonal cell 
decreases and there are more cells with <5 and >7 neigh-
bors. Of note: all cells of the 86 years old donor have a 
regular shape and cytoskeleton, suggesting a healthy cell 
state. (Reprinted with permission in part from Ach et al. 
[77])
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Interestingly, in higher age and intermediate 
AMD, fundus autofluorescence shows a decrease 
in overall autofluorescence intensity [91, 92] 
confirmed by histology demonstrating a loss of 
lipofuscin/melanolipofuscin granules from RPE 
cells [71].

 From Aged to Diseased RPE

As mentioned earlier, RPE cells have the capabil-
ity of transdifferentiation and, remarkably, phe-
notype transformation. These phenomena can 
clearly be observed in age-related diseases like 

A

C

B

D

Fig. 10.4 Affected RPE cytoskeleton in AMD.  Retinal 
pigment epithelial cells show stress fibers in AMD- 
affected eyes. Multiple intracellular stress fibers (white 
arrowheads) arbitrarily cross RPE cells (a–d). Also, all 
RPE cells are enlarged. At sites where stress fibers insert, 
the cytoskeleton appears frayed and thickened (c, d green 
arrowheads). Although scattered RPE cells are found 

within atrophic areas, only those outside the atrophic area 
had recognizable actin cytoskeleton and thus stress fibers. 
Donors: (a, d) 94  years, female, incipient AMD; (b, c) 
81 years, male, geographic atrophy. F-actin labeled with 
AlexaFluor647-Phalloidin. Scale bar: 20 μm. (Reprinted 
with permission from the Association for Research in 
Vision and Ophthalmology from Ach et al. [71])

T. Ach et al.



179

AMD, both in histology and in vivo using spec-
tral domain optical coherence tomography 
(SD-OCT) [93]. Histologically, RPE cells in 
AMD eyes show enlargement and formation of 
stress fibers, also in areas which are not affected 
by RPE cell transformation or cell loss.

Currently, 15 different histological RPE phe-
notypes, including epithelial and non-epithelial 

morphologies, have been described varying from 
normal to complete absence in atrophic areas 
(Fig.  10.5) [94]. These phenotype changes and 
presumed transdifferentiation in AMD occur in a 
chronological and predictable order from epithe-
lial to non-epithelial and to atrophy at late stage 
AMD [93–95]. This survey suggested two main 
pathways of RPE fate in AMD, an apoptotic path-

Fig. 10.5 RPE changes its phenotype in age-related mac-
ular degeneration. Grades of RPE morphology in late 
AMD. Submicrometer epoxy resin sections were stained 
with toluidine blue. Epithelial RPE and RPE morpholo-
gies with epithelial components (a, b, d, e, g, i, j); nonepi-

thelial (noncontinuous) morphologies (c, f); atrophic RPE 
(h, k). BLamD basal laminar deposits, BLinD basal linear 
deposits, ELM external limiting membrane, HFL Henle 
fiber layer, INL inner nuclear layer, RPE retinal pigment 
epithelium. (a) ‘Non-uniform’ RPE: slightly ‘Non- 

(continued)
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way and an anterior migratory pathway, both of 
which were visible in clinical optical coherence 
tomography.

Early RPE changes include “non-uniform” 
and “very non-uniform” RPE cells which lose 
regularity in size, shape, and pigmentation. At 
advanced stages of non-neovascular AMD, 
“Dissociated” cells are the final steps before dis-
solution of the RPE layer, resulting in atrophy. 
“Dissociated” cells likely give rise to cellular 
fragments and loose granules seen in the neuro-
sensory retina. Predecessors of “Dissociated” are 
“Sloughed”/“Intraretinal” and “Shedding”. 
“Sloughed” cells leave the monolayer and are 
released into the subretinal space, still carrying 
autofluorescent granules similar to the original 
RPE cells. The “Sloughed” phenotype is some-
times seen as “Intraretinal” RPE. “Intraretinal” is 
migrating RPE which crosses external limiting 
membrane and is found in the inner retina. 
“Shedding” RPE is a form of cellular fragmenta-
tion. These cells contain intracellular granule 
aggregations (i.e., lipofuscin and melanolipofus-
cin) [71], which are then released basolaterally 
into basal laminar deposits, where they can be 
seen clinically by optical coherence tomography.

Of note, most of these putatively transformed 
RPE cells retain their pigment, even when 
“Subducted”.

 Summary and Outlook

Many pathways of RPE development have been 
explored over the last decades. The development 
in detail, however, is not completely understood. 
Animal studies provide a good basis for in human 
studies, which need further exploration. New his-
tological studies of human tissues show that the 
RPE cell number at central retina (fovea, perifo-
vea, near periphery) remains stable, though re- 
arrangements in the monolayer’s geometry are 
visible. The significant increase of intracellular 
granules (lipofuscin and melanolipofuscin) seems 
to reflect maturation in healthy eyes. At higher age 
and in age-related macular degeneration, RPE 
cells tend to lose granules. Also, in diseased eyes, 
RPE cells show dramatic phenotype changes 
(from non-uniform to complete absence), which, 
now, can be tracked in vivo thanks to  optical coher-
ence tomography.FundingIZKF Würzburg, N-304 
(T. A.); Dr. Werner Jackstädt- Foundation (T. A.).
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Sex Related Differences in Retinal 
Pigment Epithelium and Retinal 
Disease

Gloriane Schnabolk, Elisabeth Obert, 
and Bärbel Rohrer

 Gender and Sex-Based Differences 
in Retinal Disease

From cardiovascular to neurological diseases, 
differences have been observed in disease occur-
rence between males and females [1–4]. These 
sex-based differences are largely attributed to 
hormone variation, which in females fluctuate 
at various stages of life such as puberty, preg-
nancy, menstrual cycles, and menopause [3]. 
While we know that sex-based differences in 
disease penetrance and severity exist between 
females and males, there is still much we do not 
understand about the factors underlying sex and 
gender- based differences in disease pathogen-
esis. Our lack of understanding is largely due 
to the previous practice in which clinical stud-
ies were mainly restricted to male test subjects. 
By excluding pre- menopausal women from 
research, it reduced the risk of harm to a fetus in 
the event of pregnancy, and by excluding women 
of all ages it was found to reduce experimental 

deviation brought about by hormone oscillation. 
This practice also extended into basic science 
research, with male animals being used primar-
ily for rodent studies. Unfortunately, excluding 
women from research studies made it impos-
sible to investigate sex and gender differences 
in disease progression, treatment response, phar-
macokinetics, and multiple other critical areas. 
The NIH Revitalization Act of 1993 established 
guidelines requiring the inclusion of women and 
minorities in clinical research. Over two decades 
later, the NIH has started to implement policies 
requiring the use of male and female animal and 
cell-based models in pre-clinical trials as well. 
These new guidelines have helped to strengthen 
our understanding of the role that gender and 
sex-differences play in health and disease. In this 
chapter, we will explore what is known about 
sex-differences in ocular diseases, specifically 
diseases affecting the retina and retinal pigment 
epithelium (RPE). A greater understanding of sex 
differences in ocular disease pathogenesis will 
allow for the development of advanced therapeu-
tics for these diseases. Both gender and sex play 
a role in women’s health. Gender, which refers 
to social and cultural differences between men 
and women, can have a large impact on women’s 
ocular health. Women have been reported to 
make up 60% of blindness worldwide [5], with 
socioeconomical factors believed to play a role. 
In many parts of the world women are less edu-
cated, and have less financial stability than males, 
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resulting in impeded access to healthcare [6, 7]. 
As ocular trauma due to domestic abuse is more 
prevalent in women, it may also be considered a 
gender- based difference [8, 9]. In contrast to gen-
der differences, sex differences refer to biologi-
cal variables that are different between male and 
females, such as reproductive organs, encoded 
DNA, and hormones. Males and females pro-
duce different sex-specific hormones (SSH). For 
women, estrogen and progesterone are produced 
and released predominantly by the ovaries, while 
in men, the testes are the main source of androgen 
production, primarily testosterone. Testosterone 
in both sexes is also secreted in small amounts 
by the adrenal glands [10]. Hormone levels fluc-
tuate at different stages of the female menstrual 
cycle, where estrogen levels peak during the ovu-
latory phase, and progesterone levels increase 
during the luteal phase. During pregnancy, estro-
gen levels remain low, but increase dramati-
cally during the final trimester. In addition, both 
estrogen and progesterone levels dramatically 
decrease following menopause. These fluctua-
tions in female hormone levels have been found 
to correlate with various ocular complications. 
Intraocular pressure (IOP) is found to be lower 
during pregnancy [11–15]. However, after meno-
pause when estrogen levels decrease, IOP levels 
increase [11–16]. Differences to the cornea have 
also been documented with pregnancy, resulting 
in increased thickness [17, 18], steepening [19] 
and reduction in cornea sensitivity [20, 21]. In 
the retina, central serous chorioretinopathy [22] 
and diabetic retinopathy [23–26] are associated 
with pregnancy [22]. Dry age-related macular 
degeneration (AMD) incident is associated with 
the start of menopause at an increased age [27]. 
In general, females are known to have increased 
risk for dry eye [28], certain forms of glaucoma 
(although open-angle glaucoma has a lower 
prevalence in women [29–31]), and cataracts [32, 
33]. Diseases such as Leber’s Hereditary Optic 
Neuropathy (LHON) and Coat’s disease, how-
ever, are more common in males [34–36]. Unlike 
estrogen, which can fluctuate drastically at differ-
ent stages of a woman’s life, testosterone levels 
appear to remain fairly level in men following 
puberty. Overall, testosterone production is ~20 

times greater in males than in females, with 
plasma clearance of testosterone being approxi-
mately twice the amount in females [37, 38]. 
Progesterone levels between males and females 
are similar, except during the luteal phase of a 
woman’s cycle, when levels rise ~3-fold. Based 
on these sex-specific findings, it is no surprise 
that hormone regulation can occur in the eye and 
hormone receptors have been identified through-
out the eye.

 Retina/RPE Function and Sex 
Differences

As estrogen levels fluctuate throughout the lifes-
pan of healthy women, effects of these changes 
on visual function should be examined. Eisner 
and colleagues measured visual sensitivity 
through a series of test-wavelengths at different 
stages of the menstrual cycle [39]. This study 
observed modulation of short-wavelength sensi-
tive (SWS)-cone mediated sensitivities for one 
individual out of six that peaked near ovulation, 
indicating that in some individuals menstrual- 
related changes in retinal function may occur.

Differences in spatial acuity and contrast sen-
sitivity can be analyzed in rodents using optoki-
netic reflex (OKR) analyses [40]. Van Alphen and 
colleagues determined that 4-month old female 
C57BL/6J mice had no difference in absolute spa-
tial acuity [41]. Our unpublished results, observ-
ing the optomoter response to moving sine-wave 
gratings (OptoMotry), confirm the observa-
tion on spatial acuity; with absolute thresholds 
recorded at 100% contrast, being indistinguish-
able between 3-month old C57BL/6J males and 
females (Fig. 11.1a; P = 0.2663). Interestingly in 
the same study performed by van Alphen, it was 
determined that 4  month old female C57BL/6J 
mice had a lower OKR gain when compared to 
males [41]. This finding further indicates the 
importance of providing sex- matched controls 
when studying animals for visual sensitivity.

Advances in optical coherence tomography 
(OCT) technology allows for specific retinal 
layer thickness and volume to be analyzed in 
order to monitor healthy and diseased eyes. In 
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a recent study, comparisons between males and 
females demonstrated significant differences in 
mean retinal layer thickness, with men having 
significantly thicker retinal nerve fiber layer, 
ganglion cell layer, inner plexiform layer, inner 
retina, inner nuclear layer and outer plexiform 
layer in the fovea, and outer plexiform layer in 
the pericentral ring [42]. In contrast, women were 
shown to have a greater mean thickness of the 
outer nuclear layer than men [42]. This difference 
appears to be specific for the human retina, as no 
sex-specific differences in overall thickness have 
been observed in 3-month-old C57BL/6J mice, 

analyzing retina structure by OCT (Bioptigen; 
Fig. 11.1b).

Electroretinogram (ERG) recordings have also 
demonstrated varying results between male and 
females. Females have demonstrated larger ampli-
tudes than males from single flash illumination 
under scotopic conditions [43–45]. In addition, 
photopic multifocal electroretinogram (mfERG) 
recording of neuroretinal function have dem-
onstrated shorter implicit times in females than 
males subjects <50 years of age [46]. In a study 
of sex differences in Sprague-Dawley rats, female 
rats from 60 to 200  days old had a significant 
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Fig. 11.1 Sex-differences in C57BL/6J mice RPE 
response. (a) Optomoter responses were measured for 
3 month old male and female C57BL/6J mice. Spatial fre-
quency threshold at a constant speed (12 deg/s) and con-
trast (100%) was used to measure visual acuity. Here we 
observed no significant difference in spatial frequency 
between male and female mice (n  =  6–9 mice/group; 
P = 0.27). (b) Optical coherence tomography (Bioptigen) 
analysis indicated no significant difference between males 
and females for RPE (P  =  0.64), outer segments (OS; 
P = 0.97), inner segments (IS; P = 0.72), outer nuclear 
layer (ONL; P = 0.68), inner nuclear layer (INL; P = 0.42), 
or whole retina (WR, P  =  0.91). (c) Prior to recording 

fullfield ERG response, mice were dark-adapted over-
night. Mice were anesthetized using xylazine (20 mg/kg) 
and ketamine (80 mg/kg) before pupils were dilated with 
2.5% phenylephrine and 1% atropine. Goniovisc (Rancho 
Cucamonga, CA) was dropped onto the eye to create an 
electrical contact between the electrode and the cornea, as 
well as keep the eyes hydrated. The UTAS E-4000 System 
(LKC Technologies, Gaithersburg, MD) was used to 
record c-waves in response to 4 s flashes of 100 cd s mm−2. 
In order to analyze response, the baseline to peak of the 
c-wave was measured (n  =  4 mice/8 eyes per group; 
P < 0.05). Data are all expressed mean ± SEM
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increase in scotopic a and b-wave response when 
compared to age-matched males [47]. It has been 
noted previously that estrus cycle levels reach a 
maximum by day 240  in mice [48]. Therefore, 
the time period of 60–200 days old may coincide 
with an increase of estrogen levels for the female 
rats during this period [47]. In our laboratory, we 
have also found a significant difference between 
male and female mice in RPE electrical response 
(c-waves) using full field ERG. In this experiment 
healthy 3-month old C57BL/6J mice were dark 
adapted overnight before recording of c-waves in 
response to 4  s flashes of 100  cd  s mm−2 using 
the UTAS E-4000 System (LKC Technologies, 
Gaithersburg, MD). Measurement of baseline 
to peak of each c-wave illustrated a significant 
increase in RPE response in female mice when 
compared to age-matched males (Fig.  11.1c; 
P < 0.05). This study however, did not take into 
account estrous levels, which however, may addi-
tionally affect the c-wave results.

 Hormone Regulation and Ocular 
Health

 Natural Hormones

There are three types of estrogen: estrone (E1), 
estradiol (E2 or 17-β-estradiol), and estriol (E3). 
Estrone is produced primarily in the ovaries and 
is converted from testosterone by way of estra-
diol or directly from androstenedione. In addi-
tion to the ovaries, estrone can be produced in 
the placenta and in adipose tissue in men and 
postmenopausal women. As the ovaries of post-
menopausal women continue to produce andro-
stenedione and testosterone, a significant amount 
of estrone is produced in older women. Estriol, a 
metabolite of estradiol or estrone, is only found 
in significant amounts during pregnancy when it 
is produced by the placenta [49]. Estradiol, the 
most abundant estrogen, is needed for the devel-
opment of the female reproductive system. In 
men, estradiol is produced in the testes to prevent 
sperm cell apoptosis [50]. Estradiol also plays a 
key role in promoting bone [51], brain [52], skin 
health [53], and is important in eye health [54]. 

Estradiol is able to bind to estrogen receptor α 
(ERα) and estrogen receptor β (ERβ). These two 
types of nuclear estrogen receptors are present 
throughout the human eye tissue including cor-
nea [55, 56], lens [56, 57], lacrimal gland [56], 
meibonian gland [58], iris and ciliary body [56, 
57] conjunctiva [56, 59], and retina [13, 57, 60]. 
In the retina, ERα is expressed in neuronal cells 
and localized to the outer synaptic layer (outer 
plexiform layer, OPL) [61]. ERβ is expressed to a 
lesser extent in the neuronal cells of the retina and 
more predominately in the inner synaptic layer 
(inner plexiform layer, IPL) [5]. Estrogen hor-
mone signaling can be activated through genomic 
or non-genomic pathways. In the genomic path-
way, hormone binding to the receptor allows 
for the receptor to translocate from the cytosol 
into the nucleus [62]. In the nucleus, the recep-
tor forms homodimers or heterodimers before 
binding to the hormone response element (HRE) 
[63]. Once bound to the HRE, transcription of 
the different response genes is regulated. The 
non-genomic pathway varies from the genomic 
pathway in that steroid activation takes place rap-
idly [64]. This pathway often involves second-
ary messenger and signal- transduction cascades, 
which can alter protein kinase pathways, ion flux, 
and cyclic AMP [64].

In addition to estrogen receptors, andro-
gen and progesterone receptors are also present 
throughout the eye, where they too have been 
found in the cornea [55, 56, 65], lens [56, 65, 
66], iris [55, 56], lacrimal gland [56, 67], mei-
bomian gland [56, 65], conjunctiva [56, 65], 
retina [56, 65, 66, 68], as well as the RPE [65]. 
The androgen receptor (AR) is also known as the 
nuclear receptor subfamily 3, group C, member 
4 (NR3C4). Like the estrogen receptors, the AR 
is a nuclear receptor that is activated in the cyto-
plasm before being translocated into the nucleus 
[69]. The AR is activated by binding of testos-
terone or dihydrotestosterone (DHT). DHT, also 
known as 5α-DHT, acts as potent agonist for the 
AR [70, 71], which, based on its impact on the 
expression of lipid and keratin related genes, has 
been suggested to potentially play a therapeutic 
role in the alleviation of dry eye disease [72]. Dry 
eye, which can affect both males and females, 
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results from dysfunction of the meibomian gland 
[73, 74], a target site for androgens [75]. Finally, 
androgens have also been found to play a role 
in wound healing [76], stimulation of mitosis 
[77] and suppression of angiogenesis [78]. Sex 
Hormone receptors identified in the retina and 
RPE are summarized in Table 11.1.

The protective effects of progesterone have 
also been investigated for the treatment of retinal 
neurodegenerative diseases, specifically retini-
tis pigmentosa [79, 80]. Norgestrel, a synthetic 
progesterone has been acknowledged to provide 
a protective effect against photoreceptor cell 
death in both the light damage model of retinal 
degeneration as well as the rd10 mouse (Pde6b 
mutation) [80]. In a study by Jackson and col-
leagues, the specific progesterone receptors A 
and B, progesterone receptor membrane complex 
1 and 2 (PGRMC1, PGRMC2) and membrane 
progesterone receptor isoforms α, β, and γ have 
been identified in adult mouse retina using QRT-
PCR [79]. Of note, PGRMC1 knockdown in 
661w photoreceptors or pharmacological inhibi-
tion of PGRMC1 in rd10 retinal explants cultures 
reduced the effects of Norgestrel, indicating the 
importance of this receptor in retinal photore-

ceptor neuroprotection [79]. Recent studies have 
suggested that in addition to activation through 
the classical genomic pathway, these receptors 
may also be activated through the non-genomic 
pathway [81, 82].

 Hormone Regulation and RPE/Retinal 
Health

Dysfunction of the RPE and retina are associated 
with many ocular diseases such as retinitis pig-
mentosa, diabetic retinopathy, Stargardt disease, 
and age-related macular degeneration. As part of 
the retina, the RPE’s basolateral membrane sits 
on top of Bruch’s membrane, with the RPE’s api-
cal membrane being in contact with the photo-
receptor outer segments. The RPE plays a vital 
role in maintaining retina health by forming tight 
junctions with neighboring endothelial cells, 
thereby constituting the outer blood-retinal bar-
rier. These tight junctions allow for the RPE to 
help facilitate the fluctuation of various ions and 
nutrients required by the retina. Bruch’s mem-
brane, which is an extracellular matrix (ECM) 
deposited by the RPE, choroidal endothelial 
cells as well as fibroblast during development 
and beyond, also assists in controlling the diffu-
sion of nutrients and molecules [83–86]. When 
RPE homeostasis is impaired, the structural ele-
ments of the ECM may get damaged, leading to 
the accumulation of deposits under the RPE layer 
[87]. More specifically, deregulation of matrix 
metalloproteinases (MMP)-2, an enzyme needed 
for collagen IV digestion, can lead to an increase 
of collagen IV and concomitant thickening of 
Bruch’s membrane [87], leading to a decrease in 
fluid movement and transport of metabolites [88, 
89]. Interestingly, estrogen has been found to cor-
relate with MMP activity and subretinal deposit 
formation. In a study performed by Cousin’s 
and colleagues, older female mice (16  month) 
compared to age-matched male mice, and ovari-
cectomized middle-aged mice (9  months) com-
pared to ovary intact age-matched females had 
increased sub-RPE deposits [90]. Sub-retinal 
deposits formation was also increased in estro-
gen deficient mice [91]. As deposit formation 

Table 11.1 Sex hormone receptors in the retina and RPE

Ocular 
tissue Receptor Species
Retina ER 

(unspecified)
Human mRNA [56], rat 
mRNA and protein [163], 
bovine mRNA and protein 
[163]

ERα Human mRNA [57, 164]

ERβ Human mRNA [164]

AR Human [56], rabbit mRNA 
[56], rat mRNA [56], 
mouse

PR Human mRNA [56], rabbit 
mRNA [56], rat mRNA 
[56]

RPE ERα Human mRNA [57, 60], 
mouse cultured cells [95]

ERβ Human mRNA [60]

PR Mouse cultured cells [95], 
human mRNA [56]

AR Human protein [65], human 
mRNA [56]

ER estrogen receptor, AR androgen receptor, PR androgen 
receptor
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was not decreased with the addition of hormone 
replacement therapy alone, it is believed that loss 
of MMP-2 activity, which participates in ECM 
homeostasis [92], and dysregulation of matrix 
turnover played a role [90]. Using primary RPE 
cells from either ERα or ERβ deficient mice, it 
was identified that ERβ alone is able to promote 
higher MMP-2 baseline activity and therefore 
promote a positive regulatory effect within RPE 
cells [93]. In addition to MMP-2, MMP-14, and 
TIMP-2 (tissue inhibitors of metalloprotein-
ase-2) are also found to play an important role in 
allowing for activation of MMP-2 and ERβ in the 
presence of 17β-estradiol [93].

Proliferative vitreoretinopathy (PVR), like 
AMD, is affected by local inflammation in the 
eye [94]. In this disease, proliferative fibrocellu-
lar tissue formed by RPE cells differentiate into 
fibroblast-like cells and thereby produce extracel-
lular matrix leading to collagen contraction and 
retinal detachment [95]. However, 17β-estradiol 
and, to a lesser extent, progesterone were found 
to inhibit this collagen contraction through inhi-
bition of TGF-β2 [95]. The DNA transcription 
factor NF-κB has also been associated with estro-
gen receptor signaling. Studies show that estro-
gen receptors are able to inhibit NF-κB DNA 
binding, therefore suppressing interleukin 6 (IL-
6) production [96, 97], a pro- inflammatory cyto-
kine found to be elevated in the eyes of PVR [98] 
as well as serum of AMD patients [99].

 Supplemented Hormones

Synthetic forms of progesterone and estrogen 
introduced into the body through oral contracep-
tives or hormone replacement therapy can also 
affect ocular health. By decreasing the release of 
follicle-stimulating hormone and thereby inhibit-
ing the surge in luteinizing hormone that results in 
ovulation, synthetic progesterone taken through 
contraceptive use are able to prevent pregnancy 
[100]. Oral contraceptives combining both pro-
gesterone and estrogen are often prescribed in the 
United States and Western Europe [101] with low 

doses of estrogen used to inhibit follicular devel-
opment and stabilize the endometrium [102]. A 
report published in 2014 by the Center for Disease 
Control and the U.S. Department of Health and 
Human Services, stated that approximately 16% 
of women between the ages of 15 and 44 use oral 
contraception [103]. Investigation into the role 
that oral  contraceptives might have on ocular 
disease has revealed an increase in self-reported 
glaucoma or ocular hypertension in subjects on 
birth control [104]. Use of oral contraceptives has 
also been documented to result in rare cases of 
retinal vascular occlusion [105–107], pigmentary 
retinopathy [108], and acute macular retinopa-
thy [109, 110]. While uncommon, if not treated, 
retinal vein occlusion can lead to macular edema, 
neovascularization, increased eye pressure, and 
even blindness.

In addition to hormones used for contracep-
tion, hormone replacement therapy (HRT) taken 
during menopause is also linked to eye health. 
Prescribed to alleviate the symptoms of meno-
pause as the result of diminished estrogen and 
progesterone levels, HRT involves synthetic 
use of estrogen (estradiol) and progesterone. 
Women currently using postmenopausal hor-
mones consisting of estrogen only or estrogen-
plus progesterone for a period of 3 or more 
years had a significantly higher risk of early 
AMD compared to women never using post-
menopausal hormones [111]; in contrast, their 
risk for advanced neovascular AMD was signifi-
cantly reduced [111, 112].

The effect of synthetic hormones on ocular 
health may also be classified as gender-based dif-
ferences. With primarily women receiving oral 
contraceptives to prevent pregnancy or hormone 
replacement therapy to treat menopause, they 
are more likely to be affected by the role that 
synthetic hormones play in ocular disease. In 
addition, as the majority of synthetic hormones 
are prescribed in the United States and Western 
Europe, these gender-based differences are more 
likely to occur in these geographical regions 
where the use of synthetic hormones are readily 
accessible and socially accepted.
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 Preclinical Studies

The role of estradiol in the retina has been a sub-
ject of interest in recent years, sparking further 
basic science research. Estradiol, also referred 
to as 17β-estradiol or 17β-E2, is the most abun-
dant estrogen and is biosynthesized from cho-
lesterol. In the retina, cholesterol can be either 
taken up from the circulation, or synthesized de 
novo in the RPE [113, 114], the latter express-
ing various lipoproteins and scavenger recep-
tors [114]. Recent studies indicate that estradiol 
provides a protective effect against inflammation 
[97, 115]. In addition, Elliot and colleagues have 
shown that female estrogen receptor β knockout 
(ERβKO) mice have increased accumulation of 
subretinal deposits and thickening of Bruch’s 
membrane [116]. Experiments performed by our 
laboratory have identified neuroprotective effects 
of ERβ activation. Using light-induced retinal 
degeneration as a model for dry AMD, female 
3-month-old Balb/C mice were exposed to con-
stant fluorescent light (~1500 lux) for 10  days 
as previously described [117]. To determine the 
effects of estrogen, mice received either 0.2 mg/
kg dosage of 17β-E2 each day, 25 μg/kg every 
2 days of the selective estrogen ERβ receptor 
antagonist 4-[2-Phenyl-5,7-bis(trifluoromethyl)
pyrazolo[1,5-a]pyrimidin-3-yl]phenol (PHTPP), 
a combination of both, or a vehicle control by 
intraperitoneal injections. Histological analy-
ses of retina sections stained with 0.1% toluene 
blue [118] revealed that animals receiving estro-
gen treatment contained significantly more pho-
toreceptors following light damage compared 
to animals receiving vehicle alone (Fig.  11.2a; 
P  <  0.001; n  =  5–10 per condition). While the 
administration of PHTPP alone did not alter 
the rate of photoreceptor cell death, it elimi-
nated the protective effect of estrogen when 
co- administered. Better rod survival was found 
to result in improved rod-photoreceptor-driven 
ERG responses. Estrogen supplementation led 
to improved scotopic photoreceptor function 
across all three light intensities tested when com-
pared to the vehicle control group (Fig.  11.2b; 

P < 0.01), whereas ERG amplitudes in PHTTP−, 
or estrogen  +  PHTTP-treated animals did not 
differ from vehicle control animals (Fig.  11.2c, 
d; P > 0.05). Cones on the other hand, are more 
resistant to cell death induced by light damage 
[119]. Nevertheless, immunohistochemical anal-
yses using an antibody against the predominant 
form of mouse cone opsin (UV cone opsin) (acc 
# 16186377) showed that following 10  days of 
light damage significant shortening of the cone 
outer segments had occurred (Fig.  11.3b, g), 
whereas long cone outer segments were observed 
in age-matched control mice reared under cyclic 
light (Fig. 11.3a). This effect was ameliorated in 
mice treated with estrogen (Fig. 11.3c, g). Again, 
the protective effect of estrogen was reversed in 
the presence of estrogen  +  PHTPP (Fig.  11.3e, 
g), whereas no effect was observed with PHTPP 
alone (Fig.  11.3d, g). As a secondary control, 
no cone staining was present in the absence of a 
primary antibody (Fig. 11.3f). Estradiol has also 
been found to reduce light damage in Sprague- 
Dawley rats by modulating antioxidant activ-
ity [120]. In a study by Wang and colleagues, it 
was determined that female ovariectomized rats 
had a reduction in superoxide dismutase (SOD) 
1 and 2, glutathione peroxidase (GPx) 2 and 
4, whereas male rats had an increase in GPx1, 
Gpx2, GPx4, and Nrf2 following light damage 
[120]. Interestingly, in both male as well as ovari-
ectomized female rats, exogenous application of 
estradiol upregulated all of the antioxidant genes 
[120]. These results suggest that further research 
is warranted to explore the therapeutic effects of 
estrogen in retinal degenerative disorders.

 Autoimmune Disease and Retinal/
RPE Health

As previously mentioned, fluctuations in a 
woman’s estrogen levels can have significant 
effects in the eye. This is true also in relation 
to autoimmune disease and the role that estro-
gen levels play in disease severity. Diagnosis 
of autoimmune disease, such as systemic lupus 
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Fig. 11.2 Estrogen 
reduces light-induced rod 
photoreceptor cell death 
and function. (a) Rows of 
photoreceptors were 
counted in ten different 
locations across the retina 
from ventral to dorsal to 
obtain an average row 
count per retina. After 
10 days of constant light, 
vehicle- treated Balb/c mice 
had ~4.5 rows of 
photoreceptors. Animals 
treated with estrogen 
(17β-ED) contained an 
additional ~1.5 rows 
(P < 0.001). While PHTPP 
(ERβ- antagonist) did not 
increase cell death due to 
light damage, it negated 
the protective effect of 
estrogen 
(estrogen + PHTTP; 
P < 0.0001) (n = 5–10 per 
condition). (b–d) 
Photoreceptor cell function 
was determined using 
electroretinography. 
Dark-adapted scotopic 
conditions were used to 
measure rod function (3 
light intensities using white 
light; 10, 6 and 0 dB of 
attenuation; max intensity 
2.48 photopic cd s/m2). 
Here, averaged % baseline 
ERG amplitudes are 
presented for the individual 
animals. (b) Mice treated 
daily with estrogen showed 
a significant increase in 
scotopic ERG amplitudes. 
Similar to the results 
obtained in the histological 
studies, (c) PHTPP by 
itself did not lead to further 
deterioration of function; 
but blunted the protective 
effects of estrogen when 
co-administered (d) 
(n = 5–10 animals per 
condition)
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Fig. 11.3 Estrogen prevents light-induced UV cone 
opsin loss. Retina sections were labeled with an antibody 
against UV-opsin to evaluate the presence of cone outer 
segments. (a) Long cone outer segments can be demon-
strated in control, cyclic light reared age-matched con-
trols. (b) Vehicle-treated animals have very short outer 
segments; whereas UV cone opsin immunoreactivity lev-
els were increased in LD mice after estrogen treatment 
(c). ERβ inhibitor (PHTTP) treatment did not alter cone 
OS structure when compared to controls (d), but PHTTP 

treatment coadministered with estrogen reversed the pro-
tective effect of estrogen alone (e). No primary antibody 
was used as a control (f). (g) UV opsin protein levels were 
quantified from binarized and thresholded images normal-
ized to a fixed size using Image J software. Estrogen treat-
ment significantly elevated UV opsin level in light 
damaged mice (P < 0.01), an effect that reversed by co-
administration with PHTTP (P < 0.01). No difference was 
observed between vehicle control, PHTPP and PHTPP 
and estrogen co-treated groups
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erythematosus (SLE), scleroderma, rheumatoid 
arthritis (RA), hyperthyroidism, and multiple 
sclerosis (MS) are all more common in women 
than men. Women diagnosed with RA prior to 
menopause, when levels of estradiol are higher, 
exhibited decreased severity of symptoms com-
pared to woman over the age of 50 [121, 122]. 
Disease severity for women at this age is com-
parable to men and interestingly, men with RA 
have higher levels of serum estradiol compared 
to men who do not have RA [123]. During preg-
nancy when estriol levels are increased, many 
women with RA experience a decrease in RA 
symptoms [124]. Patients with MS also experi-
ence relief from symptoms when levels of estriol 
are at pregnancy levels [125]. Still, Jorgensen and 
colleagues found that with increased numbers of 
pregnancies, women are more likely to experience 
greater severity in disease symptoms [126]. Like 
RA, SLE is also diagnosed in a higher percent-
age of women. However, while RA symptoms 
seem to be exacerbated following menopause, 
women with SLE have more severe symptoms 
during their reproductive years. In addition to 
RA and SLE, patients with other rheumatologi-
cal conditions such as Wegener’s granulomatosis, 
relapsing polychronditis, polyarteritis nodosa, 
seronegative spondyloathropathies, Behecet’s 
disease, plymyagia, rheumatic, sarcoidosis, and 
systemic sclerosis have increased risk of ocular 
disorders including corneal melt, retinitis, glau-
coma, cataract scleritis, and uveitis [7]. When RA 
patients were examined for ocular manifestations 
dry eye, episcleritis, scleritis, peripheral ulceratie 
karatitis and sclerosing keratitis were identified 
[127]. For patients with SLE, 10% suffer from 
retinal disease [128]. Retinal conditions such as 
severe vaso-occlusive retinopathy, central reti-
nal vein occlusion branch retinal vein occlusion, 
central retinal arteriole occlusion, branch retinal 
arteriole occlusion, and exudative retinal detach-
ment can all lead to vision loss in SLE patients 
[128]. As with retina and RPE dysfunction, estro-
gen receptors have been found to play a role in 
autoimmune disorders. Synovial tissue from RA 
patients has been found to be positive for ERα 
and ERβ [129, 130]. In SLE patients, ERα lev-
els are decreased while ERβ levels are increased, 

suggesting an ERβ-mediated effect on inflamma-
tion [14]. Oxidative stress, which can affect many 
inflammatory diseases as well as ocular diseases, 
is shown to increase the expression of ERβ [131].

In some cases secondary ocular disorders in 
autoimmune diseases can result from medica-
tions given to treat the autoimmune diseases; 
however, for these reports, no data is avail-
able that stratifies the results based on sex. 
With an increased prevalence for autoimmune 
diseases diagnosis in women, it is important 
to be aware of the role that these prescriptions 
play in ocular disorders in women’s health. 
Hydroxychloroquine (HCQ) is commonly used 
to treat autoimmune disorders including RA and 
SLE. This drug inhibits the immune response 
through a variety of mechanisms and is being 
investigated as a therapeutic for other diseases. 
Currently HCQ is being investigated as a drug 
to use in high dose in combination with various 
chemotherapy drugs [132–135]. While this drug 
serves as a potent immunosuppressor, there is 
still concern over its ability to induce retinal tox-
icity. The mechanism of retinal toxicity by HCQ 
is still being investigated, however research has 
shown that it is able to bind in the RPE as well 
as the retina [136]. As an inhibitor of all-trans-
retinol in primary human RPE cells [137], HCQ 
may have an adverse effect on the visual cycle. 
Indomethacin, a non- steroidal inflammatory drug 
(NSAIDs), has also been linked to retinopathy 
with pigmentary scattering of the RPE observed 
[138]. The use of biologics has also been associ-
ated with ocular side effects. Rituximab, a mono-
clonal antibody used for the treatment of RA, was 
found in a small percentage of patients to result 
in loss of visual function [139]. Recombinant 
interferon (IFNs), an anti- viral medication used 
in the treatment of MS has reported ophthalmic 
side effects that include retinal vascular abnor-
malities [140–142]. Methotrexate is an antifolate 
that serves as an effective immunosuppressant 
for diseases such as RA and lupus. However, in 
the absence of folate supplementation, use of 
methotrexate can result in ocular side effects. In 
one reported case, b-wave amplitudes in full-field 
ERG was reduced after prolonged methotrexate 
use [143]. Interestingly, folate is transported by 
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RPE cells by folate receptors found in the RPE 
and retina [144]. Studies have also linked the use 
of folic acid in AMD prevention [145]. Therefore 
it may be especially important for individuals 
with AMD to use caution when using methotrex-
ate. High doses of corticosteroid use among MS 
patients can result in retinal detachment due to 
central serous chorioretinopathy [146].

General modifications to lifestyle such as diet, 
exercise, and cessation of smoking are noted as 
beneficial for both autoimmune and ocular dis-
eases such as AMD. Though not accounting for 
sex differences, dietary sodium has recently been 
linked as a risk factor for MS, with mouse stud-
ies showing an increase of Th17 cells and experi-
mental autoimmune encephyalomyelitis (EAE) 
in the presence of a high sodium diet [147, 148]. 
Using the SJL mouse strain, it was observed that 
dietary sodium exacerbated the effects of EAE 
in females but not males [149]. Conversely to 
dietary sodium, current studies are investigat-
ing the protective effect of vitamin D in AMD 
[150] and rheumatic diseases [151]. It has been 
found that higher levels of 25-hydroxyvitamin D 
resulted in a lower incidence in female patients 
with MS, indicating a sex-specific difference in 
vitamin D benefits [152, 153].

Secondary ocular disorders may also be 
increased in autoimmune patients even in the 
absence of harmful medications, and for some 
of these reports, effects of estradiol is presented. 
Patients with RA have an increased diagnosis of 
Sjorgen’s Syndrome, a disease which results in 
chronic dry eye. Studies have investigated the 
correlation between RA and AMD.  One study 
concluded that RA patients had a reduced risk for 
AMD diagnosis, which they believed was most 
likely the result of long-term NSAID use [154]. 
Using a much larger cohort, however, Keenan and 
colleagues determined that patients with RA are 
at a higher risk of developing AMD and this risk 
is highest after first hospital admission with RA 
[155]. As many inflammatory cytokines are pres-
ent in both autoimmune disease and AMD, it is 
interesting to note that estradiol is able to down-
regulate pro-inflammatory cytokines including 
interleukin-6 (IL-6) and monocyte chemotactic 
protein 1 (MCP-1) [156]. Inflammation in various 

autoimmune diseases as well as in AMD has been 
shown to be regulated, in part, by the complement 
pathway. While it is still unknown how exactly 
sex differences may affect complement activity, 
studies have shown that classical and alternative 
complement pathway activity is weaker in female 
mice [157–161]. This has been confirmed more 
recently when terminal pathway component C9 
was found to have 4- to 7-times less activity in 
female mouse serum when compared to males 
[162]. Sex differences in the human complement 
system await further analysis.

 Summary

The purpose of this chapter has been to review 
some of the previous and current literature 
exploring the role that sex plays in the patho-
genesis of retinal/RPE dysfunction and disease. 
As discussed, estrogens play an important role 
in inflammation whether it is in a systemic auto-
immune disease or locally within the eye. It is 
important to continue to investigate the role 
of sex-related hormones in disease in order to 
develop more effective therapeutics and be more 
proactive in preventative care. In the future, 
estrogen screenings may prove to be valuable in 
assessment of drug treatment plans for women 
suffering from one or more inflammatory dis-
ease. In addition, we may be able to better 
identify women at risk for ocular disorders and 
regularly monitor their eye health with ophthal-
mology tools such as OCT. As new treatments are 
developed to fight systemic inflammation, it is 
important that the effects of these drugs on ocu-
lar health be monitored. As discussed, biological 
differences in retinal layer thickness and visual 
responses between men and women make it 
essential to compare sex-differences when moni-
toring disease. In addition, a woman’s hormonal 
status also must be accounted for in the analy-
sis. The use of oral contraceptives and hormone 
replacement therapies may also result in ocular 
gender-based differences. Taken together, current 
research demonstrates a significant role of sex 
hormones in multiple ocular tissues, including 
retina and RPE. Therefore, we further emphasize 
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the importance of accounting for sex-differences 
in RPE and retinal disease pathogenesis and 
function.

Acknowledgements We thank Mausumi Bandyopadhyay 
for her expertise and effort in data generated in Figs. 11.1 
and 11.2, as well as her overall intellectual expertise, Lara 
Seidman for her technical assistance with Figs. 11.1 and 
11.2, and Kathleen Brady for critical review.

The authors’ responsibilities were as follows: E.O. and 
G.S. conducted research and analyzed data; G.S wrote 
manuscript; B.R. assisted with research design and manu-
script edits; and all authors read and approved the final 
manuscript.

This work was sponsored in part by the National 
Institutes of Health (NIH) K12HD055885 Building 
Interdisciplinary Research Careers in Women’s Health 
(BIRCWH) fellowship. Additional research was supported 
by the National Institutes of Health (NIH) (R01EY019320), 
Department of Veterans Affairs (I01 RX000444), and the 
South Carolina SmartState Endowment. All animal experi-
ments were performed in accordance with the ARVO 
Statement for the Use of Animals in Ophthalmic and Vision 
Research, and were approved by the University Animal Care 
and Use Committee.

References

 1. Popkov VA, Plotnikov EY, Silachev DN, Zorova 
LD, Pevzner IB, Jankauskas SS, et  al. Diseases 
and aging: gender matters. Biochem Biokhim. 
2015;80(12):1560–70.

 2. Podcasy JL, Epperson CN.  Considering sex and 
gender in Alzheimer disease and other dementias. 
Dialogues Clin Neurosci. 2016;18(4):437–46.

 3. Ober C, Loisel DA, Gilad Y.  Sex-specific genetic 
architecture of human disease. Nat Rev Genet. 
2008;9(12):911–22.

 4. Arain FA, Kuniyoshi FH, Abdalrhim AD, Miller 
VM.  Sex/gender medicine. The biological basis for 
personalized care in cardiovascular medicine. Circ J. 
2009;73(10):1774–82.

 5. Stevens GA, White RA, Flaxman SR, Price H, Jonas 
JB, Keeffe J, et al. Global prevalence of vision impair-
ment and blindness: magnitude and temporal trends, 
1990-2010. Ophthalmology. 2013;120(12):2377–84.

 6. Wagner H, Fink BA, Zadnik K. Sex- and gender- based 
differences in healthy and diseased eyes. Optometry 
(St Louis, MO). 2008;79(11):636–52.

 7. Clayton JA, Davis AF.  Sex/gender disparities and 
women’s eye health. Curr Eye Res. 2015;40(2):102–9.

 8. Beck SR, Freitag SL, Singer N. Ocular injuries in bat-
tered women. Ophthalmology. 1996;103(1):148–51.

 9. Hartzell KN, Botek AA, Goldberg SH.  Orbital frac-
tures in women due to sexual assault and domestic 
violence. Ophthalmology. 1996;103(6):953–7.

 10. Longcope C.  Adrenal and gonadal androgen secre-
tion in normal females. Clin Endocrinol Metab. 
1986;15(2):213–28.

 11. Akar Y, Yucel I, Akar ME, Zorlu G, Ari ES.  Effect 
of pregnancy on intraobserver and intertechnique 
agreement in intraocular pressure measurements. 
Ophthalmologica. 2005;219(1):36–42.

 12. Qureshi IA.  Intraocular pressure: association 
with menstrual cycle, pregnancy and menopause 
in apparently healthy women. Chin J Physiol. 
1995;38(4):229–34.

 13. Qureshi IA, Xi XR, Wu XD.  Intraocular pres-
sure trends in pregnancy and in the third trimester 
hypertensive patients. Acta Obstet Gynecol Scand. 
1996;75(9):816–9.

 14. Qureshi IA.  Measurements of intraocular pressure 
throughout the pregnancy in Pakistani women. Chin 
Med Sci J. 1997;12(1):53–6.

 15. Phillips CI, Gore SM.  Ocular hypotensive effect of 
late pregnancy with and without high blood pressure. 
Br J Ophthalmol. 1985;69(2):117–9.

 16. Qureshi IA. Ocular hypertensive effect of menopause 
with and without systemic hypertension. Acta Obstet 
Gynecol Scand. 1996;75(3):266–9.

 17. Weinreb RN, Lu A, Beeson C.  Maternal corneal 
thickness during pregnancy. Am J Ophthalmol. 
1988;105(3):258–60.

 18. Ziai N, Ory SJ, Khan AR, Brubaker RF. Beta-human 
chorionic gonadotropin, progesterone, and aque-
ous dynamics during pregnancy. Arch Ophthalmol. 
1994;112(6):801–6.

 19. Park SB, Lindahl KJ, Temnycky GO, Aquavella 
JV.  The effect of pregnancy on corneal curvature. 
CLAO J. 1992;18(4):256–9.

 20. Millodot M.  The influence of pregnancy on 
the sensitivity of the cornea. Br J Ophthalmol. 
1977;61(10):646–9.

 21. Riss B, Riss P.  Corneal sensitivity in pregnancy. 
Ophthalmologica. 1981;183(2):57–62.

 22. Gass JD.  Central serous chorioretinopathy and 
white subretinal exudation during pregnancy. Arch 
Ophthalmol. 1991;109(5):677–81.

 23. Klein BE, Moss SE, Klein R. Effect of pregnancy on 
progression of diabetic retinopathy. Diabetes Care. 
1990;13(1):34–40.

 24. Chan WC, Lim LT, Quinn MJ, Knox FA, McCance 
D, Best RM.  Management and outcome of sight- 
threatening diabetic retinopathy in pregnancy. Eye 
(London, England). 2004;18(8):826–32.

 25. Dinn RB, Harris A, Marcus PS.  Ocular changes in 
pregnancy. Obstet Gynecol Surv. 2003;58(2):137–44.

 26. Ohrt V.  The influence of pregnancy on diabetic 
retinopathy with special regard to the reversible 
changes shown in 100 pregnancies. Acta Ophthalmol. 
1984;62(4):603–16.

 27. Smith W, Mitchell P, Wang JJ.  Gender, oestrogen, 
hormone replacement and age-related macular degen-
eration: results from the Blue Mountains eye study. 
Aust N Z J Ophthalmol. 1997;25(Suppl 1):S13–5.

G. Schnabolk et al.



197

 28. Schaumberg DA, Sullivan DA, Dana 
MR.  Epidemiology of dry eye syndrome. Adv Exp 
Med Biol. 2002;506(Pt B):989–98.

 29. Wolfs RC, Borger PH, Ramrattan RS, Klaver CC, 
Hulsman CA, Hofman A, et  al. Changing views on 
open-angle glaucoma: definitions and prevalences-
-the Rotterdam study. Invest Ophthalmol Vis Sci. 
2000;41(11):3309–21.

 30. Leske MC, Connell AM, Wu SY, Nemesure B, Li X, 
Schachat A, et al. Incidence of open-angle glaucoma: 
the Barbados eye studies. The Barbados Eye Studies 
Group. Arch Ophthalmol. 2001;119(1):89–95.

 31. Leske MC, Wu SY, Hennis A, Honkanen R, Nemesure 
B, Group BES. Risk factors for incident open-angle 
glaucoma: the Barbados eye studies. Ophthalmology. 
2008;115(1):85–93.

 32. Mukesh BN, Le A, Dimitrov PN, Ahmed S, Taylor 
HR, McCarty CA. Development of cataract and asso-
ciated risk factors: the visual impairment project. 
Arch Ophthalmol. 2006;124(1):79–85.

 33. Klein BE, Klein R, Lee KE.  Incidence of age- 
related cataract: the Beaver Dam Eye Study. Arch 
Ophthalmol. 1998;116(2):219–25.

 34. Cahill M, O’Keefe M, Acheson R, Mulvihill A, 
Wallace D, Mooney D. Classification of the spectrum 
of Coats’ disease as subtypes of idiopathic retinal tel-
angiectasis with exudation. Acta Ophthalmol Scand. 
2001;79(6):596–602.

 35. Shields JA, Shields CL, Honavar SG, Demirci 
H. Clinical variations and complications of coats dis-
ease in 150 cases: the 2000 Sanford Gifford Memorial 
Lecture. Am J Ophthalmol. 2001;131(5):561–71.

 36. Smithen LM, Brown GC, Brucker AJ, Yannuzzi LA, 
Klais CM, Spaide RF.  Coats’ disease diagnosed in 
adulthood. Ophthalmology. 2005;112(6):1072–8.

 37. Southren AL, Gordon GG, Tochimoto S, Pinzon G, 
Lane DR, Stypulkowski W. Mean plasma concentra-
tion, metabolic clearance and basal plasma production 
rates of testosterone in normal young men and women 
using a constant infusion procedure: effect of time of 
day and plasma concentration on the metabolic clear-
ance rate of testosterone. J Clin Endocrinol Metab. 
1967;27(5):686–94.

 38. Southren AL, Tochimoto S, Carmody NC, Isurugi 
K. Plasma production rates of testosterone in normal 
adult men and women and in patients with the syn-
drome of feminizing testes. J Clin Endocrinol Metab. 
1965;25(11):1441–50.

 39. Eisner A, Burke SN, Toomey MD.  Visual sensi-
tivity across the menstrual cycle. Vis Neurosci. 
2004;21(4):513–31.

 40. Prusky GT, Alam NM, Beekman S, Douglas 
RM.  Rapid quantification of adult and developing 
mouse spatial vision using a virtual optomotor sys-
tem. Invest Ophthalmol Vis Sci. 2004;45(12):4611–6.

 41. van Alphen B, Winkelman BH, Frens MA.  Age- 
and sex-related differences in contrast  sensitivity 
in C57BL/6 mice. Invest Ophthalmol Vis Sci. 
2009;50(5):2451–8.

 42. Won JY, Kim SE, Park YH. Effect of age and sex on 
retinal layer thickness and volume in normal eyes. 
Medicine. 2016;95(46):e5441.

 43. Birch DG, Anderson JL. Standardized full-field elec-
troretinography. Normal values and their variation 
with age. Arch Ophthalmol. 1992;110(11):1571–6.

 44. Vainio-Mattila B.  The clinical electroretino-
gram; II.  The difference between the electroret-
inogram in men and in women. Acta Ophthalmol. 
1951;29(1):25–32.

 45. Zeidler I.  The clinical electroretinogram. IX.  The 
normal electroretinogram. Value of the b-potential in 
different age groups and its differences in men and 
women. Acta Ophthalmol. 1959;37:294–301.

 46. Ozawa GY, Bearse MA Jr, Harrison WW, Bronson- 
Castain KW, Schneck ME, Barez S, et al. Differences 
in neuroretinal function between adult males and 
females. Optom Vis Sci. 2014;91(6):602–7.

 47. Chaychi S, Polosa A, Lachapelle P.  Differences 
in retinal structure and function between aging 
male and female Sprague-Dawley rats are strongly 
influenced by the Estrus Cycle. PLoS One. 
2015;10(8):e0136056.

 48. Nelson JF, Felicio LS.  Hormonal influences on 
reproductive aging in mice. Ann N Y Acad Sci. 
1990;592:8–12; discussion 44–51.

 49. Tulchinsky D, Hobel CJ.  Plasma human chorionic 
gonadotropin, estrone, estradiol, estriol, progester-
one, and 17 alpha-hydroxyprogesterone in human 
pregnancy. 3. Early normal pregnancy. Am J Obstet 
Gynecol. 1973;117(7):884–93.

 50. Pentikainen V, Erkkila K, Suomalainen L, Parvinen 
M, Dunkel L. Estradiol acts as a germ cell survival 
factor in the human testis in vitro. J Clin Endocrinol 
Metab. 2000;85(5):2057–67.

 51. Wang Q, Nicholson PH, Suuriniemi M, Lyytikainen 
A, Helkala E, Alen M, et al. Relationship of sex hor-
mones to bone geometric properties and mineral den-
sity in early pubertal girls. J Clin Endocrinol Metab. 
2004;89(4):1698–703.

 52. Pansiot J, Mairesse J, Baud O.  Protecting the 
developing brain by 17beta-estradiol. Oncotarget. 
2017;8(6):9011–2.

 53. Rittie L, Kang S, Voorhees JJ, Fisher GJ.  Induction 
of collagen by estradiol: difference between sun- 
protected and photodamaged human skin in  vivo. 
Arch Dermatol. 2008;144(9):1129–40.

 54. Freeman EE, Munoz B, Schein OD, West 
SK.  Hormone replacement therapy and lens opaci-
ties: the Salisbury Eye Evaluation project. Arch 
Ophthalmol. 2001;119(11):1687–92.

 55. Suzuki T, Kinoshita Y, Tachibana M, Matsushima Y, 
Kobayashi Y, Adachi W, et al. Expression of sex ste-
roid hormone receptors in human cornea. Curr Eye 
Res. 2001;22(1):28–33.

 56. Wickham LA, Gao J, Toda I, Rocha EM, Ono M, 
Sullivan DA.  Identification of androgen, estrogen 
and progesterone receptor mRNAs in the eye. Acta 
Ophthalmol Scand. 2000;78(2):146–53.

11 Sex Related Differences in Retinal Pigment Epithelium and Retinal Disease



198

 57. Ogueta SB, Schwartz SD, Yamashita CK, Farber 
DB. Estrogen receptor in the human eye: influence of 
gender and age on gene expression. Invest Ophthalmol 
Vis Sci. 1999;40(9):1906–11.

 58. Auw-Haedrich C, Feltgen N.  Estrogen receptor 
expression in meibomian glands and its correlation 
with age and dry-eye parameters. Graefes Arch Clin 
Exp Ophthalmol. 2003;241(9):705–9.

 59. Fuchsjager-Mayrl G, Nepp J, Schneeberger C, Sator 
M, Dietrich W, Wedrich A, et  al. Identification of 
estrogen and progesterone receptor mRNA expression 
in the conjunctiva of premenopausal women. Invest 
Ophthalmol Vis Sci. 2002;43(9):2841–4.

 60. Marin-Castano ME, Elliot SJ, Potier M, Karl M, 
Striker LJ, Striker GE, et al. Regulation of estrogen 
receptors and MMP-2 expression by estrogens in 
human retinal pigment epithelium. Invest Ophthalmol 
Vis Sci. 2003;44(1):50–9.

 61. Cascio C, Russo D, Drago G, Galizzi G, Passantino 
R, Guarneri R, et al. 17beta-estradiol synthesis in the 
adult male rat retina. Exp Eye Res. 2007;85(1):166–72.

 62. Chan L, O’Malley BW. Mechanism of action of the 
sex steroid hormones (first of three parts). N Engl J 
Med. 1976;294(24):1322–8.

 63. Singh S, Gupta PD.  Induction of phosphoinositide- 
mediated signal transduction pathway by 17 beta- 
oestradiol in rat vaginal epithelial cells. J Mol 
Endocrinol. 1997;19(3):249–57.

 64. Simoncini T, Mannella P, Fornari L, Caruso A, 
Varone G, Genazzani AR. Genomic and non- genomic 
effects of estrogens on endothelial cells. Steroids. 
2004;69(8–9):537–42.

 65. Rocha EM, Wickham LA, da Silveira LA, 
Krenzer KL, Yu FS, Toda I, et  al. Identification of 
androgen receptor protein and 5alpha-reductase 
mRNA in human ocular tissues. Br J Ophthalmol. 
2000;84(1):76–84.

 66. Tachibana M, Kobayashi Y, Kasukabe T, Kawajiri 
K, Matsushima Y.  Expression of androgen recep-
tor in mouse eye tissues. Invest Ophthalmol Vis Sci. 
2000;41(1):64–6.

 67. Rocha FJ, Wickham LA, Pena JD, Gao J, Ono M, 
Lambert RW, et al. Influence of gender and the endo-
crine environment on the distribution of androgen 
receptors in the lacrimal gland. J Steroid Biochem 
Mol Biol. 1993;46(6):737–49.

 68. Bigsby RM, Cardenas H, Caperell-Grant A, Grubbs 
CJ.  Protective effects of estrogen in a rat model of 
age-related cataracts. Proc Natl Acad Sci U S A. 
1999;96(16):9328–32.

 69. Lu NZ, Wardell SE, Burnstein KL, Defranco D, 
Fuller PJ, Giguere V, et  al. International Union of 
Pharmacology. LXV. The pharmacology and classifi-
cation of the nuclear receptor superfamily: glucocor-
ticoid, mineralocorticoid, progesterone, and androgen 
receptors. Pharmacol Rev. 2006;58(4):782–97.

 70. Saartok T, Dahlberg E, Gustafsson JA.  Relative 
binding affinity of anabolic-androgenic steroids: 
comparison of the binding to the androgen recep-
tors in skeletal muscle and in prostate, as well as 

to sex hormone-binding globulin. Endocrinology. 
1984;114(6):2100–6.

 71. Purushottamachar P, Njar VC.  A new simple and 
high-yield synthesis of 5alpha-dihydrotestosterone 
(DHT), a potent androgen receptor agonist. Steroids. 
2012;77(14):1530–4.

 72. Khandelwal P, Liu S, Sullivan DA.  Androgen regu-
lation of gene expression in human meibomian 
gland and conjunctival epithelial cells. Mol Vis. 
2012;18:1055–67.

 73. Knop E, Knop N, Millar T, Obata H, Sullivan DA. The 
international workshop on meibomian gland dysfunc-
tion: report of the subcommittee on anatomy, physi-
ology, and pathophysiology of the meibomian gland. 
Invest Ophthalmol Vis Sci. 2011;52(4):1938–78.

 74. Kang YS, Lee HS, Li Y, Choi W, Yoon 
KC.  Manifestation of meibomian gland dysfunction 
in patients with Sjogren’s syndrome, non-Sjogren’s 
dry eye, and non-dry eye controls. Int Ophthalmol. 
2018;38(3):1161–7.

 75. Sullivan DA, Sullivan BD, Ullman MD, Rocha EM, 
Krenzer KL, Cermak JM, et  al. Androgen influence 
on the meibomian gland. Invest Ophthalmol Vis Sci. 
2000;41(12):3732–42.

 76. Schumacher H, Machemer R. [Experimental studies 
on the therapy of corneal lesions due to cortisone]. 
Klin Monbl Augenheilkd. 1966;148(1):121–6.

 77. Tsai TH, Scheving LE, Scheving LA, Pauly JE. Sex 
differences in circadian rhythms of several vari-
ables in lymphoreticular organs, liver, kidney, and 
corneal epithelium in adult CD2F1 mice. Anat Rec. 
1985;211(3):263–70.

 78. Yamamoto T, Terada N, Nishizawa Y, Petrow 
V. Angiostatic activities of medroxyprogesterone ace-
tate and its analogues. Int J Cancer. 1994;56(3):393–9.

 79. Jackson AC, Roche SL, Byrne AM, Ruiz-Lopez 
AM, Cotter TG.  Progesterone receptor signalling in 
retinal photoreceptor neuroprotection. J Neurochem. 
2016;136(1):63–77.

 80. Doonan F, O’Driscoll C, Kenna P, Cotter 
TG.  Enhancing survival of photoreceptor cells 
in  vivo using the synthetic progestin Norgestrel. J 
Neurochem. 2011;118(5):915–27.

 81. Moussatche P, Lyons TJ. Non-genomic progesterone 
signalling and its non-canonical receptor. Biochem 
Soc Trans. 2012;40(1):200–4.

 82. Petersen SL, Intlekofer KA, Moura-Conlon PJ, 
Brewer DN, Del Pino SJ, Lopez JA. Nonclassical pro-
gesterone signalling molecules in the nervous system. 
J Neuroendocrinol. 2013;25(11):991–1001.

 83. Liotta LA, Steeg PS, Stetler-Stevenson WG. Cancer 
metastasis and angiogenesis: an imbalance of positive 
and negative regulation. Cell. 1991;64(2):327–36.

 84. Van Agtmael T, Bruckner-Tuderman L.  Basement 
membranes and human disease. Cell Tissue Res. 
2010;339(1):167–88.

 85. Bai X, Dilworth DJ, Weng YC, Gould 
DB.  Developmental distribution of collagen IV iso-
forms and relevance to ocular diseases. Matrix Biol. 
2009;28(4):194–201.

G. Schnabolk et al.



199

 86. Schittny JC, Yurchenco PD. Basement membranes: 
molecular organization and function in development 
and disease. Curr Opin Cell Biol. 1989;1(5):983–8.

 87. Leu ST, Batni S, Radeke MJ, Johnson LV, Anderson 
DH, Clegg DO.  Drusen are cold spots for prote-
olysis: expression of matrix metalloproteinases and 
their tissue inhibitor proteins in age-related macular 
degeneration. Exp Eye Res. 2002;74(1):141–54.

 88. Booij JC, Baas DC, Beisekeeva J, Gorgels TG, 
Bergen AA. The dynamic nature of Bruch’s mem-
brane. Prog Retin Eye Res. 2010;29(1):1–18.

 89. Nita M, Strzalka-Mrozik B, Grzybowski A, Mazurek 
U, Romaniuk W. Age-related macular degeneration 
and changes in the extracellular matrix. Med Sci 
Monitor. 2014;20:1003–16.

 90. Cousins SW, Marin-Castano ME, Espinosa- 
Heidmann DG, Alexandridou A, Striker L, Elliot 
S.  Female gender, estrogen loss, and sub-RPE 
deposit formation in aged mice. Invest Ophthalmol 
Vis Sci. 2003;44(3):1221–9.

 91. Espinosa-Heidmann DG, Marin-Castano ME, 
Pereira-Simon S, Hernandez EP, Elliot S, Cousins 
SW. Gender and estrogen supplementation increases 
severity of experimental choroidal neovasculariza-
tion. Exp Eye Res. 2005;80(3):413–23.

 92. Nagase H, Visse R, Murphy G. Structure and func-
tion of matrix metalloproteinases and TIMPs. 
Cardiovasc Res. 2006;69(3):562–73.

 93. Elliot S, Catanuto P, Fernandez P, Espinosa- 
Heidmann D, Karl M, Korach K, et al. Subtype spe-
cific estrogen receptor action protects against changes 
in MMP-2 activation in mouse retinal pigmented 
epithelial cells. Exp Eye Res. 2008;86(4):653–60.

 94. Limb GA, Little BC, Meager A, Ogilvie JA, 
Wolstencroft RA, Franks WA, et  al. Cytokines 
in proliferative vitreoretinopathy. Eye (London, 
England). 1991;5(Pt 6):686–93.

 95. Kimura K, Orita T, Fujitsu Y, Liu Y, Wakuta M, 
Morishige N, et  al. Inhibition by female sex hor-
mones of collagen gel contraction mediated by reti-
nal pigment epithelial cells. Invest Ophthalmol Vis 
Sci. 2014;55(4):2621–30.

 96. Stein B, Yang MX.  Repression of the interleu-
kin- 6 promoter by estrogen receptor is mediated 
by NF-kappa B and C/EBP beta. Mol Cell Biol. 
1995;15(9):4971–9.

 97. Paimela T, Ryhanen T, Mannermaa E, Ojala J, 
Kalesnykas G, Salminen A, et  al. The effect of 
17beta-estradiol on IL-6 secretion and NF-kappaB 
DNA-binding activity in human retinal pigment epi-
thelial cells. Immunol Lett. 2007;110(2):139–44.

 98. Kauffmann DJ, van Meurs JC, Mertens DA, 
Peperkamp E, Master C, Gerritsen ME. Cytokines in 
vitreous humor: interleukin-6 is elevated in prolif-
erative vitreoretinopathy. Invest Ophthalmol Vis Sci. 
1994;35(3):900–6.

 99. Ambreen F, Ismail M, Qureshi, IZ. Association of 
gene polymorphism with serum levels of inflamma-
tory and angiogenic factors in Pakistani patients with 

age-related macular degeneration. Mol. Vis. 2015; 
21:985–99.

 100. Ahn RS, Choi JH, Choi BC, Kim JH, Lee SH, Sung 
SS.  Cortisol, estradiol-17beta, and progesterone 
secretion within the first hour after awakening in 
women with regular menstrual cycles. J Endocrinol. 
2011;211(3):285–95.

 101. Brynhildsen J. Combined hormonal contraceptives: 
prescribing patterns, compliance, and benefits versus 
risks. Ther Adv Drug Safety. 2014;5(5):201–13.

 102. Sech LA, Mishell DR Jr. Oral steroid contra-
ception. Womens Health (London, England). 
2015;11(6):743–8.

 103. Daniels K, Daugherty J, Jones J, Mosher W. Current 
contraceptive use and variation by selected charac-
teristics among women aged 15–44: United States, 
2011-2013. Natl Health Stat Rep. 2015(86):1–14.

 104. Wang YE, Kakigi C, Barbosa D, Porco T, Chen R, 
Wang S, et  al. Oral contraceptive use and preva-
lence of self-reported glaucoma or ocular hyper-
tension in the United States. Ophthalmology. 
2016;123(4):729–36.

 105. Thapa R, Paudyal G.  Central retinal vein occlu-
sion in young women: rare cases with oral con-
traceptive pills as a risk factor. Nepal Med Coll J. 
2009;11(3):209–11.

 106. Klein R, Klein BE, Knudtson MD, Meuer SM, Swift 
M, Gangnon RE. Fifteen-year cumulative incidence 
of age-related macular degeneration: the Beaver Dam 
Eye Study. Ophthalmology. 2007;114(2):253–62.

 107. Aggarwal RS, Mishra VV, Aggarwal SV. Oral con-
traceptive pills: a risk factor for retinal vascular 
occlusion in in-vitro fertilization patients. J Hum 
Reprod Sci. 2013;6(1):79–81.

 108. Giovannini A, Consolani A.  Contraceptive- 
induced unilateral retinopathy. Ophthalmologica. 
1979;179(5):302–5.

 109. Pellegrini F, Interlandi E, Pavesio C, Ferreyra 
HA.  We cannot see what she cannot ignore. Surv 
Ophthalmol. 2017;62:882–5.

 110. Rush JA.  Acute macular neuroretinopathy. Am J 
Ophthalmol. 1977;83(4):490–4.

 111. Feskanich D, Cho E, Schaumberg DA, Colditz GA, 
Hankinson SE. Menopausal and reproductive factors 
and risk of age-related macular degeneration. Arch 
Ophthalmol. 2008;126(4):519–24.

 112. Edwards DR, Gallins P, Polk M, Ayala-Haedo J, 
Schwartz SG, Kovach JL, et al. Inverse association 
of female hormone replacement therapy with age- 
related macular degeneration and interactions with 
ARMS2 polymorphisms. Invest Ophthalmol Vis Sci. 
2010;51(4):1873–9.

 113. Cascio C, Deidda I, Russo D, Guarneri P. The estro-
genic retina: the potential contribution to healthy 
aging and age-related neurodegenerative diseases of 
the retina. Steroids. 2015;103:31–41.

 114. Fliesler SJ, Bretillon L.  The ins and outs of cho-
lesterol in the vertebrate retina. J Lipid Res. 
2010;51(12):3399–413.

11 Sex Related Differences in Retinal Pigment Epithelium and Retinal Disease



200

 115. Stork S, von Schacky C, Angerer P.  The effect of 
17beta-estradiol on endothelial and inflammatory 
markers in postmenopausal women: a randomized, 
controlled trial. Atherosclerosis. 2002;165(2):301–7.

 116. Elliot SJ, Catanuto P, Espinosa-Heidmann DG, 
Fernandez P, Hernandez E, Saloupis P, et al. Estrogen 
receptor beta protects against in vivo injury in RPE 
cells. Exp Eye Res. 2010;90(1):10–6.

 117. Lohr HR, Kuntchithapautham K, Sharma AK, 
Rohrer B. Multiple, parallel cellular suicide mecha-
nisms participate in photoreceptor cell death. Exp 
Eye Res. 2006;83(2):380–9.

 118. Rohrer B, Matthes MT, LaVail MM, Reichardt 
LF. Lack of p75 receptor does not protect photore-
ceptors from light-induced cell death. Exp Eye Res. 
2003;76(1):125–9.

 119. Organisciak DT, Vaughan DK. Retinal light damage: 
mechanisms and protection. Prog Retin Eye Res. 
2010;29(2):113–34.

 120. Wang S, Wang B, Feng Y, Mo M, Du F, Li H, et al. 
17beta-estradiol ameliorates light-induced retinal 
damage in Sprague-Dawley rats by reducing oxida-
tive stress. J Mol Neurosci. 2015;55(1):141–51.

 121. Tengstrand B, Ahlmen M, Hafstrom I. The influence 
of sex on rheumatoid arthritis: a prospective study 
of onset and outcome after 2 years. J Rheumatol. 
2004;31(2):214–22.

 122. Seriolo B, Cutolo M, Garnero A, Accardo 
S.  Relationships between serum 17 beta-oestradiol 
and anticardiolipin antibody concentrations in female 
patients with rheumatoid arthritis. Rheumatology 
(Oxford, England). 1999;38(11):1159–61.

 123. Tengstrand B, Carlstrom K, Fellander-Tsai L, 
Hafstrom I. Abnormal levels of serum dehydroepi-
androsterone, estrone, and estradiol in men with 
rheumatoid arthritis: high correlation between serum 
estradiol and current degree of inflammation. J 
Rheumatol. 2003;30(11):2338–43.

 124. Nelson JL, Ostensen M. Pregnancy and rheumatoid 
arthritis. Rheum Dis Clin N Am. 1997;23(1):195–212.

 125. Sicotte NL, Liva SM, Klutch R, Pfeiffer P, Bouvier 
S, Odesa S, et  al. Treatment of multiple sclerosis 
with the pregnancy hormone estriol. Ann Neurol. 
2002;52(4):421–8.

 126. Jorgensen C, Picot MC, Bologna C, Sany J. Oral con-
traception, parity, breast feeding, and severity of rheu-
matoid arthritis. Ann Rheum Dis. 1996;55(2):94–8.

 127. Vignesh AP, Srinivasan R.  Ocular manifestations 
of rheumatoid arthritis and their correlation with 
anti-cyclic citrullinated peptide antibodies. Clin 
Ophthalmol (Auckland, NZ). 2015;9:393–7.

 128. Sivaraj RR, Durrani OM, Denniston AK, Murray PI, 
Gordon C. Ocular manifestations of systemic lupus 
erythematosus. Rheumatology (Oxford, England). 
2007;46(12):1757–62.

 129. Ushiyama T, Inoue K, Nishioka J.  Expression of 
estrogen receptor related protein (p29) and estradiol 
binding in human arthritic synovium. J Rheumatol. 
1995;22(3):421–6.

 130. Ishizuka M, Hatori M, Suzuki T, Miki Y, Darnel 
AD, Tazawa C, et al. Sex steroid receptors in rheu-
matoid arthritis. Clin Sci (London, England: 1979). 
2004;106(3):293–300.

 131. Tamir S, Izrael S, Vaya J.  The effect of oxidative 
stress on ERalpha and ERbeta expression. J Steroid 
Biochem Mol Biol. 2002;81(4–5):327–32.

 132. Goldberg SB, Supko JG, Neal JW, Muzikansky A, 
Digumarthy S, Fidias P, et al. A phase I study of erlo-
tinib and hydroxychloroquine in advanced non-small-
cell lung cancer. J Thorac Oncol. 2012;7(10):1602–8.

 133. Mahalingam D, Mita M, Sarantopoulos J, Wood L, 
Amaravadi RK, Davis LE, et al. Combined autophagy 
and HDAC inhibition: a phase I safety, tolerability, 
pharmacokinetic, and pharmacodynamic analysis of 
hydroxychloroquine in combination with the HDAC 
inhibitor vorinostat in patients with advanced solid 
tumors. Autophagy. 2014;10(8):1403–14.

 134. Rangwala R, Chang YC, Hu J, Algazy KM, Evans TL, 
Fecher LA, et al. Combined MTOR and autophagy 
inhibition: phase I trial of hydroxychloroquine and 
temsirolimus in patients with advanced solid tumors 
and melanoma. Autophagy. 2014;10(8):1391–402.

 135. Rangwala R, Leone R, Chang YC, Fecher LA, 
Schuchter LM, Kramer A, et  al. Phase I trial of 
hydroxychloroquine with dose-intense temozolo-
mide in patients with advanced solid tumors and 
melanoma. Autophagy. 2014;10(8):1369–79.

 136. Rosenthal AR, Kolb H, Bergsma D, Huxsoll 
D, Hopkins JL.  Chloroquine retinopathy in 
the rhesus monkey. Invest Ophthalmol Vis Sci. 
1978;17(12):1158–75.

 137. Xu C, Zhu L, Chan T, Lu X, Shen W, Madigan MC, 
et al. Chloroquine and hydroxychloroquine are novel 
inhibitors of human organic anion transporting poly-
peptide 1A2. J Pharm Sci. 2016;105(2):884–90.

 138. Graham CM, Blach RK.  Indomethacin retinopa-
thy: case report and review. Br J Ophthalmol. 
1988;72(6):434–8.

 139. Foran JM, Rohatiner AZ, Cunningham D, Popescu 
RA, Solal-Celigny P, Ghielmini M, et al. European 
phase II study of rituximab (chimeric anti-CD20 
monoclonal antibody) for patients with newly 
diagnosed mantle-cell lymphoma and previously 
treated mantle-cell lymphoma, immunocytoma, and 
small B-cell lymphocytic lymphoma. J Clin Oncol. 
2000;18(2):317–24.

 140. Tokai R, Ikeda T, Miyaura T, Sato K.  Interferon- 
associated retinopathy and cystoid macular edema. 
Arch Ophthalmol. 2001;119(7):1077–9.

 141. Perez-Alvarez AF, Jimenez-Alonso J, Reche- 
Molina I, Leon-Ruiz L, Hidalgo-Tenorio C, Sabio 
JM.  Retinal vasculitis and vitreitis in a patient 
with chronic hepatitis C virus. Arch Intern Med. 
2001;161(18):2262.

 142. Jain K, Lam WC, Waheeb S, Thai Q, Heathcote 
J. Retinopathy in chronic hepatitis C patients during 
interferon treatment with ribavirin. Br J Ophthalmol. 
2001;85(10):1171–3.

G. Schnabolk et al.



201

 143. Ponjavic V, Granse L, Stigmar EB, Andreasson 
S. Reduced full-field electroretinogram (ERG) in a 
patient treated with methotrexate. Acta Ophthalmol 
Scand. 2004;82(1):96–9.

 144. Bridges CC, El-Sherbeny A, Ola MS, Ganapathy 
V, Smith SB. Transcellular transfer of folate across 
the retinal pigment epithelium. Curr Eye Res. 
2002;24(2):129–38.

 145. Christen WG, Glynn RJ, Chew EY, Albert CM, 
Manson JE. Folic acid, pyridoxine, and cyanocobal-
amin combination treatment and age-related macular 
degeneration in women: the Women’s Antioxidant 
and Folic Acid Cardiovascular Study. Arch Intern 
Med. 2009;169(4):335–41.

 146. Sharma T, Shah N, Rao M, Gopal L, Shanmugam 
MP, Gopalakrishnan M, et al. Visual outcome after 
discontinuation of corticosteroids in atypical severe 
central serous chorioretinopathy. Ophthalmology. 
2004;111(9):1708–14.

 147. Kleinewietfeld M, Manzel A, Titze J, Kvakan H, 
Yosef N, Linker RA, et al. Sodium chloride drives 
autoimmune disease by the induction of pathogenic 
TH17 cells. Nature. 2013;496(7446):518–22.

 148. Wu C, Yosef N, Thalhamer T, Zhu C, Xiao S, 
Kishi Y, et  al. Induction of pathogenic TH17 cells 
by inducible salt-sensing kinase SGK1. Nature. 
2013;496(7446):513–7.

 149. Krementsov DN, Case LK, Hickey WF, Teuscher 
C. Exacerbation of autoimmune neuroinflammation 
by dietary sodium is genetically controlled and sex 
specific. FASEB J. 2015;29(8):3446–57.

 150. Annweiler C, Drouet M, Duval GT, Pare PY, Leruez 
S, Dinomais M, et  al. Circulating vitamin D con-
centration and age-related macular degeneration: 
systematic review and meta-analysis. Maturitas. 
2016;88:101–12.

 151. Cutolo M. Further emergent evidence for the vitamin 
D endocrine system involvement in autoimmune 
rheumatic disease risk and prognosis. Ann Rheum 
Dis. 2013;72(4):473–5.

 152. Kragt J, van Amerongen B, Killestein J, Dijkstra 
C, Uitdehaag B, Polman C, et  al. Higher levels of 
25-hydroxyvitamin D are associated with a lower 
incidence of multiple sclerosis only in women. Mult 
Scler. 2009;15(1):9–15.

 153. Vasile M, Corinaldesi C, Antinozzi C, Crescioli 
C.  Vitamin D in autoimmune rheumatic diseases: 
a view inside gender differences. Pharmacol Res. 
2017;117:228–41.

 154. McGeer PL, Sibley J. Sparing of age-related macu-
lar degeneration in rheumatoid arthritis. Neurobiol 
Aging. 2005;26(8):1199–203.

 155. Keenan TD, Goldacre R, Goldacre MJ. Associations 
between age-related macular degeneration, osteoar-
thritis and rheumatoid arthritis: record linkage study. 
Retina (Philadelphia, PA). 2015;35(12):2613–8.

 156. Stubelius A, Andersson A, Islander U, Carlsten 
H.  Ovarian hormones in innate inflammation. 
Immunobiology. 2017;222(8–9):878–83.

 157. Churchill WH Jr, Weintraub RM, Borsos T, Rapp 
HJ. Mouse complement: the effect of sex hormones 
and castration on two of the late-acting components. 
J Exp Med. 1967;125(4):657–72.

 158. Beurskens FJ, Kuenen JD, Hofhuis F, Fluit AC, 
Robins DM, Van Dijk H.  Sex-limited protein: 
in  vitro and in  vivo functions. Clin Exp Immunol. 
1999;116(3):395–400.

 159. Buras JA, Rice L, Orlow D, Pavlides S, Reenstra 
WR, Ceonzo K, et al. Inhibition of C5 or absence of 
C6 protects from sepsis mortality. Immunobiology. 
2004;209(8):629–35.

 160. Ong GL, Mattes MJ.  Mouse strains with typi-
cal mammalian levels of complement activity. J 
Immunol Methods. 1989;125(1–2):147–58.

 161. Ong GL, Baker AE, Mattes MJ.  Analysis of high 
complement levels in Mus hortulanus and BUB 
mice. J Immunol Methods. 1992;154(1):37–45.

 162. Kotimaa J, Klar-Mohammad N, Gueler F, Schilders 
G, Jansen A, Rutjes H, et al. Sex matters: systemic 
complement activity of female C57BL/6J and 
BALB/cJ mice is limited by serum terminal pathway 
components. Mol Immunol. 2016;76:13–21.

 163. Kobayashi K, Kobayashi H, Ueda M, Honda 
Y.  Estrogen receptor expression in bovine 
and rat retinas. Invest Ophthalmol Vis Sci. 
1998;39(11):2105–10.

 164. Munaut C, Lambert V, Noel A, Frankenne F, Deprez 
M, Foidart JM, et  al. Presence of oestrogen recep-
tor type beta in human retina. Br J Ophthalmol. 
2001;85(7):877–82.

11 Sex Related Differences in Retinal Pigment Epithelium and Retinal Disease



Part III

The RPE in Diagnostics



205© Springer Nature Switzerland AG 2020 
A. K. Klettner, S. Dithmar (eds.), Retinal Pigment Epithelium in Health and Disease, 
https://doi.org/10.1007/978-3-030-28384-1_12

RPE in SD-OCT

Andrea Hassenstein and Carsten Grohmann

 Introduction

Optical coherence tomography (OCT) was devel-
oped in 1991 by Huang, Swanson, and Fujimoto 
[1, 2]. One of the first OCT prototypes arrived in 
1997 in Boston and Hamburg for the first applica-
tion OCT started with the time-domain technique 
(TD-OCT) and switched to the faster applica-
tion of the spectral-domain OCT (SD-OCT) or 
swept-source OCT (SS-OCT) (Fig.  12.1). The 
new OCT-angiography (OCT-A) method has 
been under development since 2015, and pro-
vides non-invasive angiography of the retinal and 
chorioretinal vessels (Fig. 12.1a–f). Since 2001, 
OCT has been an important component of among 
macular diagnostic tools due to its capacity for 
higher resolution and precision.

 OCT Technology

OCT offers cross-sectional or tomographic 
images with micron resolution in eye tissue. The 
physical basis of OCT imaging depends on the 
contrast of optical reflectivity between different 
microstructures of the eye tissue. The light beam 
is either transmitted, absorbed, or scattered. In 
most tissue, light scattering outweighs absorp-

tion. OCT works in the same way as B-mode 
ultrasound imaging, except that it uses laser 
light rather than acoustic waves. The principle of 
OCT is called low coherence interferometry. The 
resolution of a typical ultrasound device for eye 
diagnostics is approximately 150 μm at 10 MHz. 
A higher resolution of the ultrasound is pos-
sible, but attenuates strongly in eye tissue of only 
4–5 mm. Therefore, high-resolution ultrasound is 
limited to the anterior segment of the eye and is 
not suitable for macular diseases.

OCT is primarily a diagnostic tool for the 
macula and not for peripheral fundus imag-
ing. Restrictions of OCT are pathologies in 
the retinal periphery, opacified optical media 
such as cataract or vitreous hemorrhage, and 
the absence of fixation. The scanning speed has 
increased in recent years and therefore OCT 
images are also now possible in nystagmus 
patients. Due to its greater wavelengths, OCT 
images are also available in turbid media. The 
contralateral eye can be fixed to show the mid-
periphery of the fundus. However, imaging of 
the retinal periphery through the 3-mirror glass 
is not possible due to the complete backscatter-
ing of the light beam.

 Time Domain OCT

The first OCT imaging technologies (Time 
Domain OCT  =  TD OCT) deliver images 
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with a resolution about ten times higher than 
 conventional ultrasonic B-mode images. The 
reasons for this are different wave velocities: 
acoustic wave velocity of 1530  m/s and light 
wave velocity of 300,000  km/s and different 
speed of the A-scan application. The resolution 
of the first TD-OCT components was 10 μm axial 
and 15 μm transverse. In the next generation of 
Spectral Domain OCT (SD-OCT), the axial reso-
lution was 3.5 μm.

Ultrasound has a lower resolution of 150 μm 
but visualizes intransparent structures such as 
globe boundaries. Due to the light waves, the 
resolution of the OCT is very high (axial up to 
5  μm), but this depends on good transmission 
(cornea, lens, vitreous hemorrhage).

The light source for the interferometer is a 
superluminescent laser diode. The interferom-
eter can measure the time delay of optical echoes 
by comparing the reflected light beam with a 
reference beam. The reference beam contains 
a mechanically movable mirror. In TD-OCT, 
820  nm wavelength was generally used (1998–

2007). The operating wavelength of the SD-OCT 
probe beam is near infrared (~800  nm), and 
therefore only minimally visible to the patient. 
SD-OCT uses either 840 or 870 nm (since 2007) 
(Table 12.1).

The light from a source is directed onto a 
partially reflecting mirror and divided into a ref-
erence beam and a measuring beam. The measur-
ing beam is reflected by a sample with different 
time delays.

The light of the sample and the light of the 
reference mirror are combined and detected. 
Different reflectivity in the sample leads to dif-
ferent time delays of the reflectivity and leads to 
a tissue image with reflective properties.

During the generation of TD-OCT, motion 
artifacts of the eye were also visible due to a lon-
ger scanning time through the movable mirror in 
the reference beam. Patients suffering from poor 
fixation and lens opacity may not achieve good 
OCT image quality. In TD generation, TD-OCT 
can be successfully performed as long as the fun-
dus is visible.

a d

b

c f

e

Fig. 12.1 Development of the OCTs from 1997 to 2009 
(evolution): OCT started with Time Domain OCT and 
reached the SD-OCT and SS-OCT generation with 
improved resolution. Since 2015, OCT angiography has 
been a new tool for non-invasive angiography through 

OCT. (a) Prototype OCT1, 1997; (b) OCT 2, 1998; (c) 
OCT 3 TD Stratus, 2001; (d) OCT 4 SD Cirrus, 2007; (e) 
OCT SD, 2009; (f) OCT angiography, 2015
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The scanning patterns in TD-OCT are radial 
lines, single or multiple horizontal lines. The 
macula could never be fully scanned because 
the areas between the radial lines were inter-
polated. This was a problem for the interpreta-
tion of macular disease, as a pathology could be 
overlooked due to the absence of a scan position. 
This problem was solved in the next generation 
of SD-OCT.  The movable mirror in the refer-
ence beam is the limiting element which makes 
TD-OCT unable to provide a higher resolution. 
The greatest step towards higher resolution was 
made by SD-OCT by replacing the movable mir-
ror in the reference beam.

 Spectral Domain OCT

In contrast to TD-OCT, SD-OCT does not have 
a mechanically movable mirror in the reference 
beam, so that significantly higher repetition rates 
for the A-scan are currently possible (Table 12.1), 
with more than 40,000 scans per second. An 
A-scan is generated using an inverse Fourier 
transformation on the simultaneously acquired 
data. This results in a higher resolution in axial 
(currently up to less than 1 μm) and lateral (cur-
rently less than 15 μm) direction, with the scan 
speed also compensating for motion artifacts—
which minimizes the likelihood of eye movement 
during capture, especially in patients with poor 
fixation. The modern OCT devices have a live 
eye tracker so that the exact location of the fovea 
can be guaranteed for follow-up. This was previ-
ously a problem for interpretation in TD-OCT.

Another advantage is an improved signal-to- 
noise ratio by using Fourier transformation of the 

entire spectrum in SD-OCT and repeated scans 
for averaging. The spectral interference pattern 
between the reference beam and the sample beam 
is dispersed by a spectrometer and collected 
simultaneously by an array detector. SD-OCT 
uses either 840 or 870  nm (since 2007). In 
840 nm OCT devices, the retinal pigment epithe-
lium (RPE) attenuates the laser beam. This effect 
increases in RPE thickening/lump formation and 
drusen and is important for diagnosis.

In addition, SD-OCT generation offers new 
scanning protocols, i.e. the macular cube proto-
col of 6 × 6 mm. Here, the entire macular area 
can be captured with the OCT without missing 
any pathology. This was made possible by the 
higher acquisition speed of OCT images and 
the higher resolution. A high-resolution 5-line 
horizontal scan is also available depending on the 
macular pathology.

The difference between TD-OCT (400 scans 
per second) performed by a mechanical reference 
mirror and SD-OCT (40,000 scans per second) per-
formed by multiple wavelengths is a factor of 100.

The advantages of higher resolution, scan-
ning speed and macular cube led to the integra-
tion of OCT as the macular diagnostic standard 
specifically for age-related macular degeneration 
(AMD) and other macular diseases.

 Swept Source OCT

In OCT scanning with swept source (SS-OCT, 
optical frequency range), the light source is rap-
idly swept in wavelength and the spectral inter-
ference pattern is captured on a single or small 
number of receivers as a function of time. Higher 

Table 12.1 Overview of the TD OCT, SD-OCT, and SS-OCT and characteristic parameters

TD-OCT SD-OCT SS-OCT
Wavelength 820 nm 840 nm 1050 nm

870 nm
Axial resolution 10–20 5 3.5
Transverse resolution 20 15 10
Measurements per A/scan 500 1024 1024
A-scans per B-scan 512 4096 4096
A-scans/s 400 40,000 100,000
Pupil size 4 mm 3 mm 3 mm
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scanning speeds enable denser scanning and bet-
ter registration. The swept source OCT also has a 
lower depth sensitivity, which allows better visu-
alization of structures in the depth of the retina. 
The reason for this is that SS-OCT has a longer 
wavelength (infrared) than SD-OCT, so there 
may be less scattering of optical opacity (i.e. lens 
or vitreous exchange) and the imaging of deeper 
retinal structures has fewer signal-to-noise pat-
terns. Faster acquisition speeds also mean a 
higher scanning density of the macula, minimiz-
ing the risk of missing pathology and enabling 
three-dimensional OCT scans (100,000 A-scans 
per second). The SS-OCT (1050  nm) offers 
slightly better penetration of the RPE and thus 
better visualization of the underlying choroid 
(enhanced depth imaging). The invisible infrared 
laser does not distract the patient during the scan 
(Table 12.1).

 OCT Angiography

High-resolution OCT images and fast image 
acquisition led to the development of OCT angi-
ography. The presentation of OCT images in the 
z-axis (en-face visualization) became increas-
ingly important in SD-OCT generation. This 
technique enabled the en-face visualization of 
retinal and choroidal vascular supply by OCT.

The current gold standard for the diagnosis 
of vascular diseases of the retina or choroid ves-
sels is fluorescence angiography (FLA) or ICG 
angiography (ICG). However, other diagnostic 
methods have been developed for significant con-
traindications (renal dysfunction in the FLA or 
hyperthyroidism on ICG allergies).

Rapidly repeated OCT scans track the move-
ment of intravascular corpuscular parts of the 
blood and subtract it from the static topographic 
OCT image. This allows the detection of blood 
vessels and the monitoring of blood flow with-
out invasive methods such as digital subtraction 
angiography (DSA for cardiovascular imaging).

The common SD-OCT is usually used in 
two dimensions and mainly as tomography. 
Nevertheless, 3D animation is possible in the 
viewer of the devices. In OCT-A, B-scans are 

used en-face and a three-dimensional image 
is created. If the blood flow is slower than the 
time between the B-scans of the OCT device, the 
OCTA interprets this as a lack of blood flow and 
no vascular system becomes visible. Therefore, 
OCT-A does not detect any leakage or blockage. 
This is important for the interpretation of OCT-
A images. With the 3 × 3 mm retinal scan cube, 
the images are high-resolution, and they are of 
poorer quality in larger cubes (6 × 6 mm).

The lowest flow velocity detectable with 
OCT-A is called the “slowest detectable flow 
(SDF)”. This depends on the interscan time of the 
OCT-A device. OCT-A devices with slow inter-
mediate scan speed detect slower flow rates.

The most common four layers of retinal vas-
cular structures are represented by the OCT-A: 
The superficial retinal plexus, the deep retinal 
plexus, the outer retinal layer and the choriocap-
illaris. Neovascularizations penetrating the RPE 
can be visualized with this technology. Today 
(2019) there is a common nomenclature, but due 
to different algorithms and visualization possi-
bilities a comparison between images of different 
providers is still a challenge. The OCT-A can be 
performed with SD-OCT or SS-OCT technology. 
The axial resolution for small capillaries is less 
than 5 μm and laterally less than 15 μm. Infrared 
lasers that are not visible to the patient are usu-
ally used. Due to the longer scanning times, eye 
tracking and averaging technologies are used. 
The main problem with OCT-A is the different 
standards of the layers in the different devices. 
A comparison between OCT-A devices is not 
possible.

 SD-OCT and RPE Absorption 
Spectrum

The laser light of the OCT (central wavelengths, 
e.g. 840  nm) reaches the melanin of the RPE 
where absorption takes place. In the laser beam, 
three pigments are highlighted, which lead to 
absorption—and thus to an impairment of image 
resolution: The hemoglobin in the blood vessels 
(especially in visible light absorbing  yellow/
green and especially blue, Fig.  12.2), the xan-
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thophyll and lutein in the macula lutea region 
(absorption maxima in the blue spectral range, 
“natural sunglasses”, Fig. 12.2) and the melanin 
of the RPE (visible light, 400–1400 nm) [3, 4]. 
With increasing wavelength, the absorption of 
the retinal pigment epithelium decreases, so that 
OCT lasers with a higher wavelength are more 
advantageous for the visualization of pathologies 
in the RPE and sub-RPE structures (Fig. 12.2). 
The best optical window for SD-OCT imaging 
of the macula is therefore in the near infrared 
range from a wavelength of approx. 800  nm 
(Fig. 12.2).

Indocyanine green (ICG) is used for the fluo-
rescence angiographic examination of choroidal 
pathologies. The emission and absorption spec-
trum of tissue is solvent-dependent and lies in the 
optically transparent range of the RPE (fluores-

cence maximum around 800 nm). Fluorescein, on 
the other hand, has its emission maxima at about 
510 nm, so that it cannot be used as a means of 
imaging sub-RPE structures. An exception are 
pathologies without RPE, i.e. geographic atrophy 
or RPE rips [5].

 Scan Pattern

TD-OCT began with radial scans consisting of 
6–12 high-resolution line scans passing through 
the macula. The disadvantage of radial scanning 
is that the device interpolates between scans. The 
TD-OCT scan patterns were not suitable for the 
follow-up of wet AMD.  The risk of overlook-
ing an intraretinal cyst was too high without the 
macular cube.
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Fig. 12.2 Schematic 
absorption of light from 
melanin, lutein, 
hemoglobin and water 
depending on different 
wavelengths. The blue line 
with two arrows marks the 
optical window for OCT 
imaging. It is also clearly 
visible that lutein absorbs 
at shorter wavelengths 
(like “natural sunglasses”)
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In SD-OCT generation (and SS-OCT), the 
macular cube scan and various line scans are 
most common. The macular cube scan consists of 
a square area of 6 × 6 mm centered on the fovea. 
The scans are usually of relatively lower resolu-
tion due to time gain. Raster scanning is the tech-
nique used to obtain cube scans of the macula. 
Other scanning protocols improve the size of the 
scanned area.

In order to scan the entire macula, a cube 
scan is essential, especially for the detection of 
fluid in wet age-related macular degeneration 
(AMD). The highest resolution is achieved with 
three or five high-resolution linear scans. For 
the follow- up of macular pathologies, it is very 
important that the devices can reliably scan the 
same position for each examination. The same 
OCT device should always be used for track-
ing, as the software of different devices defines 
different reference lines for segmentation. The 
macular cube scan is probably the safest way 
to ensure that no pathologies are overlooked. 
Although the scanning protocols of different 
manufacturers differ, the standard protocol is a 
6 mm macular cube [6–8].

It is very important to define the segmentation 
lines in OCT-A to make diseases and research 
comparable. Segmentation lines for automated 
segmentation must be clearly distinguishable: 
“for the RPE-Bruch’s membrane (BM) com-
plex), the highly reflective edges of the ellipsoid 
zone and the RPE-BM complex are suitable [9]”.

With DICOM import and export as the target, 
registration and tracking by various devices and 
vendors will be possible. Eye tracking is estab-
lished in SD-OCT generation. Tracking should 
only be performed with the same device. With the 
OCT-A, the standard level descriptions between 
the devices are different, therefore standardiza-
tion is very difficult.

 Interpretation of the OCT

 Qualitative Assessment

The qualitative interpretation of OCT images in 
macular diseases is clinically more important 
than quantitative evaluation. Typical qualitative 

diagnostics using OCT are macular holes and 
epiretinal membranes as well as cystoid macular 
edema.

Linear scans with high resolution are used for 
the interpretation of RPE.  For control examina-
tions of e.g. wet AMD, it is absolutely necessary 
to scroll through the entire macular cube. It is not 
sufficient to interpret only one high-resolution 
scan for one treatment indication. The RPE and the 
choriocapillaris are difficult to distinguish due to 
the similar reflection pattern. The RPE layers can 
be clearly distinguished by the higher resolution 
of SD-OCT (Fig. 12.3). The RPE layer is highly 
reflective and leads to a backscattering of the light 
beam of the OCT (shading of the light beam below 
the RPE). The atrophy of the highly reflective RPE 
leads to a reverse shadowing [10–12].

The most important for perfect visualization 
of individual retinal layers is the different reflec-
tivity of the merging structures, e.g. in the retinal 
nerve fiber layer (high reflectivity) and in the vit-
reous body (no reflectivity).

Figure 12.3 shows a detailed description of 
each retinal layer in SD-OCT. The outer segments 
of the photoreceptor contact the RPE located on 
the BM as a single cubic layer. Below the BM, 
the choriocapillaris and the larger choroid vessels 
appear in the OCT.

The high-resolution SD-OCT image increas-
ingly resembles a histological tomogram. For the 
interpretation of OCT images, however, it is impor-
tant to note that OCT is still an image of reflectiv-
ity and not a true histology. Therefore, OCT may 
show several reflectivity lines of a cell structure 
such as the photoreceptors (outer segments and the 
connection to the inner segments), but also vice 
versa. In Best’s disease, highly reflective deposits 
within the outer retina simulate a lack of highly 
reflective photoreceptors and RPE, although they 
are present but not visible to the light beam.

 Quantitative Assessment

Quantitative evaluation is particularly helpful for 
the measurement of the optic disc and the retinal 
nerve fiber layer (RNFL) for glaucoma diagnos-
tics. The thickness of macular edema can be easily 
measured using topographic maps. Quantitative 
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OCT interpretation is based on the OCT device’s 
ability to distinguish between different retinal 
layers with different reflectivities, which requires 
specific segmentation. The RPE is a very impor-
tant baseline for manual and automated segmen-
tation together with the retinal nerve fiber layer.

 OCT Characteristics of RPE 
and Bruch’s membrane (BM)

Modern SD-OCT has enabled a deeper under-
standing of RPE and its function in pathology. 
The RPE and the underlying Bruch’s membrane 
(BM), which can be considered as a coher-
ent region, have an average thickness of about 
18–25 μm. BM represents a boundary between 
the choroid and the RPE.  Histologically, it is 
surrounded by the basement membranes of the 
choroid vessels on one side and the RPE cells on 
the other. It consists of elastic fibers and colla-
gens. The retinal pigment epithelium is histologi-
cally cubic with nuclei that are essentially close 
to BM. On the apical side, RPE cells are filled 
with melanin granules, numerous mitochondria 
and lipofuscin. Due to the limited light penetra-

tion beyond the pigmented RPE and the decay 
of the OCT signal with depth by absorption and 
scattering, the image at the choroidal level shows 
a significantly lower resolution [13].

In SD-OCT, the contiguous region of RPE and 
BM is the outermost highly reflective continuous 
line (Fig.  12.4). RPE/BM thickness in normal 
eyes correlates positively with age. The thickness 
of the RPE/BM complex is significantly greater in 
dry AMD compared to age-appropriate controls.

The SD-OCT image visualizes four hyper- 
reflective lines within the outer retina in a 
healthy macula (Fig. 12.4). When interpreting a 
macular scan, all four lines should be identified, 
provided the image quality is high enough. Of 
the four lines of the RPE complex, the inner-
most fine line is the external limiting membrane 
(ELM), followed by the ellipsoid zone (inner 
and outer photoreceptor connecting line) and 
the outer photoreceptor segments (interdigita-
tion line) and the RPE. Beyond the BM are the 
choriocapillaris and choroid.

Alterations of the RPE/BM complex in retinal 
diseases can occur as a result of increased detach-
ment (Fig.  12.5), atrophy, tear or thickening of 
the RPE.

Fig. 12.3 A detailed colored representation of each layer of the retina in SD-OCT (image courtesy of Heidelberg 
Engineering GmbH, Heidelberg)
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 Systematic Verification of RPE 
Pathologies in SD-OCT

 RPE Detachments

The RPE/BM complex in retinal diseases can 
occur with increased detachment. A pigment epi-
thelial detachment (PED) is an elevation of the 
RPE from BM with a size of >400 μm width and 
>75 μm height or >200 μm height. The underly-
ing reflectivity can be divided into homogeneous 
hypo-reflectivity, hyper-reflectivity and hetero-
geneous reflectivity. In serous RPE detachment, 
the RPE is detached and the layer below the 
RPE is optically empty or only slightly reflective 
(Fig.  12.6). In an optically empty serous PED, 
the underlying BM is visible, but not always in 
crystalline deposits within the detachment cavity 
(Fig. 12.8).

 Serous RPE Detachment (sPED)
In serous RPE detachment, the liquid in the 
sub- RPE space is optically empty (Fig.  12.6). 
The separated cavity is surrounded by RPE on 
one side and BM on the other side. The sPED 
must be scanned from the macular cube to 
ensure that the PED is fully serous and no fibro-
vascular neovascularization can be found.

Fig. 12.4 In SD-OCT, four different highly reflective 
lines can be distinguished in the outer retinal segment. 
The innermost line is the external limiting membrane 
(ELM), followed by the inner segments of the cones (con-
necting line of the inner and outer segment zone), the 
outer segment line of the cones (interdigitation line) and 
the outermost segment line of the RPE

Fig. 12.5 SD-OCT of serous Drusen. The Bruch’ mem-
brane (BM) (arrow 1, horizontal fine line) and RPE (arrow 
2, highly reflective line of RPE detachment) can be repre-
sented as two separate structures

Fig. 12.6 69-year-old patient with VA 0.4, no MMP’s 
(metamorphopsia). Left: Infrared image shows RPE 
pathologies in butterfly form. Middle (OCT): optically 
empty area under the RPE (slightly reflective) and 

attached sensory retina. Right: FLA of the left eye without 
leakage or staining, of the right eye with staining and no 
leakage
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SD-OCT showed a typical serous PED and 
slightly constant hyperfluorescence in FLA, but 
no evidence of choroidal neovascularization 
(CNV). Treatment was not necessary because 
no neovascular process was identified in OCT 
and FLA (no leakage) (Fig. 12.6).

In case of intraretinal cystoid formation 
and sensory detachment in sPED, a neovascu-
lar process must be suspected (Fig. 12.7a, b). 
In OCT scans, a neovascular highly reflective 
process or retinal angiomatous proliferation 
(RAP) lesion must be sought. FLA/OCT-A 

should be used to identify CNV (type 1 in con-
junction with PED). Anti-VEGF treatment has 
been initiated.

After anti-VEGF treatment (after 3 months), 
VA (visual acuity) improved to 0.2 and anatomi-
cal improvement was achieved. Secondary focal 
RPE atrophy instead of detachment occurred in 
OCT after treatment (Fig. 12.7b).

In long-lasting serous PED, the sub-RPE fluid 
may indicate crystalline deposits (Fig. 12.8). The 
fluid begins to become turbid after many years of 
serous RPE detachment.

Fig. 12.7 (a) 75-year-old patient with VA 0.1. sPED is 
detected in OCT and sensory detachment and intraretinal 
cystoid formation. In FLA a leakage in the fovea is detectable 
and a choroidal neovascularization is suspicious due to the 

fine leakage. No RAP lesion could be verified in OCT. (b) 
Left: Infrared image after intravitreal treatment, right: OCT 
shows a subnormal foveal configuration and a focal RPE 
atrophy with increased light reflection into the choroid

a

b
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Hyperreflective intraretinal and subretinal foci, 
as seen on SD-OCT, correlated with RPE cells in 
histology and with funduscopic hyperpigmentation. 
Any loss or dissociation of RPE leads to hypertrans-
mission of light below the RPE.  In histology, the 
subretinal hyperreflective vitelliform material cor-
responded to apically expelled RPE organelles and 
outer segment debris. The occurrence of intraretinal 
hyperreflective foci was preceded by a thickening 
of the RPE-BM complex. Over time, the hyper-
reflective foci of the RPE-BM complex migrate 
into the retina. Hyperreflective foci in the PED can 
be quantified and subsequently followed by serial 
SD-OCT [14]. This RPE foci migration precedes 
the RPE atrophy detected by the OCT [15].

 Fibrovascular RPE Detachment (fPED)
In the event of fibrovascular detachment of the RPE, 
the space under the RPE is turbid and medium to 
highly reflective (Fig. 12.9). Depending on the reflec-
tivity of the RPE and the sub-RPE structures, the 
BM may not be visible. In fPED, always search for 
RAP lesions or CNV (PNV = pachychoroid CNV) 
through FLA or OCT-A. In rare cases, ICG is man-
datory to detect choroidal polypoidal vasculopathy 
(PCV) because treatment would be different (anti-
VEGF versus photodynamic treatment (PDT)).

 Choroidal Polypoidal Vasculopathy (PCV)
In ICG, the PCV is identified by polyps of the 
choroidal vessels near the optic disc. In OCT 

the PCV can be visualized by several PED’s 
and medium to highly reflective fibrovascular 
structures below the RPE.  In addition, subreti-
nal hemorrhage often occurs and hard exudates 
are typical. The hemorrhage often hides the PED 
finding on the OCT.

In PCV, SD-OCT shows sharp tips and mul-
tiple pigment epithelial detachments. This helps 
in the differentiation from occult CNV’s.

The distinction in SD-OCT between PCV 
and occult CNV shows typical indicators: sharp 
pigment epithelial detachments, tomographic 
notch, hyporeflective lumen of the PED, several 
PED’s and hard exudates (funduscopy). These 
OCT signs occur much more frequently in PCV 
than in occult CNV. PCV shows lipid and hem-
orrhage through the polyps and the choroid is 
typically thickened, changes in RPE are visible 
and no drusen are visible. SD-OCT detects the 
vascular lesions of PCV in the sub-RPE space. 

Fig. 12.8 SD-OCT shows crystalline deposits in the sub-RPE cavity as in the long-term RPE detachment. Remarkable 
is the intraretinal cystoid formation and the sensory detachment, which is rather an intraretinal schisis

Fig. 12.9 The highly reflective layer of the RPE forms a 
convex line and the sub-RPE lumen is medium reflective. In 
addition, there is a sensory detachment laterally to the fovea
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This suggests that PCV may be a type 1 CNV 
variant [15].

The PCV does not respond properly to anti- 
VEGF treatment. Therefore, it is important to 
identify PCV in cases of poor response to anti- 
VEGF and perform ICG in these cases [16]. The 
treatment differs for occult CNV (type 1) and 
PCV—therefore, identification is important.

 RPE Rip
A possible complication of neovascular AMD 
(nAMD) may be RPE rip, in which the RPE is 
torn and leads to a fibrotic scar of the macula 
(Figs. 12.10 and 12.11b, c). VA decreases as the 
scar increases. The development process can be 

Fig. 12.10 The RPE rip demonstrates an interruption of 
the RPE layer. The elastic RPE layer shows bundling and 
a wavy appearance (like a rubber band). A subretinal 
detachment by the traction of the RPE elevation is typical. 
The loss of RPE in the RPE rip is associated with inverse 
shading

Fig. 12.11 4 years follow-up of a development of RPE 
rip, from drusen to sPED, RPE rip and subsequent CNV 
(Type 1). (a) SD-OCT shows small miliar, spiky drusen. 
(b) Both eyes developed a sPED, with an RPE rip on the 

left eye, OCT. (c) Increasing scarring and sensory detach-
ment of the rupture side (OS) can be observed in OCT.  
(d) A macular scar in OCT and new intraretinal cystoid 
formation as an indicator for CNV are found

OD, IR 30° ART + OCT 30° (8.5 mm) ART (100) Q: 35 [HR]

OS, IR 30° ART + OCT 30° (8.5 mm) ART (100) Q: 33 [HS]

a
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S, IR 30° ART + OCT 30° (8.5 mm) ART (100) Q: 38 [HS]

b

Fig. 12.11 (continued)

observed with modern OCT. In the event of a tear 
of the PED (rip), the elastic RPE rolls up like a 
rubber band. The torn part shows atrophy of the 
RPE with inverse shading of the OCT light beam.

The RPE Rip is most common in an underly-
ing choroidal neovascular process. In the case of 
an active CNV base, anti-VEGF treatment must 
be applied and continued. Vascularized PED tears 
are mainly associated with occult CNV, PCV and 
RAP lesions.

The follow-up of a patient from 2014 to 
2018 with some drusen at the beginning (VA 
0.3) and finally an RPE rip and fibrotic scar 

in 2018 is shown in Fig.  12.11 (VA 0.05) 
(Fig. 12.11a–d).

 Central Serous Chorioretinopathy 
(CSCR)
Typical OCT findings in CSCR are neurosensory 
detachment (optically empty subretinal fluid) 
between the outer retina and the RPE layer and focal 
serous (s) PED, either as a focus or double detach-
ment (Fig. 12.12a, b). In the acute stage, the focus 
sPED can often be identified (75%). In rare cases, 
a double peak sPED is visible. In chronic stages 
of CSCR RPE, atrophy and loss of photoreceptors 
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OD, IR 30° ART + OCT 30° (8.5 mm) ART (81) Q: 32 [HR]

OS, IR 30° ART + OCT 30° (8.6 mm) ART (100) Q: 31 [HS]

c

d

Fig. 12.11 (continued)
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a

b

c

Fig. 12.12 (a) OCT in CSCR shows a double peak 
serous PED and an accompanying sensory retinal detach-
ment. VA is 0.5 OD. Right: FLA shows the typical leakage 
very close to the fovea (smoke banner phenomenon). (b) 
Left: OCT image shows a sensory detachment and a rare 
scarring of the retina with the underlying sPED.  Right: 

FLA shows typical subfoveal smoke banner phenomenon, 
not suitable for laser treatment of sPED (leakage = source 
point). (c) One month later the sensory detachment has 
resolved, and the VA has improved to 1.0. The sPED 
remains and may exhibit recurrent CSCR in the future
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may occur. CSCR is defined by subretinal fluid 
and high choroidal permeability on the OCT. The 
FLA shows a chimney smoke- like pattern and an 
umbrella leak (Fig. 12.12). The exemplary patient 
depicted in Fig.  12.12 suffered from visual dete-
rioration in CSCR (VA 0.8). OCT shows sensory 
detachment and scarring of the sensory retina and 
the underlying RPE separation in CSCR (rare case). 
FLA shows sub to juxtafoveal leakage. After treat-
ment, the sensory retina was attached (Fig. 12.12c).

In OCT-A of the superficial and deep retinal 
plexus, the outer retina and the choriocapillaris 
showed no altered flow pattern correlating with 
the leakage point in CSCR [17].

 Drusen
Typical signs of early AMD are drusen and atro-
phy of RPE, in late-stage geographic atrophy and 
wet AMD.  Late AMD exists in dry (85%) and 
wet (15%) form. In addition to classic late AMD, 
the lesion shows retinal angiomatous prolifera-
tion (RAP) and PCV.  Pathological characteris-
tics of AMD are an accumulation of lipofuscin 
within RPE cells and the appearance of drusen.

The clinical classification of AMD is divided 
into small drusen (<63 μm), medium drusen (>63 
to <125 μm) and large drusen (>125 μm). Small 
drusen are only droplets and represent normal 
aging changes. Medium drusen show the early 
stage of AMD, large drusen the medium AMD 
including pigmentary changes. Late AMD is 
defined as neovascular AMD (nAMD) and/or 
geographic atrophy (GA) [14].

In general, drusen are accumulations of 
extracellular material and metabolites between 
BM and RPE (e.g. lipofuscin, cholesterol). The 
 material in SD-OCT has a medium to highly 
reflective and largely homogeneous form. Drusen 
can occur as single drusen or in confluent distri-
bution. In addition, the overlying structure may 
show hyperreflective lesions.

In AMD (dAMD and nAMD), both hard and 
soft drusen types may occur.

Reticular Drusen (Hard Drusen)
Reticular drusen are granular, irregular and 
hyperreflexive lesions above the RPE.  Hard/

reticular drusen show sharp hyperreflexive peaks 
in OCT compared to flat curved RPE detach-
ments in soft drusen (Figs. 12.5, 12.11a, 12.13, 
and 12.14) [18, 19].

Soft Drusen
In the early phase, an expansion of the joint struc-
ture of BM and RPE in the OCT can be observed. 
Basal laminar drusen are probably an early form 
of serous drusen and differ in sub-RPE thicken-
ing in SD-OCT (BM can be distinguished from 
RPE). Soft drusen are identified on OCT by dis-
crete elevations of the RPE layer at the BM level. 
Soft drusen are typically considered as a collec-
tion of optically scattering material (Figs.  12.5 
and 12.14) between RPE and BM. In larger dru-
sen or drusenoid PEDs, a greater height of the 
RPE occurs, often dome-shaped, with hypo- or 
medium-reflective material separating the RPE 
from the underlying BM [8, 20].

SD-OCT identifies different types of sub-RPE 
hyperreflectivity in the regression of calcified 
drusen.

Type 1 is a multilaminar hyperreflection 
from the suspected inner part of the BM, type 
2 is also a multilaminar hyperreflection from 
the outer part of the BM and type 3 is a mul-
tilaminar fragmented hyperreflection from 
both parts of the BM.  Drusenoid material not 
removed by macrophages develops calcification 
(hyperreflection) similar to the arteriosclerosis 
process. The deposits of lipids and cholesterol, 
if not removed by macrophages, will likely fol-
low calcification of lipids (hyperreflection in the 
sub-RPE layer) [21].

Reticular Pseudodrusen
SD-OCT helped to identify so-called reticular 
pseudodrusen. Reticular pseudodrusen corre-
spond to discrete collections of hyper-reflective 
material located above the RPE between the 
RPE and the ellipsoidal zone. Pseudodrusen are 
hyperreflective granule structures in SD-OCT 
[8, 20, 22, 23]. The Beaver Dam Eye Study 
identified reticular drusen as one of the major 
risk factors for the development of advanced 
AMD.
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 RPE Thickening

 RPE Thickening by Neovascularization

Age-Related CNV (nAMD)
The typical finding of OCT in nAMD is fibro-
vascular RPE thickening and subretinal fluid or 

cystoid macular edema. Subretinal hemorrhage 
may also occur. The classification of CNV into 
classic and occult CNV is based on FLA. But in 
high- resolution OCT, differentiation can usually 
also be accomplished.

Classic CNV (type 2) penetrates the RPE/BM 
complex and is in the subretinal space between 

Fig. 12.13 OCT Spectralis demonstrates miliar drusen and VA 1.0 (29-year-old male)
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the RPE and sensory retina. In FLA, type 2 is well 
delimited by the visualization of the pathological 
new subretinal vessels of the macula (Fig. 12.15).

In contrast, the occult CNV (type 1) is the 
neovascular tissue below the RPE (between RPE 
and choriocapillaris). In these cases (type 1), 
the frequency of intraretinal cystoid edema is 
significantly higher than in classical CNV (type 
2). Subretinal fluid is more abundant in classical 
CNV (Fig. 12.15).

Mixed forms of both types 1 and 2 are com-
mon in nAMD. OCT is very important for fluid 

detection in each retinal and subretinal space and 
leads to further treatment with anti-VEGF.  The 
indication for the treatment of age-related CNV 
is based on any fluid within the retina (cystoid 
spaces or subretinal fluid) regardless of the layer 
[22, 24, 25].

Type 1 CNV represents the occult CNV (in 
FLA), which originates from the choriocapil-
laris. It is often associated with an overlying 
PED. OCT-A in type 1 CNV shows an entangled 
network of fine vessels or a round tuft of small- 
caliber capillaries.

Fig. 12.14 A typical image in serous drusen at early 
AMD with VA of 1.0. The Spectralis OCT shows a typical 
curvy RPE separation with a central reflection zone 

beyond the RPE. The BM is visible as a fine horizontal 
line beyond the deposition. The drusen show different size 
and extension

Fig. 12.15 Above: FLA with a typical classic CNV (type 
2), sharply defined and above the RPE. OCT (Spectralis) 
on the right shows the thickening of the RPE/BM layer 
complex (= neovascular membrane) and subretinal fluid. 

Below: FLA with occult CNV (type 1), diffuse leakage. 
OCT shows thickening of the RPE/BM complex and typi-
cal intraretinal cystoid formation

12 RPE in SD-OCT



222

Type 2 CNV corresponds to the classic CNV 
in FLA (incidence 9–17%). The CNV is located 
above the RPE in the subretinal space. In the 
OCT-A, the macula above the RPE presents high 
flow vessels, which are described as medusa- or 
glomerulus-shaped patterns.

Type 3 CNV combines type 1 and type 2 pat-
terns. It is previously referred to as RAP lesion 
or occult chorioretinal anastomosis. Type 3 is 
predominantly perpendicular to the retinal layers 
and may extend to the RPE.

OCT-A was compared with multimodal 
imaging (FLA, ICG, SD-OCT) for the need for 
treatment in wet AMD.  Five results in OCTA 
were described: (1) form of neovascular lesion, 
(2) branching patterns (fine or large vessels), 
(3) anastomoses and vessel loops, (4) periph-
eral arcade or dense vessel endings, (5) perile-
sional hypointense halo. Three or more of the 
criteria represent an active lesion and have been 
treated with intravitreal injection and two or 
fewer criteria show an inactive lesion without 
subsequent treatment. This criterion division 
corresponds to 95% of the treatment indication 
by conventional multimodal imaging (FLA, 
ICG, SD-OCT).

Different types of CNV in exudative AMD 
can be visualized and differentiated with OCT-
A. Type 1 CNV were larger with little differenti-
ation from the surrounding vascular system and 
were visible on the slab “Mid-Choroid”, “CC” 
and “RPE”. In contrast, type 2 CNV showed a 
sharp demarcation from the surrounding vascu-
lar structure reaching to the slab “outer retina” 
[26]. The use of ICG shows a larger size of CNV 
compared to different OCT-A devices with dif-
ferent wavelengths, scan patterns and algo-
rithms. Due to different segmented layers for 
the evaluation of CNV quantitative parameters 
such as CNV range, vessel density recommends 
a standardized OCT-A protocol for analysis 
[27]. OCT-A was generally less successful in 
detecting CNV compared to ICG.  OCT was 
superior in the detection of CNV type 1 com-
pared to type 2. SD-OCT-A is limited by the 
detection of blood flow velocity, rather than 
lesion type [28].

Myopic CNV
Myopic CNV is similar to age-related CNV in 
OCT. OCT shows similar results in highly myo-
pic CNV. The myopic CNV is typically found as 
classic CNV (type 2) above the RPE and shows 
little edema or fluid (very rare intraretinal cysts).

Pachychoroid CNV (PNV)
Pachychoroidal diseases are considered disorders 
of the RPE and a typical choroidal thickening. 
Identification of pachychoroidal diseases began 
in 2013 due to long-wave SS-OCT (EDI enhanced 
depth imaging) and faster scan acquisition.

Pachychoroidal diseases show an increased 
choroidal thickness, dilated veins in the Haller 
layer (pachy veins) and dilution in the Sattler and 
Choriocapillaris layer.

The choroidal thickness is between 220 and 
350 μm, and a thick choroid is defined by a thick-
ness of more than 390 μm.

PNV is typically presented in OCT as CNV 
with choroidal thickening and missing drusen. 
Very typical indicators are irregular and very flat 
PEDs. PNV can be converted to PCV disease.

The spectrum of pachychoroidal dis-
eases includes four different disease groups: 
Pachychoroidal pigment epitheliopathy (PPE), 
central serous chorioretinopathy (CSCR), pachy-
choroidal neovasculopathy (PNV), polypoidal 
choroidal vasculopathy (PCV). One disease may 
pass into another. PPE shows small focal RPE 
detachments, no drusen, and no subretinal fluid 
and may be a precursor of CSCR.  In summary, 
PPE shows choroidal thickening, thinning in cho-
riocapillaris and changes in RPE [29].

RAP
The RAP lesion described by Yannuzzi 2001 [30] 
is a specific clinical form of neovascularization 
in AMD. Neovascularization originates from the 
outer retinal layer and grows towards RPE (type 
3 CNV). RAP-CNV does not respond properly to 
anti-VEGF treatment.

Hyperreflexive focus on drusen in the outer 
retinal layer is probably a precursor of the RAP 
lesion. The identification of precursor signs in 
SD-OCT is possible by using a B-Scan OCT 
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with high sample density and eye tracking mode. 
It may take about 21 months to complete progres-
sion from precursor to RAP level [31].

 RPE Thickening Due to Deposits

Pattern Dystrophy: APMD (Adult Onset 
Pseudovitelliform Macular Dystrophy)
Pattern dystrophies show a high variety of macular 
phenomena (butterfly-shaped macular dystrophy, 
APMD). In funduscopy, a yellow or orange elevation 
of the fovea in the OCT correlates with a disorder at 
the RPE level. In pseudovitelliform macular dystro-
phy (APMD) in adults, moderate to highly reflective 
material lies beneath the sensory retina and above 
the RPE [32]. OCT shows a dome-shaped, subreti-
nal, homogeneous hyporeflective layer between the 
RPE/fracture membrane and the ellipsoid zone of 
the photoreceptors (Fig. 12.16a, b).

The lesion may also resemble large serous 
drusen. But APMD occurs with a single foveal 

yellowish lesion and AMD shows drusen in 
larger numbers. Discrimination is also possible 
in the OCT. Serous drusen in OCT show an RPE 
detachment with an optically empty lumen or a 
medium reflective filling of the PED (Fig. 12.16a, 
b). In contrast, APMD shows an increase of a 
mean reflective convex area above the RPE. This 
image simulates a CNV in OCT, sometimes also 
in funduscopy. But unlike CNV, VA is much bet-
ter and typically OCT shows no subretinal fluid, 
intraretinal cysts, or hemorrhage.

In about 12% after 6  years, CNV can occur 
as a rare complication of APMD.  In FLA, the 
drusenoid material leads to staining that can 
be confused with CNV.  The diagnosis is usu-
ally obvious, but in difficult cases follow-up of 
the disease, VA, OCT (fluid accumulation?) and 
FLA (multimodal imaging) leads to the correct 
diagnosis.

OCT-A is able to clearly show the presence 
of CNV, which is hardly visible in the FLA due 

Fig. 12.16 (a) VA of both eyes 1.0. OCT shows convex 
thickening in OD as in CNV, but never accompanied by 
edema or subretinal fluid. The fundus image shows a typi-
cal yellow spot of the macula, also in autofluorescence 
(AF) a white spot without lipofuscin. The FLA below 

typically shows no leakage, only slight staining of the 
lipofuscin deposit. (b) SD-OCT shows a convex elevation 
above RPE-BM without fluid accumulation. The underly-
ing RPE/BM layer is hardly visible under the vitelliform 
deposit

a
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to blocking phenomena of vitelliform deposit. 
Vascular abnormalities in the OCT-A are non- 
specific in the superficial and deep capillary plexus. 
The most important advantage of OCT-A in APMD 
is the detection of the underlying CNV, which is 
better detected in OCT-A than in FLA [33].

Best’s Disease (Vitelliform Disease)
Best’s disease is an autosomal dominant dystro-
phy of the macula. In vitelliform stage 2 of Best’s 
disease, the subretinal material is homogeneous 
and hyperreflective. In pseudohypopyon stage 3 
there is a homogeneous hyporeflective layer above 
the hyperreflective layer. This can be misunder-
stood as subretinal fluid after CNV. The “crumbled 
egg” stage 4 shows RPE atrophy and hypertrophy 
(Fig. 12.17). Stage 5, finally, shows a macular scar.

Best’s disease very impressively shows that 
OCT is an image of reflectivity and not histology. 
The OCT image shows significant distortion of 
the normal layer structure of the retina.

In OCT, no structure is visible at the photorecep-
tor and RPE levels, but the VA is 1.0 (Fig. 12.17). 
Therefore, photoreceptors must be present but are 
not visible in OCT. The light beam of the OCT is 
backscattered by the vitelliform deposit and there-
fore does not reach the photoreceptors and the RPE/
BM complex PED. This area does not seem to be 
absent, but it shows an artifact of the reflectivity 
image by the OCT.

It is of great interest at which layer vitelliform 
deposits accumulate. The average thickness of 
the foveal RPE/BM layer is significantly reduced 
in Best’s disease (all stages) compared to healthy 
subjects, but not outside the fovea. The vitel-
liform deposit is most likely located within the 
interdigitation zone or the RPE/BM complex. It 
is possible that RPE may continue to form a pre-
served photoreceptor-RPE complex that provides 
essential nutrients to the photoreceptors and in 
turn helps patients maintain better than expected 
VA for years [34].

b

Fig. 12.16 (continued)
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Histology shows that the vitelliform deposit 
between Bruch’s membrane and RPE accumu-
lates in the fovea. This material appeared to be 
derived from degenerating pigment epithelial 
cells and contained only a few intact lipofuscin 
granules. Loss of the foveal photoreceptor also 
occurred above the lesion [35].

The outer retinal layers remains in stage 1, 
but an interruption can be seen in stage 2–5. 
The vitelliform material is always found in stage 
2 and 3, predominantly in stage 4 and rarely in 
stage 5. Neurosensory detachment occurred in 

stages 3 and 4. The more the vitelliform deposit 
decreased with the progressive development of 
Best’s disease, the more the outer retinal layers 
were interrupted in the advanced stage [36].

 RPE Atrophy

 Geographical Atrophy (GA)
The atrophy of RPE is based on two or three 
criteria in a range of >125  μm: increased sig-
nal transmission through the choroid (choroidal 

Fig. 12.17 24-year-old male patient, VA 0.8 and 1.0 with 
Best’s disease. The colored fundus image shows typical 
intermediate morbus Best’s (upper line). The FLA of the 
Best’s disease, a patchy, mild hyperfluorescence is visible 

that corresponds to staining of the vitelliform deposits 
(center). In SD-OCT, extensive subretinal detachment of 
the macula over the attached RPE/BM layer (bottom)
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hypertransmission), attenuation of the RPE band 
and loss of the outer retinal layers [19].

GA is a form of dry AMD and occurs 
with increasing atrophy of the overlying 
RPE. SD-OCT results in a large-area deficiency 
of the RPE BM layer with subsequent reverse 
shadowing in SD-OCT.  Due to the absence of 
the highly reflective RPE layer, the light can pen-
etrate deeper layers (Fig. 12.18).

A broad spectrum of morphological changes 
in SD-OCT can be found in the GA, both in the 
surrounding area and in the atrophic region. 
These changes may represent different disease 
stages or different molecular heterogeneity [10].

Further longitudinal studies must demon-
strate the prognostic effect of these morphologi-
cal changes. The quantitative indicators for the 
progression of the disease from early AMD to 
advanced AMD (within 2 years) were the outer 
retinal thickness, the drusen area and the hyper-

reflective focus. Predictive hallmarks for CNV 
were drusen-centered, while hallmarks for GA 
were associated with neurosensory retina and 
age, using artificial intelligence [37].

The magnitude of the RPE visible in OCT and 
the defects of the photoreceptor in GA lesions 
differ significantly. These include the outer seg-
ments of the photoreceptor that remain in the 
absence of RPE cells and vice versa. These results 
are also important for understanding pathogene-
sis and treatment development [38].

The perfusion of choriocapillaris was sig-
nificantly reduced adjacent to GA (AMD) 
measured with OCT-A. Choriocapillaris hypo-
perfusion was correlated with a loss of the cone 
photoreceptor. This suggests that reduced cho-
riocapillaris perfusion contributes to the devel-
opment of GA [39].

Choriocapillaris flow impairment around GA 
correlates with the annual growth rate of GA 

OD, IR 30° ART + OCT 30° (8.7 mm) ART (91) Q: 36 [HS]

OS, IR 30° ART + OCT 30° (8.7 mm) ART (97) Q: 34 [HS]

Fig. 12.17 (continued)
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expansion. This shows a useful parameter for 
prognostic surrogate in patients with GA [40].

A special condition in GA is represented by 
the outer retinal tubulation (ORT) (Fig.  12.19). 
It is presumed that degenerating photoreceptors 
become arranged circular. Individual RPE cells 
are found in the lumen of the ORT. The ORT 
must be differentiated from intraretinal cyst for-

mation because unnecessary treatment may pos-
sibly be prompted [41].

 Stargardt’s Disease and Fundus 
Flavimaculatus
The abnormal deposits in the fundus flavimacula-
tus can be located on the RPE layer confirmed by 
OCT. In Stargardt’s disease, atrophy of the outer 

Fig. 12.18 The fundus image shows a typical GA. In OCT, the atrophy of the RPE is subfoveal and additionally large 
drusen are visible. The OCT identifies typical focal light enhancement as there is no highly reflective RPE

Fig. 12.19 An outer retinal tubulation is identified by OCT over the RPE-BM complex within the outer retinal layers. 
It is suspected that degenerating photoreceptors are arranged in a circle (circular hyperreflectivity in OCT)
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retinal layers and the RPE can also be observed. 
Stargardt’s disease with fundus flavimaculatus 
shows focal thickening and atrophy of the RPE 
simultaneously (Fig. 12.20).

In SD-OCT, the area of ellipsoid zone loss is 
more reliable than the RPE [42] for monitoring 
the course of disease in Stargardt’s disease.

The choroidal flow signal with OCT-A differs 
in RPE atrophy in late onset Stargardt’s disease 
and AMD.  This choroidal different perfusion 
may implicate a different pathogenesis of RPE 
atrophy in both diseases [43].

 Choroideremia
A severe loss of RPE in choreoideremic diseases 
increases the light transmission from OCT to 
choroid and sclera. The sensory retina appears 
to lie on the choroid/choriocapillary. Without the 
highly reflective RPE, deeper penetration into the 
choroid and sclera is possible.

Choriocapillaris and choroid appear to be 
almost completely absent (Fig. 12.21). The RPE 
layer and a very thin choroid lie directly adja-
cent to the thick sclera. Due to the lack of highly 
reflective RPE and choroidal vascular supply, the 

sclera is clearly visible in this situation of choroi-
deremia (Fig. 12.21).

Quantification of the RPE layer and ellipsoid 
zone on OCT images is highly reproducible and 
therefore suitable for clinical studies and follow-
 up [44]. In OCT-A, early vascular abnormalities 
in the inner retinal layers and choriocapillaris 
can be observed. In addition, a reduced vascu-
lar flow was detectable in preserved macular 
RPE. OCT-A is useful to detect the vascular situ-
ation early in choroideremia [45].

The loss of RPE after inflammation or infec-
tious diseases may lead to the same appearance 
in OCT, e.g. serpiginous choroiditis, toxoplasmic 
chorioretinitis, birdshot chorioretinopathy.

 Secondary Toxic RPE Damage

 Solar/Laser Retinopathy
Looking into the sun or high-energy lasers (such 
as industrial lasers or non-approved laser point-
ers) can cause severe retinal damage. The absorp-
tion of the laser radiation in visible light (often 
red 670  nm and green 532  nm) occurs mainly 

OD, IR 30° ART + OCT 30° (8.5 mm) ART (100) Q: 34 [HD]

OS, IR 30° ART + OCT 30° (8.7 mm) ART (100) Q: 38 [HS]

Fig. 12.20 In case of Stargardt’s disease with fundus fla-
vimaculatus VA both eyes 1.0. Left: The funduscopic 
white lesions show focal atrophy of the RPE in OCT. The 

abnormal deposits in the fundus flavimaculatus can be 
localized on the RPE layer as focal thickening confirmed 
by OCT
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in the outer layers of the retina; the RPE is typi-
cally spared (Fig. 12.22). This results in damage 
that leads to degeneration of the photoreceptors. 
Sun arc injuries occur in OCT as focal loss of 
the outer retina and the IS-OS/ellipsoid layer, 
leaving a small hyporeflective rectangular cavity. 
Complications of laser exposure include retinal 
hemorrhage, CNV and chronic macular edema 
[46, 47]. Histological studies have localized the 
damage of the outer segments of the foveal pho-
toreceptor and the RPE.

 Poppers Maculopathy
Poppers (isopropyl nitrate) are inhaled to give 
people a brief period of exhilaration. They con-
tain liquid nitrogen chemicals which cause a 
flush of arterial dilatation. Poppers have recently 
been used to treat angina pectoris and can affect 
the macula by causing macular degeneration at 
an early age at the level of RPE. Poppers macu-

lopathy may occur and presents as vitelliform 
lesions of the central macula (Fig.  12.23). The 
pathomechanism is still unclear but may be asso-
ciated with modulated photoreceptor metabolism 
due to increased blood NO concentrations and 
vasodilatation. A vitelliform lesion in OCT of the 
fovea is shown above the RPE (Fig.  12.23). In 
SD-OCT, a blurred defect of the outer elements 
of the photoreceptors can be found. The RPE is 
slightly affected and appears blurred.

 Summary and Future Developments

SD-OCT of the RPE has developed so far that 
we can now image the retinal microstructure 
[20]. SD-OCT technology has been success-
fully implemented in modern OCT systems and 
enables us to provide high-resolution imaging 
of the retina in vivo. This has greatly improved 
our understanding of RPE anatomy and func-
tion as well as changes in different pathological 
units. However, we must bear in mind that OCT 
is based on reflectivity, so association with histo-
logical data must be made carefully. The evalu-
ation of AMD, a disease whose pathogenesis is 
in the RPE and adjacent structures, has greatly 
benefited from the introduction of SD-OCT. With 
the continuing rapid development of new imag-
ing technologies, it is likely that OCT will pro-
vide further insights into the pathophysiology 
and treatment of retinal diseases.

The following developments contribute to 
the implementation and increasing importance 

Fig. 12.21 An OCT of choroideremia shows the absence of a highly reflective RPE layer and choriocapillary, but very 
deep insight into the choroid and sclera

Fig. 12.22 Spectralis OCT image of a 34-year-old 
woman (VA 0.6) observing a partial solar eclipse without 
special protective glasses. OCT shows a hyporeflective 
area subfoveally and a disorder of the photoreceptors
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of OCT and OCT-A: Development of higher 
resolution, faster scan acquisition (software), 
automated segmentation and OCT angiography. 
In macular diseases, especially AMD, structural 
changes can be visualized in a large image analy-
sis and can help in predicting the course of the 
disease and the prognosis. The development of 
potential biomarkers is possible. The higher the 
resolution and the individual layers of the retina 
can be visualized, the more predictive biomark-
ers can be developed.

Based on the extensive availability of OCT 
data, self-learning artificial intelligence (AI) 
may in the future be able to identify and exam-
ine patients and healthy volunteers with macular 
disease [37]. AI may play an important role for 
outpatients in the future, although there are limi-
tations in the use of AI only for follow-up [48]. 

But it may be an option in the future for AI to help 
study the diseased and healthy population through 
telemedicine or even an app on the smartphone. 
The screening values can then lead to consultation 
with a specialist to confirm a suspected diagnosis.
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RPE Autofluorescence

Stefan Dithmar and Nil Celik

 Introduction

Fundus autofluorescence (FAF) imaging is an 
important noninvasive method in the clinical 
routine for diagnosis and monitoring of differ-
ent hereditary and degenerative retinal diseases. 
The autofluorescent signal is based on naturally 
occurring fluorophores, which absorb and emit 
light of particular wavelengths [1]. The most 
important autofluorescent substance is lipofuscin 
(LF), which accumulates with age in postmitotic 
cells, especially in the retinal pigment epithelium 
(RPE).

FAF imaging in the clinical routine is useful 
for diagnostics, phenotype-genotype correlation, 
identification of predictive markers for disease 
progression and monitoring the disease and the 
effect of treatment [2]. FAF imaging is not only 
in vivo but also ex vivo a useful tool to under-
stand pathophysiological mechanisms in the RPE 
in a cellular and subcellular basis.

 RPE Fluorophores

 Lipofuscin

Lipofuscin (LF) of the retinal pigment epithelium 
(RPE) is the major source of fundus autofluores-
cence (Fig. 13.1). The RPE plays an essential role 
in the normal function of the neurosensory retina. 
In particular the permanent phagocytosis and lyso-
somal catabolism of photoreceptor outer segments 
(POS) by post mitotic RPE cells are essential for 
normal photoreceptor function. With advancing age 
there is a gradually increasing failure of the break-
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Fig. 13.1 Monolayer of polygonal cells in the RPE: lipo-
fuscin granules are most densely packed closer to the cell 
membrane
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down of photoreceptor discs, leading to an accumu-
lation of LF in the lysosomal compartment of RPE 
cells [3–5]. Since the degradation of photoreceptor 
outer segments is highest in the central retina, the 
age-related lipofuscin concentration is highest in 
the corresponding central RPE. LF is supposed to 
be cell toxic depending on the intracellular concen-
tration of LF granules and can lead to cell death [6]. 
It is assumed that LF causes RPE atrophy. Clinical 
studies have shown that regions of elevated FAF 
are associated with loss of retinal sensitivity. A 
higher tendency for atrophy progression in areas 
of intense fundus autofluorescent signal has been 
shown [7]. Intracellular accumulation of lipofuscin 
increases the risk of age-related macular degenera-
tion (AMD) [8]. The intracellular concentration of 
LF granules changes not only due to age, but also 
in degenerative and  hereditary macular dystrophies 
such as AMD, Best’s vitelliform degeneration and 
Stargardt’s disease.

LF consists of mostly lipids and a few pro-
teins [9–11]. It exhibits AF when excited with 
ultraviolet or blue light. It has an excitation peak 
at 470 nm and emits yellow-green light with an 
emission peak at 600  nm (range 500–750  nm) 
[12]. The main fluorophores are bisretinoids like 
N-Retinyl-N-retinylidene ethanolamine (A2E), 
which are metabolic by-products of Vitamin A 
and the visual cycle [13]. A2E is the first and 
best characterized fluorophore [14]. In vitro stud-
ies indicated that A2E possesses toxic proper-
ties, which may inhibit normal cell function via 
various molecular mechanisms [15–18]. It is dis-
cussed that A2E increases the intralysosomal pH 
level so that lysosomal degradation is inhibited 
[19]. Furthermore, it has been demonstrated that 
light exposure of cultured RPE cells induces gen-
eration of free radicals [20, 21]. Altogether, sev-
eral effects of LF are considered to inhibit RPE 
cell function although the actual pathomecha-
nism has not been detected yet.

 Melanin/Melanolipofuscin

Although it is generally accepted that dermal 
melanin protects the skin from UV light dam-
age, the biological function of RPE melanin is 
not completely understood. Melanin absorbs 

excess light that passes through the eye, reduc-
ing scattering and improving image resolution 
(Fig. 13.2). Melanin has been suspected to play 
a photoprotective role in RPE cells by intercept-
ing reactive oxygen species (ROS). Melanin is 
the primary fluorophore in near-infrared auto-
fluorescence with a peak excitation at a longer 
wavelength of 787 nm. Another autofluorescent 
granule that accumulates in RPE cells and may 
contribute to the aetiology of AMD is a complex 
granule exhibiting properties of both melano-
somes and lipofuscin granules called melanolipo-
fuscin (MLF). With increasing age, a decrease in 
melanosomes in the RPE is observed along with 
an increase in melanolipofuscin (MLF). In con-
trast to the LF accumulation, MLF accumulation 
in the RPE has been reported to probably reflect 
more closely the onset of AMD [22].

 Fundus Autofluorescence Imaging 
Devices In Vivo

In general, the autofluorescent image resolution 
of the RPE is reduced by structures in front of 
the retina such as cornea, vitreous body and lens 
[23, 24]. In order to take these disturbances into 

Lipofuszin Melanin

Fig.  13.2 Schematic diagram: typical distribution of 
lipofuscin (yellow) and melanin (brown) granules. The 
cell nucleus is found in the basal cytoplasm, while the 
melanin granules are more densely packed in the central 
apical zone
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account, autofluorescence devices are equipped 
with correction methods such as applied block-
ing filters or algorithms for calculating the signal 
loss [25, 26]. However, the aim of routine clini-
cal examinations is not to quantify the AF signal, 
but to determine the topographic distribution and 
temporal change during follow-up examinations.

AF images from different imaging systems or 
different images cannot be compared. The inten-
sity of the AF signal is represented in pixel gray 
values, which allows the evaluation of the rela-
tive distribution of the AF over the fundus, but 
not a quantification of the absolute intensities.

 Confocal Scanning Laser 
Ophthalmoscope (cSLO)

The most commonly used device for fundus AF 
imaging in clinical routine is the confocal scan-
ning laser ophthalmoscope (cSLO), originally 
developed by Webb et al. [27]. The cSLO is an 
instrument that projects monochromatic light 
through a confocal optical system onto the fundus 
of the eye and detects the reflected light returning 
from the corresponding focal plane. The confocal 
property minimizes the scattered light returning 
from outside the focal plane [28], which increases 
the image contrast. To further improve contrast, 
an average series of 5–15 images (up to 100 
images) is captured to calculate the mean image. 
To capture fundus autofluorescence, excitation 
light with a wavelength of 488 nm is projected 
onto the fundus and emissions above 500 nm are 
recorded. Optimum image quality requires the 
use of a blocking filter to block the short-wave 
light used for excitation. The maximum illumi-
nance (approx. 2 mW/cm2) is well below the per-
missible limits of international standards.

 Modified Fundus Photography

Alternatively, modified fundus cameras from sev-
eral manufacturers are also available on the mar-
ket [29]. Fundus cameras use a light cone with 
a longer, red shifted excitation wavelength. This 
reduces the absorption by the macular pigments 
and allows the identification of fine central RPE 

changes [30]. The signal is less strongly reduced 
by blood and retinal vessels. Absorption through 
the crystalline lens is also lower. Compared to 
cSLO, the optic nerve appears more fluorescent 
in images taken with the fundus camera. Fundus 
cameras are more resistant to motion artifacts and 
patients feel less disturbed by the single flash com-
pared to cSLO. However, the images show a lower 
contrast. Fundus cameras are less expensive than 
cSLO devices, but require further modifications 
such as the installation of filters or image process-
ing after acquisition. Another disadvantage is the 
increased capture of reflected and scattered light. 
For example, structures outside the retina can erro-
neously lead to an increased AF signal.

 Near-Infrared Fundus 
Autofluorescence

FAF images are not only available with short- 
wavelength excitation, but also with near- infrared 
excitation [31, 32]. Special devices provide exci-
tation of 790 nm and emission over 800 nm. The 
most interesting target for this modality is the 
foveal region, where high signals are obtained 
from the RPE melanin. Also, the choroidal pig-
ment and hyperpigmentations like nevi have a 
high AF signal in the near-infrared spectra [31].

 Normal Fundus Autofluorescence

The normal FAF image is characterized by a 
central zone of reduced fluorescence intensity 
caused by absorption by the yellow pigments of 
the macula (lutein and zeaxanthin) (Fig.  13.3). 
AF gathers to the perifovea with a maximum at 
7–13° and decreases toward the periphery [1, 33]. 
The  perifoveal AF shows an asymmetric distribu-
tion with a maximum temporally and superiorly 
(12° from the fovea) and a lower signal inferiorly 
and nasally (7–8° from the fovea).

The optic nerve (lack of RPE and lipofuscin) 
and the retinal vessels (blockage and uptake by 
the blood) are hypofluorescent. Retinal vessels 
can appear with fine parallel stripes, which are 
assumed to be slightly hyperfluorescent due to 
refraction on the vessel walls.
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The general AF signal intensity is influenced 
by the clarity of the media. In particular, cata-
racts are associated with an absorption of blue 
laser light. Corneal and vitreal opacities are also 
associated with an impairment of the FAF image 
quality. For these reasons, quantification of the 
autofluorescence level at certain retinal sites 
using the monochromatic method would not be 
ideal. The use of topographic image data (i.e. the 
registration of FAF patterns) is more appropriate.

FAF depends on factors such as age and geno-
type. The distribution of lipofuscin (LF) and thus 
its autofluorescence almost correlates with the 
distribution of rods [34].

Not only LF granules possess fluorophores 
that emit autofluorescence. Fluorophores can be 
found in practically all tissues, but with different 
spectral properties and intensities of the emitted 
light. Fluorophores are present in the choroid and 
sclera. In the absence of RPE cells, the large cho-
roid vessels are recognizable in autofluorescence 
mode because the vessel walls are autofluores-
cent. Normally these signals do not play a role, 
since the blue excitation light is largely absorbed 
by the intact layer of the RPE cells.

 Pathologic Fundus 
Autofluorescence

Fundus autofluorescence (FAF) images can 
disclose the effects of aging and disease at the 
level of the retinal pigment epithelium. With 
aging the post mitotic RPE cells accumulate 
LF granules in the cytoplasm, accompanied 
by a reduction in the density of the melanin 
granules. Excessive accumulation of LF (and 
its characteristic FAF signal) is a marker for 
multifactorial and degenerative maculopathies, 
including AMD, idiopathic central serous cho-
rioretinopathy, and purely inherited mono-
genetic diseases such as Best’s vitelliform 
degeneration and Stargardt’s disease [29]. 
FAF imaging provides a method that can help 
confirm the diagnosis, differentiate the phe-
notype, and recognize new prognostic factors, 
particularly when evaluating AMD.  FAF now 
contributes to our understanding of the patho-
physiological role of the RPE as a final com-
mon pathway for many retinal and macular 
diseases. Moreover, it helps with identification 
of the distribution and density of the macular 
pigments lutein and zeaxanthin.

Eyes with AMD show a wide spectrum 
of FAF changes in association with the vari-
ous stages of disease. In early cases of AMD, 
there are areas of elevated FAF. These areas do 
not correspond to visible findings like retinal 
drusen, however, and they are highly variable 
(Fig.  13.4). Focal areas of hyperpigmentation 
are almost always accompanied by elevated 
FAF (melanolipofuscin), areas of retinal dru-
sen are heterogeneous and can have elevated, 
reduced, or normal levels of FAF.

Areas of geographic atrophy in the advanced 
stages of AMD are characterized by a marked 
reduction in FAF, since in these areas the RPE 
and its autofluorescent lipofuscin have been 
destroyed. At the margins of these atrophic areas 
one finds a variety of FAF patterns (Figs. 13.5, 
13.6, and 13.7) [35, 36]. Atrophic areas with 
diffusely elevated FAF at their margins advance 
more rapidly than atrophic areas with no or 

Fig. 13.3 FAF image of the normal RPE. In the central 
macular region is a reduced level of FAF caused by 
absorption of the fluorescence by the macular pigments 
(lutein and zeaxanthin). AF is blocked by retinal blood 
vessels
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only focally elevated FAF. Phenotypic catego-
rization, based on the FAF appearance, allows 
a prognostic determination of non-exudative 
AMD in its later stages. In contradistinction to 
the drusen of AMD, hereditary drusen, which 
arise at an earlier age, have a generally higher 
level of autofluorescence (Fig. 13.8). This find-
ing suggests that hereditary drusen have differ-
ent molecular structures or higher densities of 

LF granules in the overlying RPE, than do the 
drusen of AMD.  Similarly, pigment epithelial 
detachments (PED) produce a heterogeneous 
FAF signal; however, this appears to be deter-
mined more by the stage of the PED itself than 
by the underlying disease process. Elevated 
FAF intensity could also arise from the fluoro-
phors in the extracellular fluid between the RPE 
and Bruch’s membrane.

Changes in topographic FAF intensity dis-
tribution can be found in various retinal dis-
eases and show some characteristic patterns. In 
Stargardt’s disease, for example, one typically 
finds spots with both increased FAF (LF accu-
mulation) and reduced FAF (already atrophic 
RPE) in the area of the funduscopically normal 
looking retina (Fig. 13.9). Best’s disease mani-
fests as diffusely elevated levels of FAF with 
an additional increase of fluorescence intensity 
in the area of the funduscopically visible yel-
low deposit that characterizes the vitelliform 
lesion (Fig. 13.10). This also applies to pattern 
dystrophies, including adult vitelliform macu-
lar dystrophy. FAF findings in cases of retinitis 
pigmentosa and other photoreceptor dystro-
phies reflect secondary changes appearing at the 
level of the retinal pigment epithelium. In some 
forms, areas with LF accumulation or atrophy 
zones can be delimited very precisely. A ring 
with increased autofluorescence at 4–5° eccen-
tricity from the fovea, the so- called “rod ring” 
(Fig. 13.11), is often found.

Drusen of the optic nerve head are to be dif-
ferentiated from the drusen of AMD or those of 
hereditary retinal diseases. Here, the elevated 
FAF has to do with the calcification of degener-
ated axonal remnants. A prominently elevated 
FAF of the optic disc is useful in the differential 
diagnosis of optic disc elevations of uncertain 
aetiology (Fig. 13.12).

When interpreting FAF images, it should 
be taken into account that other structures 
in the human fundus, e.g. older blood, may 
exhibit autofluorescent properties in addition to 
RPE-LF.

a

b

Fig. 13.4 (a, b) Example of reticulated drusen. 
Reticulated drusen can be easily identified in FAF images. 
They can be accompanied by both hyper- and hypointen-
sive autofluorescence regions
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 Autofluorescence Imaging Devices 
Ex Vivo

 Fluorescence Microscopy

Compared to other microscopy methods used in 
biomedical research, fluorescence microscopy has 
several advantages in terms of sample preparation 

as well as the variety of possibilities to extract bio-
logically significant information. A major problem, 
however, of any standard fluorescence microscopy 
method compared to non- light- optical microscopy 
methods remains the intrinsically limited conven-
tional resolution of about 200 nm (widefield micros-
copy: ~230  nm, confocal microscopy: ~180  nm, 
two-photon microscopy: ~200 nm) [37–40].

a b

Fig. 13.5 (a) Geographic atrophy in a 67-year-old AMD 
patient: severe reduction of FAF caused by the absence of 
vital RPE with fluorescent lipofuscin. (b) Over a period of 

5 years, it can be seen that the extension of the atrophic 
region occurred at the edges of the lesion where excessive 
accumulation of LF had previously been localized

Fig. 13.6 Another example of geographic atrophy in AMD showing a band with an increased FAF signal at the edge 
of the atrophy zone. These fluorescence patterns at the edge of the atrophy zone can be very different in patients
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a

b

c

Fig.  13.7 (a–c) FAF images in three different patients 
with geographic atrophy caused by AMD. One can see a 
pronounced intra-individual left/right symmetry and 

marked inter-individual variability in the appearance of 
the atrophic areas and their margins with elevated FAF
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Over the last years different techniques 
referred to as super resolution fluorescence 
microscopy have been established to compen-
sate for this deficiency. These techniques (i.e. 
4Pi [41], STED [42], SIM/PEM [43] and local-
ization methods [44]) are based on conditions 
not considered in the original contributions of 
Abbe [37]. In combination with novel optoelec-
tronical and mathematical tools, these differ-
ent approaches have allowed the microscope to 
surpass the conventional resolution limit sub-

Fig. 13.8 With appropriate image processing software, 
several adjacent images can be merged into a composite 
montage. One can see the locations of hereditary drusen. 
Their points of elevated fluorescence are most densely 
located in the macula, but are also scattered through reti-
nal areas that are far outside of the macular region

a

b

Fig. 13.9 In cases of fundus flavimaculatus or Stargardt’s 
disease, characteristic yellow flecks appear at the level of 
the RPE (a) with increased autofluorescence (b) due to an 
excess accumulation of lipofuscin

a

b

Fig. 13.10 (a, b) 55-year-old patient with multifocal 
Best’s disease. The yellow (vitelliform) lesions have a 
strongly elevated autofluorescence due to increased levels 
of stored lipofuscin
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stantially, both in the object plane and in the 
direction along the optical axis of the micro-
scope system.

 Structured Illumination Microscopy

Structured illumination microscopy (SIM) is a 
relatively new laser-optical fluorescence micros-
copy technique that offers an improvement in res-
olution compared to conventional microscopes.

The lateral resolution of a conventional 
microscope is limited to approximately 200 nm. 
Structural information of an object below this 
distance cannot be transferred through the objec-
tive lens and into the image plane. The loss of 
high-resolution information during the imaging 
process of an object is responsible for the fact 
that the acquired image is blurred and less dis-
tinct compared to the original object.

SIM is capable to shift usually irresolvable 
object information to resolvable information. 

Fig. 13.11 In this 23-year-old patient with an electro-
physiologically confirmed cone dystrophy one can see a 
central zone of atrophy (appearing in the FAF image as 
dark) surrounded by a ring of elevated FAF called a “rod 

ring”. This phenomenon, whose pathophysiological basis 
is not well understood, can also appear in patients with 
other hereditary retinal disorders, including retinitis pig-
mentosa and Leber’s congenital amaurosis
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This is accomplished by an application of a spa-
tially modulated excitation pattern. This shifting 
process is apparent in everyday life, known as 
Moiré effect: if two fine gratings are superposed, 
a coarser, clearly visible grid may appear. If one 
of the two fine gratings is known, the other super-
imposed fine grating can be reconstructed. In a 
similar manner, it is possible to reconstruct the 
original high-resolution information contained in 

the acquired SIM data that is generated by a super-
position of the excitation pattern with the object’s 
fluorochrome distribution. To  accomplish this 
reconstruction, several images of the object have 
to be taken with different positions of the illu-
mination pattern. The application of SIM thereby 
offers a lateral resolution improvement by a fac-
tor of 2 in comparison to conventional widefield 
microscopy and also enables a removal of out of 
focus information during the reconstruction pro-
cess to generate optical sections of the object.

SIM has been introduced for high-resolution 
autofluorescent imaging of RPE cells [45–48].

Intracellular granules like lipofuscin (LF) 
and melanolipofuscin (MLF) can be visualized 
and differentiated by SIM (Fig.  13.13). The 
distinction between LF and MLF granules is 
especially important since MLF accumulation 
has been reported to reflect the onset of AMD 
more closely than LF granules. MLF granules 
are significantly larger than LF granules, which 
might be due to fusion of LF granules and mela-
nosomes or autophagocytotic abilities of mela-
nosomes. MLF granules have been reported to 
be nearly 35% larger than LF granules in flow 
cytometric analyses [22].

The size of LF granules is related to intracel-
lular location in the ex vivo samples. The closer 
to Bruch’s membrane, the larger they are, sug-
gesting that larger LF granules are transferred 
towards Bruch’s membrane. The basal accu-
mulation of lipofuscin can be explained by the 
natural apical to basal course of lipofuscin trans-
port through RPE cells [49]. Melanosomes were 
located significantly more apical than LF and 
MLF granules.

Examinations of differences of autofluores-
cence signal intensity related to excitation wave-
lengths were inconsistent, suggesting that different 
mixtures of fluorophores within granules can occur. 
Boulton et al. reported an excitation maximum of 
extracted LF granules between 360 and 470  nm 
[50]. Varying probe preparation, proteins sur-
rounding the granules and other factors might 
contribute to altered excitation behaviour [51]. LF 
develops within lysosomes from the phagocytosed 
and metabolized photoreceptor residues. Different 

a

b

Fig. 13.12 (a, b) 52-year-old-patient with drusen of the 
optic nerve. Some drusen show an significantly increased 
autofluorescence
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sizes of LF granules might reflect different stages 
of LF genesis with small LF granules in early 
stages. AF properties of LF granules change with 
growing size showing decreased average emission 
signals at 647 nm [47]. This indicates an increased 
presence of fluorophores mainly excitable at 488 
and 568 nm in growing or latestage LF granules, 
or significant loss of fluorophores excitable at 
647 nm. No correlation between size and AF was 
found in MLF granules [47].

Structured illumination microscopy has now 
also proven to be applicable in  vivo. RPE cell 

cultures can be examined and dynamic intracel-
lular processes can be followed.

The first experiment with a prototype device 
(Structured Illumination Ophthalmoscope = SIO) 
recently showed that structured illumination can 
also be successfully used for fundus examination 
in humans in a clinical setting (Dithmar et  al., 
unpublished study data).

These developments and the additional imple-
mentation of adaptive optics promise completely 
new insights into RPE autofluorescence phenom-
ena in vivo.
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Fig. 13.13 (a–c) Structured illumination microscopy 
(SIM) clearly delineates autofluorescent single granules 
within RPE-cells (ex vivo). (a) Hexagonal RPE-cell com-
posite with intracellular autofluorescent granules. (b) 
Single RPE-cells with clearly visible and countable intra-

cellular granules. (c) Visible intragranular fluorescence 
pattern. Emission intensities for different excitation wave-
lengths along the white arrow have a detailed profile 
(peaks for lipofuscin rings around central melanin core in 
melanolipofuscin granules) (scale bar 2 μm)
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RPE and Stem Cell Therapy

Heli Skottman

 Introduction

Retinal pigment epithelium (RPE) is a highly 
polarized monolayer of cells located between 
the neural retina and the choroid (see Fig. 14.1). 
RPE has several vitally important functions as a 
part of the blood-retinal barrier and in supporting 
the neural retina: RPE cells provide nutrients for 
photoreceptors, phagocytose photoreceptor outer 
segments secrete important molecules includ-
ing pigment epithelium-derived factor (PEDF) 
and vascular endothelial growth factor (VEGF), 
absorb stray light, and control regeneration of 
visual pigments, ion flow and oxidative dam-
age. For a more extensive review of RPE func-
tions and characteristics, the article by Strauss is 
highly recommended [1].

Retinal degenerative diseases, such as age- 
related macular degeneration (AMD), retinitis 
pigmentosa, and Stargardt macular dystrophy, 
affect tens of millions of individuals world-
wide. For example in AMD, the macula of the 
eye gradually degenerates, leading to the loss of 
central vision, and thus hindering tasks such as 
face recognition, reading, and driving—impor-
tant cornerstones for individual independence 
and quality of life. With a steadily increasing 
life expectancy, the number of people suffering 

from AMD worldwide is predicted to increase to 
almost 200 million by the year 2020 and to over 
280 million by 2040 [2]. There are two types of 
AMD: dry (atrophic) and wet (neovascular). The 
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Fig. 14.1 The hPSC-RPE transplantations. The hPSC- 
RPE cells can be efficiently differentiated and trans-
planted to the subretinal space between neural retina and 
choroid. Currently two different transplantation 
approaches are used (a) single-cell suspension injection 
and (b) transplantation of intact RPE cell sheet
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dry type accounts for approximately 85–90% 
of all AMD cases. In its advanced form, known 
as geographic atrophy (GA), dry AMD leads to 
RPE degeneration and subsequently photorecep-
tor death in the macula. The underlying cause 
of dry AMD remains unknown. Wet AMD is 
caused by abnormal neovascularization from the 
choriocapillaris beneath the macula. These new 
blood vessels tend to bleed, leak fluid, and scar, 
which damages the photoreceptors. Although 
there is no cure for AMD, repeated injections of 
anti- vascular drugs into the eye can slow down 
the neovascularization and progression of early-
stage wet AMD [3–5]. On the other hand, no 
effective medical or surgical treatment is avail-
able for dry AMD, although dietary supplements 
have been suggested to slow its progression [6]. 
There is clearly a need to develop a therapy that 
could preserve or repopulate this important RPE 
cell layer.

 Cell Based Therapy for RPE

One of the most promising future treatments for 
retinal degeneration is cell replacement therapy 
[7]. The eye in general is a very attractive tar-
get for tissue engineering and cell therapy for 
several reasons. Firstly, the eye offers easy 
access to well-developed surgical approaches 
and non- invasive follow-up methods including 
high resolution optical coherence tomography 
(OCT) [7, 8]. Secondly, a relatively small num-
ber of cells is sufficient for a cell replacement 
in the eye as compared to many other organs 
and tissues. Finally, the eye is generally less 
prone to immune rejection of transplanted cells, 
although this advantage may be compromised 
due to disease pathogenesis such as neovascu-
larization of wet AMD [9, 10].

The single layer of RPE that lies on Bruch’s 
membrane between the photoreceptor outer seg-
ments and the choriocapillaris (Fig.  14.1) is a 
relatively easy target for cell replacement ther-
apy, compared to highly complex neural retina 
with functional neural connections. Surgical 
attempts have been made to replace the RPE at 

the macula, either by moving the macula to the 
non-diseased periphery or by grafting new RPE 
under the macula [11]. These are difficult sur-
geries to perform and can lead to complications 
such as unplanned retinal detachment, cataract, 
and double vision [12]. Thus, it is unlikely 
that these procedures will prove cost effective 
in combatting the burden of AMD [11]. The 
earliest attempts of RPE cell transplantation 
in animal models provided evidence that cell 
replacement therapy could have potential in 
treating retinal degeneration. Although the suc-
cess of these early studies was quite low [13], 
they encouraged further development of the 
technology. Later, clinical trials were conducted 
using fetal [14] or post-mortem adult RPE cells 
[15–17], as well as retina-RPE complex [18]. 
Unfortunately, visual acuity of the patients did 
not improve in the long term. Among these 
studies, Binder and colleagues were the first to 
report autologous RPE transplantation for AMD 
patients with promising outcomes [19]. Taken 
together, these and other early studies not men-
tioned here provided proof of concept that RPE 
cell replacement therapy is possible if a viable 
source of functional RPE cells is established.

As reviewed by da Cruz and colleagues [20] 
several cell sources for RPE transplantation have 
been considered: fetal, autologous, or allogeneic 
RPE, immortalized RPE cell lines, and stem cells. 
Among these, the use of fetal tissue is restricted 
mainly due to poor availability. Autologous RPE 
cells, on the other hand, may have genetic defects 
or be functionally impaired due to the disease. 
Immortalized cell lines likely contain muta-
tions and genetic abnormalities. Thus, the most 
promising option is either allogeneic RPE cells 
or RPE cells differentiated from stem cells. Adult 
human RPE cells isolated from donated eyes can 
be activated in vitro into a stem cell state (RPE 
stem cells) which are polarized, express RPE 
markers and have the key physiological proper-
ties of native RPE cells making them a candidate 
for future cell replacement therapy [21, 22]. It is 
estimated that the macula harbors around 60,000 
RPE cells that potentially need replacing. To 
achieve this, it is necessary to develop technolo-
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gies to expand RPE stem cells in vitro, or to use 
their paracrine effects to trigger rejuvenation of 
native RPE in vivo [23]. Further preclinical stud-
ies are ongoing to develop adult RPE stem cell 
transplantations towards clinical trials [24]. In 
addition to the adult RPE stem cells, other stem 
cell types have been investigated as a source of 
RPE.  Notably, human pluripotent stem cells 
(hPSC), with their excellent developmental and 
replicative capacity, can potentially provide an 
unlimited supply of RPE cells needed to treat 
the millions of patients suffering from retinal 
degeneration.

Human embryonic stem cells (hESCs) 
are usually isolated from surplus embryos of 
poor quality 4–6  days after in vitro fertiliza-
tion [25]. Due to ethical issues and relatively 
low availability of these cells, as well as their 
immunogenic properties, the discovery of the 
possibility to reprogram human somatic cells to 
behave like hESCs offered even more exciting 
opportunities for regenerative medicine [26]. 
After the discovery of human induced plu-
ripotent stem cells (hiPSC) in 2007, numerous 
non-integrating and non-viral reprogramming 
methods have been developed using various 
cell sources including skin fibroblasts, hair 
follicles, muscle, peripheral blood lympho-
cytes and urine [27]. In many respects, hiP-
SCs resemble hESCs, although epigenetic and 
genetic abnormalities in the hiPSC lines have 
been reported [28]. This has raised the issue 
whether epigenetic marks from the cell source 
may persist in the reprogrammed hiPSCs. This 
issue has been under critical evaluation as 
genomic instability in general is recognized 
as an important hurdle in the expanding field 
of stem cell-based therapies. According to the 
current knowledge, the epigenetic differences 
observed in some hiPSC lines compared to 
hESC lines seem to be caused mainly by the 
reprogramming method and diminish during 
passaging [29–31]. Further studies are needed 
to set a threshold for the acceptable level and 
genomic location of potential epigenetic and 
genetic changes in the stem cell product manu-
factured for clinical applications.

 Differentiation of RPE from Human 
Pluripotent Stem Cells

So how can functional RPE cells be obtained 
from hPSC? During mammalian development, 
RPE and neural retina both develop from the 
optic neuroepithelium and share the same pro-
genitors. The neuroepithelium near the anterior 
part of the neural tube evaginates laterally to 
form the optic vesicles. Invagination of the distal 
part of the optic vesicle leads to the formation 
of the optic cup. By the 6th or 7th week of ges-
tation, the optic cup has differentiated into two 
epithelial layers. The distal layer then differenti-
ates into the neural retina and the proximal layer 
develops into the RPE [32]. Since the pioneering 
work by Sasai and co-workers, hPSC-derived 
eye organoids mimicking the early retinal devel-
opmental steps have been extensively used 
for modeling eye development in vitro [33]. 
Similarly, in vitro differentiation of RPE cells 
from hPSCs follows the same developmental 
steps. In [34], Klimanskaya and co-workers 
were the first to report successful differentiation 
of RPE cells from hESCs [34]. Many research 
groups later demonstrated the same also with 
hiPSCs [35–37]. Since then, numerous research 
groups have developed methods for obtaining 
RPE cells from hPSCs, with varying efficien-
cies. Recent review describe the various differ-
entiation methods in more detail [38], only the 
general approaches are presented here.

Human PSCs are typically cultured as colo-
nies either on top of a layer of fibroblast feeder 
cells (mouse embryonic or human foreskin), or 
without feeder cells (feeder-free) on specific cul-
ture substrate in the presence of basic fibroblast 
growth factor (bFGF) [39–41]. There are two 
main approaches to initiate RPE differentiation: 
spontaneous RPE differentiation upon removal 
of bFGF from the culture medium or directed 
differentiation using growth factors, inhibitors 
and/or small molecules. In methods relying on 
spontaneous differentiation, RPE can be obtained 
through adherent over growth of hPSC cultures 
e.g. [34, 42, 43], or by growing embryoid body- 
like structures in suspension and later plating 
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them down as adherent cultures e.g. [44, 45]. The 
more directed differentiation approaches attempt 
to replicate embryonic development by adding 
specific growth factors, inhibitors, or small mol-
ecules at appropriate time points [46–50]. As an 
example, we have established our own feeder 
cell-free culture and differentiation method for 
hPSC-RPE using both of these approaches [51].

Figure 14.2 summarise the differentiation 
and characterisation approach of RPE cells. In 
general, depending on the method and cell lines 
used, pigmented foci usually appear in cultures 
within 1–4 weeks (see Fig.  14.2a). The pig-
mented areas are mechanically or enzymatically 
separated for RPE enrichment. Once separated, 
pigmented hPSC-RPE cells are seeded on sub-
stratum which resembles Bruch’s membrane or 
contains its extracellular matrix (ECM) compo-
nents such as collagens and laminins [52]. After 
seeding, hPSC-RPE cells first lose their cobble-

stone morphology and pigmentation, but regain 
these characteristics within a few weeks [53] 
(also highly depending on culture conditions). 
However, if consecutively passaged, hPSC-RPE 
cells gradually lose their ability to re-establish 
RPE features [54]. This is problematic espe-
cially if multiple cell doublings are needed to 
obtain large enough quantities of pure RPE 
cells. Rho kinase (ROCK) inhibition during 
passaging may help extend hPSC-RPE passage 
[55], although it remains to be seen how this 
affects cell functionality and genetic stability. It 
is also well acknowledged that hPSC-RPE cells 
require an additional culture period of several 
weeks—preferably on permeable cell culture 
inserts—until they mature to a fully polar-
ized and pigmented monolayer [51, 56, 57]. 
Furthermore, culture conditions such as the type 
of substratum and ECM protein coating highly 
affect hPSC-RPE maturation [52].

a

b

Fig. 14.2 The general hPSC-RPE differentiation and 
characterisation approach. (a) hPSC-RPE differentiation 
can be divided in induction of differentiation, purification 
and expantion of pigmented cells, additional replating/
passaging and cryopreservation of cells, and finally hPSC- 

RPE maturation and characterisations. Scale bar 100 μm. 
(b) hPSC-RPE characterized with expression and local-
ization of Zonula Occludens-1 (ZO1), Na+/K+ ATPase, 
RPE65, MERTK proteins and phagocytosis of photore-
ceptor outer segments (OPSIN). Scale bar 10 μm
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Different hPSC lines may respond very differ-
ently to exogenous signals, making it challenging 
to develop a universal RPE differentiation proto-
col. It is unlikely that 100% RPE differentiation 
efficiency will ever be achieved. Thus, further 
improvements are needed to increase the yield 
and purity of the RPE cultures in order to obtain 
sufficient amounts of mature cells with RPE 
characteristics for safe therapeutic use. Besides 
establishing more efficient hPSC-RPE differen-
tiation methods, another strategy to improve the 
purity of RPE populations is to sort cells based 
on RPE specific marker expression [58]. As 
safety is a primary consideration for any clini-
cal use of hPSC-RPE and due to the high risk of 
tumorigenicity, methods to detect any trace of 
pluripotent cells among the differentiated cells 
are critically important [59–61]. Another safety 
concern is the use of animal-derived material 
such as fetal bovine serum (FBS) and mouse 
feeder cells. These components are often used 
in establishment, culture and differentiation of 
hPSCs, and may transfer non-human pathogens 
to the patient and cause immune reactions [62, 
63]. Finally, cell therapy applications require 
defined and reproducible conditions in accor-
dance with Good Manufacturing Practice (GMP) 
during derivation and maintenance of hPSC lines 
and RPE differentiation [41, 45]. Overall, the 
variations in differentiation and culture methods 
influence hPSC-RPE characteristics, which is 
why critical consideration and planning is needed 
when aiming for clinical applications. But first, 
does hPSC-RPE resemble and behave like native 
human RPE?

 Characterization of Stem Cell- 
Derived RPE Cells

As mentioned earlier, RPE cells have many 
vitally important characteristics and functions 
[1]. Thus, it is necessary to verify that hPSC-
RPE cells possess these characteristics (See 
Fig.  14.2b). This is critically important for 
clinical use, but also for non-clinical applica-
tions where hPSC-RPE cells serve as a model of 
native human RPE. Since the very early studies, 

putative hPSC-RPE cells were proven to share 
many characteristics with authentic human RPE: 
they express RPE specific genes and proteins 
(e.g. Bestrophin, CRALBP, Na+/K+ATPase, 
MERTK, Zonula Occludens-1 and Claudin-19), 
have pigmented cobblestone-like morphology, 
form tight and highly polarized RPE with high 
transepithelial electrical resistance (TEER), 
phagocytose isolated photoreceptor outer seg-
ments, and secrete growth factors such as PEDF 
[34, 35, 45, 64–67]. Moreover, hPSC-RPE cells 
express many important transporters [68, 69] 
and aquaporin water channels [56], and pos-
sess other physiologically relevant functions 
[70]. For instance, AMD patient-derived hiPSC-
RPE cells have decreased antioxidative defence 
compared to healthy hiPSC-RPE cells, provid-
ing proof of concept that their stress response 
properties are similar to that of native RPE [71]. 
RPE cells derived from hiPSCs are in many 
respects very similar to hESC-RPE cells [51, 
72]. Furthermore, a recent comparison of hiPSC 
lines derived from different somatic cells sug-
gests that hiPSC-RPE functions are more sig-
nificantly affected by the genetic background 
of different donors than the epigenetic “mem-
ory” associated with the donor tissue [70]. In 
addition, there is always heterogeneity among 
hPSC-RPE cultures and cell characteristics and 
functionality may vary. Thus, it is important to 
define RPE identity [73, 74] and improve quan-
titative methods to identify different maturation 
stages of hPSC-RPE cells. There is ongoing dis-
cussion regarding hPSC-RPE characteristics and 
the various criteria these cells should fulfil in 
order to be considered authentic RPE cells [73]. 
For example, Buccholz and co- workers have 
suggested that the systematic characterization 
panel of hPSC-RPE should include at least gene 
and protein analyses, quantitative phagocytosis, 
TEER measurement, growth factor secretion 
analysis, retinoid metabolism assay, and func-
tionality in an animal model [35]. To conclude, 
there is an extensive and ever increasing amount 
of studies supporting the current knowledge 
that hPSCs are a promising source of functional 
RPE cells. The main down-stream applications 
of these cells are for modelling native RPE for 
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drug testing, for modelling retinal diseases [75], 
and for RPE cell replacement therapies—the 
focus of the following subchapters.

 Human PSC-RPE Transplantation 
Studies in Animal Models

The efficacy of hPSC-RPE cell therapy has been 
extensively studied in different animal models 
and only some of these are mentioned here as 
examples. Although large-eyed animal models 
are preferred especially for the development of 
subretinal transplantation techniques [76–79], 
the Royal College of Surgeons (RCS) rat remains 
a widely used animal model. Its RPE is unable 
to phagocytose photoreceptor outer segments 
and therefore photoreceptors degenerate over a 
period of 3 months after birth [80–82]. The Food 
and Drug Administration (FDA) recommends the 
use of this animal model to demonstrate safety 
and efficacy of hPSC-RPE [74]. The hPSC-
RPE transplantation studies follow one of two 
approaches: injection of a single-cell suspension 
into the subretinal space, or transplantation of 
an hPSC-RPE sheet with or without supportive 
biomaterial matrix (See Fig. 14.1). Both of these 
approaches have their own pros and cons which 
are briefly discussed next.

 Injection-Based Transplantation

In the first RPE transplantation studies in 2004, 
primate ESC-derived RPE injected into the 
subretinal space of RCS rats helped recover 
retinal function [83]. It was later demonstrated 
that although single cell suspension injected 
hPSC- RPE cells survive and improve visual 
acuity in RCS rats, they rarely form tight epi-
thelia after transplantation and gradually die 
within 10–15 weeks and cell survival for up to 
20–30 weeks seems to be an exception [36, 42, 
43, 47, 67, 84]. Besides RCS rats, hPSC-RPE 
cells have been studied in monkeys and nude rats 
with a similar outcome [85, 86]. The improve-
ment of visual function has been assessed using 
electroretinography (ERG) and even using behav-

ioral assays that measure eye or body movements 
in response to light (optokinetic responses) [36, 
47]. The temporary improvements in visual acu-
ity of the RCS rat are thought to be more due to 
trophic factors [87] secreted by the transplanted 
cells, or macrophages that might help to phago-
cytose photoreceptor outer segments [64]. It has 
been suggested that failure to maintain a long-
term improvement may be due to the impaired 
survival of hPSC-RPE on diseased Bruch’s mem-
brane [88–90]. However, injection- based trans-
plantation is fast and technically less challenging 
than RPE sheet transplantation, which is why it 
was selected for the first clinical studies in human 
patients.

 RPE Sheet Transplantation

RPE cells are sensitive to local extracellular sub-
strates for anchoring and survival [91], so trans-
plantation of a pre-formed, oriented, polarized 
monolayer with tight junctions could enhance cell 
viability and integration into the retina [50, 85]. 
Moreover, intact RPE monolayers have a higher 
resistance for oxidative stress and thus could sur-
vive better in diseased retina [50]. Finally, the 
required amount of cells for sheet transplantation 
is much lower than for subretinal injections [85]. 
Disadvantages of the transvitreal sheet transplan-
tation are its invasiveness and demands of surgi-
cal procedure, although surgical techniques and 
specialized tools have been developed to ease 
RPE sheet transplantation into the back of the 
eye [76, 78].

Retinal degeneration often involves Bruch’s 
membrane—the dynamic, 2–4.7 μm thick, pen-
talaminar structure which mainly consists of 
collagens, elastins, laminins, and fibronectin. 
Its thickness and permeability varies with age, 
pathological stage, and retinal location [92, 93]. 
The aged and thickened submacular Bruch’s 
membrane does not support long-term survival 
and differentiation of transplanted RPE [94, 95]. 
Consequently, it could be beneficial to trans-
plant hPSC-RPE sheet with a supportive bio-
material scaffold to simultaneously substitute 
RPE and Bruch’s membrane function. In order 
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to best mimic the properties of Bruch’s mem-
brane, biomaterial substrates for production and 
transplantation of hPSC-RPE cells should meet 
several requirements. First, the scaffold mate-
rial should support formation of tight hPSC-RPE 
with proper apical-basal polarization as well as 
native RPE characteristics. Second, the substrate 
should be biocompatible, thin enough to fit the 
subretinal space, with mechanical properties 
suitable for handling of the cell sheet. Third, 
and most important, the material needs to enable 
integration of transplanted cells into the retina. 
Finally, permeability to fluids and biomolecules 
is a definite prerequisite for substrates to replace 
the lost functional role of the damaged Bruch’s 
membrane as a semipermeable barrier [96–99].

Many research groups are focusing on find-
ing an optimal scaffold for RPE transplantation. 
Decellularized natural scaffolds, such as Bruch’s 
membrane, amniotic membrane, and anterior 
lens capsule, have been previously suggested as 
substrates in retinal transplantations [100–102]. 
These natural scaffolds provide a significant 
advantage in retaining the complex structure and 
molecular hierarchy of the ECM while possess-
ing tissue-specific micro- and nanotopography 
[97, 103]. In addition, natural polymers such 
as collagen, alginate, and fibroin, provide bio-
compatible sources of polymers for retinal tis-
sue engineering. Natural polymers also closely 
mimic the native ECM and possess innate bio-
logical activity [97, 104]. Still, biomaterials of 
natural origin have several disadvantages includ-
ing poor mechanical properties, batch to batch 
variation, as well as concerns with immunoge-
nicity, toxic by-products of biodegradation, and 
pathogen transfer.

Synthetic polymers have multiple attrac-
tive characteristics including controlled 
chemical and physical structure, predictable 
properties, mechanical durability, high degree 
of processing flexibility, and high reproducibil-
ity in commercial- scale manufacturing processes 
[97]. The most commonly used synthetic poly-
mers are poly-α-hydroxy-acid-based polymers 
such as poly(L-lactide) (PLLA), poly(lactide-
co- glycolide) (PLGA), poly(ε-caprolactone) 
(PCL), and combinations of these materials as 

co- polymers (e.g. PLCL) [97, 105, 106]. Even 
though synthetic polymers overcome the com-
mon drawbacks associated with natural poly-
mers, they tend to be hydrophobic and lack cell 
binding ligands on the scaffold surface, which 
results in poor cell attachment without additional 
surface modifications [106]. Many synthetic bio-
material substrates with distinct architecture have 
been investigated as potential substrates for RPE 
[98, 107–109]. Finally, hybrid materials incor-
porate the beneficial aspects of both biologically 
active natural polymers and structurally flexible 
synthetic polymers such as combination of silk 
fibroin, gelatin and PCL [110]. Hybrid biomateri-
als show promise as potential Bruch’s membrane 
mimicking substrates for RPE [111, 112].

Most biomaterial studies use either primary 
RPE cells or immortalized cell lines, and stud-
ies of hPSC-RPE cell-biomaterial interactions 
have only recently gained popularity e.g. [65, 
77]. The most disputed property of hPSC-RPE 
scaffold material is its biostability—are biode-
gradable scaffolds preferable over biologically 
inert/non- degradable materials? A biodegrad-
able membrane would provide a temporary sup-
port for hPSC-RPE, until the cells remodel and 
replace it with new ECM layers. A biostable 
membrane would provide permanent support for 
the cells and at the same time improve integration 
of the transplant by providing better permeabil-
ity, which is likely to be critical for retinal health 
[65, 113]. For instance, Parylene C (poly(para- 
xylene)) is a biostable and chemically inert poly-
mer. When combined with Matrigel™ or human 
vitronectin, Parylene C was shown to support 
hPSC-RPE growth and functionality both in vitro 
and in vivo [114]. Our group has studied the per-
formance of biologically inert polyimide (PI) 
for hPSC-RPE culture [115] and transplantation 
[108]. These approaches aim to overcome the 
disorganized fashion in which RPE cells adhere 
to Bruch’s membrane when injected as a suspen-
sion. The plastic polymer is also designed to act as 
a replacement for the aged and thickened Bruch’s 
membrane, and provides an anchor for the cells 
while aiding in surgical delivery [11]. It remains 
an important target for future preclinical and clin-
ical studies to demonstrate whether the best effi-
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cacy for hPSC-RPE transplantation is achieved 
with the less invasive injection method or with 
the surgically challenging sheet transplantation. 
Alternatively, perhaps the transplantation method 
should be chosen based on individual patient 
and disease status. Finally, further clinical stud-
ies will need to demonstrate whether improved 
retinal function translates into improved cortical 
representation of images—an outcome which has 
been observed in humans after transplantation of 
adult RPE [20].

 Clinical Trials with HPSC-RPE Cells

In 2012, 8 years after the first report of success-
ful hESC-RPE differentiation, the first Phase I/
II clinical trial using these cells was reported 
by Schwartz and co-workers, with indication of 
a good safety profile for patients with Stargardt 
disease and advanced dry AMD [116]. In the 
3-year follow-up study with 18 participants, 
hESC-RPE cells were administered as a sub-
retinal injection of three dosage cohorts (50,000 
cells, 100,000 cells and 150,000 cells). In addi-
tion to the safety of the treatment, the authors 
also demonstrated improved vision in four out 
of nine AMD patients. Interestingly, only few, if 
any, pigmented hESC-RPE cells survived in the 
direct area of GA lesions. Instead, transplanted 
cells were detected in areas adjacent to the 
lesions, where they were deposited onto native 
RPE [117]. A Phase II study with more patients 
to assess efficacy is expected to report results 
imminently [23]. Other clinical trials with hPSC- 
RPE injections are ongoing in several countries 
including Israel, China, and Korea (for details see 
recent review [23] and https://clinicaltrials.gov). 
It remains to be seen if long-term survival and 
function of subretinally injected cells is achieved.

Unlike hESCs, hiPSCs can be obtained from 
the patients’ own somatic cells, offering the 
potential for immune-compatibility. To date, 
one AMD patient has been treated with autolo-
gous hiPSC-RPE cells manufactured and trans-
planted without an artificial scaffold [118]. RPE 
cells grown on a collagen gel were enzymati-

cally lifted and transplanted as a sheet into the 
subretinal space of a patient with advanced wet 
AMD in Japan. It was reported that the patient 
did not experience any serious side effects and 
maintained visual acuity 1 year after surgery. The 
patient did not receive immunosuppressants and 
showed no signs of rejection. A second patient 
was recruited to the study, but was put on hold 
due to genetic mutations in hiPSC-RPE cells. 
[118, 119] Since then, the approach was modified 
towards using allogeneic hiPSCs and the clinical 
trial has resumed [23]

In a clinical trial carried out by The London 
Project to Cure Blindness in collaboration with 
Pfizer, two patients with wet AMD were treated 
with hESC-RPE monolayer immobilized on a 
polyester membrane [120, 121]. This is the first 
study demonstrating successful delivery and sur-
vival of hESC-RPE patch with a visual acuity 
gain of two patients treated. Similarly, a clini-
cal trial led by Regenerative Patch Technologies 
(USA) is aiming to treat GA by transplanting 
hESC-RPE sheet on parylene C membrane and 
has very recently published first positive results 
with 4 out of 5 patients treated [122]. In both 
of these studies a non-degradable biomaterial 
with permanent support is used. In contrast, in a 
clinical trial planned by NEI/NIH, Bharti and co- 
workers aim to use a biodegradable matrix which 
will gradually dissolve after successful delivery 
of the hPSC-RPE cell sheet [38]. Perhaps the final 
outcomes of these trials will demonstrate what 
type of biomaterial substrates is better suited for 
hPSC-RPE delivery—biostable or biodegrad-
able. Overall, it is very encouraging that studies 
using both cell delivery methods, and both hPSC 
types, appear to be safe in initial clinical studies.

 Future Perspectives for RPE Cell 
Therapy

Although many clinical trials are ongoing, 
there are several open questions that need to 
be addressed and properly answered before 
safe and effective hPSC based cell therapies 
are widely available. One of the important and 
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unanswered questions is whether to use hESC or 
hiPSC for cell replacement therapies. Although 
considered as functionally equivalent to hESCs, 
hiPSCs have been shown to harbor subtle dif-
ferences in gene expression and DNA methyla-
tion [123]. Furthermore, there have been reports 
of point mutations and copy number variation 
in hiPSCs, which raises possible safety issues 
[118, 124].

The use of hPSC-RPE in clinical application 
faces multiple challenges, including manufactur-
ing and characterization of clinical grade cells. 
The precise list of functional properties abso-
lutely required prior to transplantation, and prop-
erties that the cells may or may not acquire once 
they are correctly integrated into the host tissue, 
is still missing [73].

Potential tumorigenicity of transplanted cells 
is a challenge that needs method development 
and increased understanding to guarantee safety 
and efficacy of transplanted cells. The pluripo-
tent nature of hPSCs also raises the concern that 
if any undifferentiated hPSCs were left in the 
final clinical product, they could increase the 
risk of tumor or teratoma formation after trans-
plantation. Another challenge is the immune- 
acceptance of transplanted cells. Although the 
subretinal space is relatively immune-privileged, 
damaged blood–retinal barrier, leaky blood ves-
sels, and activated microglia may be present in 
diseased retina or induced by surgery. This can 
compromise the immune-privilege and cause 
cell rejection. Immunogenicity of allogeneic 
hPSC-RPE cells is therefore an issue [125, 126]. 
Autologous hiPSC-RPE cells offer minimal risk 
of cell rejection, but would not be a cost effective 
strategy on a large scale. Thus, a thorough under-
standing of the immunogenicity of hPSC-RPE 
and the optimal immunosuppression regime is 
essential for future clinical applications. In addi-
tion, international cell banking initiatives cover-
ing different human leukocyte antigen (HLA) 
types or universal hPSC lines with standardized 
cell banking and production methods are needed 
[127]. Otherwise there is a well-recognized risk 
that these treatments remain unaffordable for the 
majority of the patients.

Overall, multifactorial diseases such as AMD 
need further understanding of the disease patho-
genesis, and most likely efficient treatment will 
require multidisciplinary approaches and person-
alized medicine. In addition, combination therapy 
of cell replacement, gene correction, supportive 
biomaterials and pharmaceuticals may be needed 
for certain diseases. First, as an example, strategies 
are being developed to genetically correct hiPSCs 
prior to differentiation and autologous transplan-
tation [128]. Second, in addition to RPE and 
photoreceptor degeneration, Bruch’s membrane 
alterations including thickening and accumulation 
of drusen play an important role in AMD patho-
genesis. Thus, further studies are needed to see if 
artificial scaffolds can replace Bruch’s membrane 
enabling proper RPE cell attachment in the dis-
eased eye, or if novel methods are developed to 
improve attachment and polarization of injected 
RPE cells. Third, the critical cell type in early 
AMD seems to be RPE, while in more advanced 
cases, it may be necessary to replace neuronal 
cells either alone or together with RPE cells. 
Production and transplantation of photoreceptors 
or their progenitors has shown some promise, but 
is challenging due to the requirement for func-
tional integration and synaptic contacts with the 
host neurons [129]. Last but not least, combina-
tion of effective medication and new therapeutic 
agents may be needed together with cell-based 
therapies to improve their efficacy.

In the end, it would be devastating for the 
whole field of regenerative medicine if any harm 
was caused to the patients in ongoing and upcom-
ing clinical trials with hPSC-derived cells. Thus it 
is important to establish world-wide standards for 
the proper preclinical and clinical studies to min-
imize and hopefully avoid poor outcomes [130]. 
Several clinical trials are in progress around the 
world and the results will undoubtedly be excit-
ing, but continued research and collaboration are 
needed to ensure above all safety, and then suc-
cess of these ground-breaking approaches.
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 Introduction

While inherited retinal disorders (IRD) gener-
ally lead to neuroretinal degeneration with loss 
of photoreceptors being the clinically relevant 
mechanism that leads to severe visual handicaps 
for the patients, some of the pathologic disease 
processes originate in the retinal pigment epithe-
lium (RPE). Likewise, age related disorders such 
as age-related macular degeneration develop with 
at least parts of the pathologic mechanisms origi-
nating from RPE.  These observations initiated 
the development of gene therapeutic approaches 
targeting the RPE in order to develop cures for 
these blinding disorders.

Over the past 20 years, tremendous advance-
ments have been made in the development of 
gene therapeutic strategies for the treatment of 
inherited retinal dystrophies. More recently, new 
therapeutic strategies based on the transfer of 
genetic material into the RPE have been devel-
oped to address unmet needs in the handling of 
age related retinal disorders.

In this chapter, the current knowledge con-
cerning the approach to transfer genetic material 
into the RPE is delineated together with an over-
view of the current state of the art in gene thera-

peutic strategies for RPE based inherited as well 
as age related retinal disorders. This includes a 
summary of ongoing clinical trials as well as a 
description of preclinical ideas that may likely hit 
the clinical stage in the near future.

 Gene Therapeutic Strategies 
Currently Employed to the RPE

Currently, two different approaches are devel-
oped with the ultimate goal to either restore 
function to a non-functional or absent protein, or 
knock-down proteins in order to block their func-
tion (Fig.  15.1). The former approach is based 
on gene addition therapy or genome editing, the 
latter approach solely on genome editing. Gene 
therapeutic approaches are present at the level 
of clinical trials in some conditions (Table 15.1), 
and at the preclinical level for other conditions.

Gene addition therapy is based on the idea to 
transfer the correct cDNA copy of a gene that 
is mutated and whose gene product is therefore 
absent or non-functional, cloned into a eukary-
otic expression system into the cells of interest 
[1]. The transfer is done by means of a viral or 
non-viral delivery system. The DNA containing 
the expression cassette is transported intracellu-
larly into the nucleus and transgene expression 
is started, ultimately leading to restoration of 
function to the cell. This approach has reached 
clinical stage for the treatment of RPE65 and 
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MERTK deficiency, as well as for the treatment 
of choroideremia (Table  15.1). For many other 
inherited retinal dystrophies, preclinical studies 
are ongoing.

Genome editing is based on the idea to modify 
the genome at the target site following the induc-
tion of a DNA double strand break (DSB). Because 
such a DSB is very detrimental to the integrity of 
cells, efficient DNA repair mechanisms exist that 
close the DSB immediately after its occurrence 
[2]. DSBs can be induced by highly specific 
endonucleases, such as the clustered regulatory 
interspaced short palindromic repeat—CRISPR 
associated proteins (CRISPR- Cas9) system, 
which has revolutionized molecular biology in 

the past 5 years but still holds potential risks with 
regard to eventually negative side effects to the 
genome integrity. The CRISPR- Cas system is a 
bacterial immune system against invading phages 
and different bacteria families use different forms 
of the Cas proteins, which have specific advan-
tages and disadvantages [3].

Three different repair mechanisms exist: 
(a) non-homologous end-joining (NHEJ), (b) 
homology directed repair (HDR), and (c) micro- 
homology mediated endjoining (MMEJ). While 
the first mechanism functions by directly stick-
ing DNA ends together with small modifications 
of the DNA ends (insertions, deletion, so-called 
indel formation), resulting in modification of the 
genetic information at the target site, the latter 
two mechanisms employ a template DNA con-
taining the corresponding DNA sequence with 
long (HDR) or short (MMEJ) homology arms 
on both sides of the DSB for high fidelity DNA 
repair without modifications [4]. NHEJ is the 
predominant repair pathway in dividing and non- 
dividing cells, HDR and MMEJ normally occur 
at much lower frequency. Currently, NHEJ as a 
means to manipulate the genome in RPE cells in 
both inherited as well as age related retinal disor-
ders is at the early preclinical stage.

 Gene Transfer to the RPE

The RPE is a monolayer of neuroectodermal 
origin situated between the neuroretina and the 
choriocapillaris of the choroid and forms a func-
tional and morphological entity with the photo-
receptors. Therefore, it remains difficult to target 
these cells separately by any delivery systems 
and the route of delivery presents a major aspect.

Currently, subretinal deposition of the trans-
fer system is the most efficient way to target 
RPE cells, while intravitreal delivery systems or 
suprachoroidal administration are less satisfying. 
Nonetheless, there are also disadvantages asso-
ciated with subretinal delivery, as this method is 
very complex to perform and poses additional 
stress (sheer stress) to the already compro-
mised retina due to transitory retinal detachment 
[5]. The retinal microvilli, which surround the 

viral
a

b

Max size of inserted sequence

AAV 4.8kB

7kB

30kB

10-50kB

Vector

RPE specific: RPE65, VMD2

ubiquitous: CMV, CBA

P th. gene pA

LV

Ad

NP

(P): available
promoter

non-viral

Fig. 15.1 Description of the transfer tools used in RPE 
based gene therapy. (a) Overview of viral and non-viral 
vectors currently used in RPE based gene therapy and the 
maximum size of insertable sequence. (b) Description of 
the expression cassette used for gene transfer purposes 
and overview of currently available promoter sequences. 
RPE65 promoter region of the RPE65 gene, VMD2 pro-
moter region of the human bestrophin 1 gene, CMV cyto-
megalovirus early enhancer promoter, CBA chicken beta 
actin promoter
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 photoreceptor outer segments and provide the 
cellular interaction between RPE and photore-
ceptors, are exposed to mechanical stress dur-
ing the detachment, and it takes several months 
for both cell types to get the RPE-photoreceptor 
interface completely restored. This is one of the 
reasons why full functional benefit following 
gene therapeutic intervention associated with 
subretinal injections should only be expected 
after up to 6–12  months. Furthermore, subreti-
nal injection leads only to transgene expression 
within the detached retina, making it impossible 
to treat the entire retina with one intervention.

Generally, two different delivery systems are 
available to transfer genetic material into the 
RPE, viral and non-viral systems (Fig.  15.1a). 
While viral vectors systems do have the disadvan-
tage of potentially causing immune reactions due 
to their foreign protein structure, these organisms 
have developed efficient cell entry systems and 
mechanisms to promote processing and expres-

sion of the transferred genetic material that make 
these vectors currently the major delivery system. 
Non-viral systems, such as nanoparticles, still 
have the limitations of only transferring genetic 
material into cells without promoting the expres-
sion of the transferred material [6].

To better understand the different therapeutic 
approaches presented in this review, the follow-
ing paragraphs describe the state of the art in 
viral and non-viral gene delivery systems, start-
ing with the current gold standard i.e. the adeno- 
associated virus (AAV) system, followed by two 
additional virus based systems, lentiviruses and 
adenoviruses, and a description of nanoparticles 
that have all been used to target RPE cells.

 AAVs

Adeno-associated virus (AAV) is a mammalian 
single stranded DNA parvovirus. Its genome 

Table 15.1 List of current gene therapy trials for RPE based gene therapeutic applications as by June 2017

Disease Sponsor Phase Vector NCT # of patients Ref
RPE65
Deficiency

Spark
Therapeutics

III AAV2/2.hRPE65v2
(voretigene neparvovec)

00999609 24 [44]

UCL I/II AAV/2/2.hRPE65p.hRPE65
(tgAAG76)

00643747 12 [46]

MeiraGTx
UK II Ltd

I AAV2/5.OPTIRPE65 02781480 27 [77]

AGTC II AAV2/2.CB.hRPE65 00749957 12 [45]
UPenn Scheie
Eye Institute

I AAV2/2.CBSB.hRPE65 00481546 15 [43]

Nantes University
Hospital

I AAV2/4.hRPE65p.hRPE65 01496040 9

Hadassah Medical
Organisation

I AAV2/2.CBSB.hRPE65 00821340 10 [78]

MERTK
deficiency

Fowzan Alkuraya
King Khaled Eye
Hospital

I AAV2/2.VMD2.hMERTK 01482195 6 [61]

Choroideremia Spark
Therapeutics

I,ii AAV2/2.hCHM 02341807 15

NightstaRx I AAV2/2.CBA.Rep1 01461213 14 [52]
Oxford University II AAV2/2.CBA.Rep1 02407678 30
University Alberta I/II AAV2/2.CBA.Rep1 02077361 6
University
of Miami

II AAV2/2.CBA.Rep1 02553135 6

STZ Eyetrial,
Tübingen

II AAV2/2.CBA.Rep1 02671539 6

The table includes information regarding sponsor, clinical trial phase, vector administered, the NCT trials.gov number, 
the number of patients planned to be enrolled and the most recent reference referring to this trial

15 RPE and Gene Therapy

http://trials.gov


268

 consists of about 4.7 kB containing two inverted 
terminal repeats (ITRs) flanking genes for repli-
cation (rep) and building the virus capsid (cap) 
(Fig.  15.1a). AAVs are known to infect non- 
proliferating and proliferating cells [7]. After 
infection of the host cell by receptor mediated 
endocytosis, the virus genome persists as epi-
some in the cell, with few exceptions in dividing 
cells, where integration is possible in associa-
tion with the appearance of double strand breaks. 
In order to generate a recombinant vector, the 
entire virus sequence except the flanking ITRs 
is replaced by the expression cassette of choice. 
Several recombinant AAV (rAAV) serotypes 
capable to target different cell types have been 
extensively characterized. While the AAV sero-
type 2 was employed originally as photorecep-
tor (PR) and retinal pigment epithelium (RPE) 
transducing vector for many years, the serotypes 
5, 8 and 9 are currently the standard vectors to the 
retina [8]. More recently, capsid modifications 
and directed evolution of the capsid have been 
employed to even further optimize cell tropism in 
the retina [9]. AAV serotype 4 is the only vector 
that exclusively targets the RPE and represents 
therefore an interesting vector for RPE based 
gene therapy [10].

Though AAVs are promising vehicles for the 
transfer of genes into the RPE, one main dis-
advantage is their maximum cargo capacity of 
4.7 kB, which is not sufficient to carry cDNAs 
of many genes with mutations leading to retinal 
dystrophies or the genetic information for some 
of the genome modifying nucleases. This may 
be less problematic for target genes in the RPE, 
such as RPE65, MERTK or Rep1, but is an issue 
in genome editing approaches aiming at transfer-
ring CRISPR-Cas and template DNA in one vec-
tor, or in gene therapeutic approaches targeting 
genes in photoreceptors [2].

The most widely used CRISPR-Cas vari-
ant was discovered in Streptococcus pyogenese 
(SpCas9) and has a coding sequence size of about 
4.2 kB, making it almost too large to be packed 
as an expression cassette into one AAV together 
with the necessary guide RNAs, not to speak 
about the template DNA. To overcome this issue, 
the CRISPR-Cas system discovered from staphy-

lococcus aureus (SaCas9) has been developed as 
genome editing tool, because the size is smaller 
at about 3.2 kB. Nevertheless, a template DNA 
also does not fit into a vector together with the 
latter CRISPR system [11, 12].

The problem is currently solved by separation 
of CRISPR-Cas and guide RNA into one AAV 
and the template DNA into a second AAV, which 
would enable genome editing based on HDR in 
target cells.

Altogether, AAVs are promising vehicles 
also for genome editing despite their low cargo 
capacity. They show no immune response when 
injected in the subretinal space and are able to 
express genes in non-dividing cells like the RPE.

 Lentivirus-Based Vectors

Lentiviruses are retroviruses with an ssRNA 
genome that is integrated into the DNA of target 
cells. Because of this random integration, LVs are 
not as safe as non-integrating vehicles, but able 
to express transgenes for a very long time, espe-
cially in constantly dividing cell populations. To 
overcome the random integration issue, an inte-
grase deficient lentiviral vector (IDLV) has been 
developed [13].

The original capsid structure of LVs only 
allows minor RPE transduction activity follow-
ing a subretinal injection. In addition, vector 
purification is limited in the absence of modi-
fication to the envelope structure. Interestingly, 
if the envelope structure is changed by incor-
porating foreign proteins (ie. pseudotyping of 
the envelope) such as protein from the vascular 
stomatitis virus (VSV-G  =  vesicular stomatitis 
virus glycoprotein), the vector can be purified 
much better, and the cellular tropism changes 
enable a strong transgene expression in RPE 
cells [14]. Alternatively, envelope pseudotyping 
with other proteins also enables strong RPE tro-
pism [15].

One big advantage in contrast to AAVs is that 
LVs can carry large transgenes up to 8 kb [16] 
(Fig. 15.1a), which may allow to transfer cDNAs 
of larger target genes or endonucleases and tem-
plate DNA together in one vector.
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 Adenovirus Based Vectors

Adenovirus is a large double stranded DNA par-
vovirus. The size is about 100 nm and therefore 
about 5 times larger than the AAV, which excludes 
nuclear entry through the nuclear pores (size of 
20 nm) [17]. The capsid is made of hexon pro-
teins and penton base proteins with spikes. There 
are more than 50 serotypes known that usually 
cause upper airway infections in humans. The 
genomic structure is more complex than the AAV 
genome and consists of early (E) and late (L) 
genes with respect to their activity in the repro-
ductive cycle. While the first-generation adeno-
virus vectors were manufactured by replacing 
small parts of the complex genome, thus leaving 
lots of viral genes intact, third generation, helper 
dependent (HD-Ad) vectors have a packaging 
capacity of more than 30 kB (Fig. 15.1a), which 
renders them useful for the transfer of large genes 
or complex genome editing approaches including 
larger template DNAs [18].

Ad vectors transduce non-dividing cells and 
the transferred DNA remains episomal, which 
results only in a transient expression of the 
transgene of no longer then 3–6  months [19]. 
Following subretinal injection, Ad serotype 5 
(Ad5) has a strong cellular tropism for RPE 
cells and was used initially in gene therapeutic 
applications to the RPE.  In addition, the sero-
types Ad28 and 35 enable transgene expression 
predominantly in the RPE following subretinal 
injection [19]. Other serotypes, in particular in 
combination with changes to the penton base 
proteins, can change this tropism towards other 
cells in the retina [15, 20].

 Nanoparticles

Nanoparticles (NPs) are made of DNA mole-
cules bound to several different structures such 
as polymers, liposomes, peptides or complex 
chemical compounds that are taken up by RPE 
cells either by phagocytosis or endocytosis and 
are transported directly into the nucleus [6]. A 
big advantage of nanoparticles is their capacity 
to carry up to 14 kB when used as vehicle in the 

eye [21]. Peptides for ocular delivery (POD) can 
enter RPE and PR cells in vivo after subretinal 
injection.

In direct comparison to AAVs, NPs, which 
are composed of polyethylene glycol-substitutes 
polylysine (CK30PEG) showed levels of trans-
gene expression in vivo in mouse retina and RPE 
that were similar to AAVs, albeit with a lower 
efficiency per vector genome [21]. Nanoparticles 
are able to transduce dividing and non-dividing 
cells due to their transport mechanism [22], the 
transferred genes remain episomal and show no 
toxicity in PR and RPE cells. These studies dem-
onstrate the big advantage of NPs in comparison 
to AAVs, regarding the size of the gene trans-
ferred. Because NPs remain episomal, long term 
transgene expression is limited to few weeks. 
Recent discoveries of DNA sequences that 
increase stability of episomal DNA sequences 
in the nucleus have increased the longevity of 
transgene expression but it is still not compa-
rable to virus vector mediated transgene expres-
sion duration [23]. Since this issue represents 
the major obstacle for gene addition therapy, in 
which long term transgene expression is crucial, 
NP based gene therapeutic approaches have not 
yet reached clinical stage. However, in genome 
editing approaches, in which a temporal burst of 
transgene expression is preferred, NPs may rep-
resent the vector of choice in the future.

Taken together, nanoparticles represent a 
promising technology to transfer genes into the 
RPE, but the temporarily limited nature of the 
transgene expression prevents its use for some 
therapeutic approaches.

 Ubiquitous Versus Cell-Type Specific 
Promoter

Since it remains difficult to target the RPE without 
touching also photoreceptor cells, in view of safety 
concerns it may be necessary to limit transgene 
expression to photoreceptors by specific features 
included in the expression cassette (Fig.  15.1b). 
For example, the promoter driving transgene 
expression can be designed as a cell type specific 
promoter, thus being only active in the target cell 
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and not in any other cell transduced by the vector. 
For RPE cells, the most abundant promoters used 
in gene therapeutic studies are the VMD2 pro-
moter (corresponding to the 5′ upstream region of 
the bestrophin 1 gene) and the RPE65 promoter. In 
contrast, ubiquitous promoters driving strong trans-
gene expression in the retina and RPE cells include 
the cytomegalovirus early enhancer and promoter 
(CMV), the chicken beta actin (CBA) promoter, or 
the elongation factor 1 alpha short promoter (EFS).

While cell type specific promoters would 
be the better choice with regard to specificity 
of transgene expression, concerns remain with 
regard to potential silencing of transgene expres-
sion over time due to other regulatory sequences 
included in mammalian 5′ upstream regions of 
genes. However, current observations of declin-
ing treatment benefits over time in clinical tri-
als for RPE65 deficiency in humans employing 
the CMV promoter may also be associated with 
silencing of the transgene expression cassette, 
further highlighting this issue in the future design 
of such therapeutic approaches [24].

 Gene Therapy for RPE Based 
Inherited Retinal Diseases

The very active field of retinal gene addition ther-
apy for RPE based IRDs has advanced the most 
with several clinical trials ongoing for RPE65 and 
MERTK deficiency (associated with mutations in 
RPE65 or MERTK), and choroideremia associ-

ated with mutations in REP1 [25] (Fig.  15.2). 
Very advanced at the preclinical level are studies 
aiming at restoring bestrophin 1 expression in the 
RPE in patients affected with different forms of 
bestrophinopathies [26]. Furthermore, gene ther-
apeutic applications have been reported for muta-
tions in the LRAT gene and two albinism genes 
i.e. ocular albinism (OA) 1 gene (now called 
GPR143) and the tyrosinase gene causing ocu-
locutaneous albinism (OCA) type 1 [27–29]. In 
this chapter, the focus lies on disease entities, for 
which the gene therapeutic approaches have been 
advanced to clinical stage (RPE65, MERTK, 
choroideremia) or that are just about to enter this 
stage (bestrophinopathies).

In the last part of the chapter, very recent stud-
ies aiming at correcting the genome for MERTK 
deficiency will also be described.

 RPE65 Deficiency

RPE65 encodes for the RPE specific 65 kD pro-
tein that has been identified as the isomerohy-
drolase in the visual cycle, which restores the 
rhodopsin ligand 11-cis retinal [30]. Lack of 
RPE65 function results in the absence of 11-cis 
retinal in rod photoreceptors and thus, complete 
absence of rod function due to a non-functional 
phototransduction cascade. Cones seem to have 
an alternative source for 11-cis retinal, which 
leads mostly to some preserved cone function at 
least early in the disease course [31].

allele 1

allele 1

allele 2

P cDNA pA

both alleles
mutated

no functional protein
is produced

functional cDNA
copy of mutant

gene

functional
protein

allele 2

Fig. 15.2 Overview of the gene addition/supplementa-
tion therapy approach currently used in RPE based gene 
therapy. The figure describes the classic gene addition 
strategy, as it is used in all the current clinical trials. In 
case of autosomal recessive inheritance, both alleles con-
tain disease causing mutations, which lead to absence of 
the protein or presence of a non-functional protein. By 

transfer of an expression cassette containing the correct 
cDNA of the mutated gene under the control of a pro-
moter (P) and a polyadenylation signal (pA) into the cell 
using appropriate vector systems, the functional protein 
can be produced, thus being the basis for potential recov-
ery of function of the cell
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Mutations in both alleles of RPE65 are asso-
ciated with a spectrum of autosomal recessive 
retinal dystrophies ranging from Leber con-
genital amaurosis (LCA) type 2, a very early 
onset severe retinal dystrophy, to early onset 
retinal dystrophies (EOSRD, EORD, SEORD) 
and juvenile retinitis pigmentosa (RP) [32, 33]. 
Clinical signs include severe (LCA) to moderate 
(EOSRD, EORD; SEORD) impairment of visual 
function from birth or with onset in the first 
months of life, or with onset during the first years 
of life (ar RP) [34]. The most prominent clini-
cal sign in the majority of patients is profound 
to absolute night blindness evident from very 
severe visual handicap at reduced light levels. 
Nystagmus may be absent, and pupillary reac-
tion to light almost normal, thus differentiating 
LCA2 from other forms of LCA that are often 
associated with sluggish to absent pupillary light 
reflex and a characteristic oculodigital sign. The 
hallmark sign of RPE65 deficiency is severely 
reduced or absent fundus autofluorescence (FAF) 
despite preserved RPE, which is related to the 
level of residual activity of the isomerohydrolase 
in the RPE [35]. Lack of RPE65 activity blocks 
the generation of lipofuscin accumulation in the 
RPE [36]. At later stages, the absence of FAF 
may also be caused by atrophic RPE. The range 
of RPE65 specific  phenotypes can be explained 
by the usually better cone function early in life 
that ultimately deteriorates leading to complete 
blindness in many patients from the third decade 
of life on. The funduscopic aspect early on may 
be normal and the cone electroretinogram (ERG) 
recordable yet reduced early on. The subsequent 
deterioration may be explained by the progres-
sive RPE changes related to increased accumula-
tion of retinyl esters in the RPE cells.

Since the RPE65 protein exerts its function 
in the RPE, a treatment by gene therapeutic 
approaches needs to target the RPE, yet the func-
tional improvement is measured at the level of the 
retina and visual cortex. A variety of animal mod-
els have been employed to develop gene addition 
therapy, and especially the very promising data 
generated in the naturally occurring dog model 
[37–39] generated high expectancies for subse-
quent clinical trials that were started in 2007 [40–

42]. To date, clinical data for over 50 patients with 
RPE65 deficiency demonstrate that improvement 
in light sensitivity i.e. better performance at 
lower light levels is the most consistent treatment 
effect, indicating that rods benefit well from the 
treatment [43–45] (Table  15.1). However, lack 
of statistically significant improvement in visual 
acuity suggests that cone photoreceptors do not 
profit from the treatment in a similar fashion. 
Recently reported observations would indicate 
additional restrictions as to treatment effect: (1) 
decline of visual function at 3–5 years after initial 
improvement [24, 46], accompanied (2) by con-
tinued thinning of the photoreceptor layer, which 
likely indicates that the degeneration process of 
the neurons itself was not halted upon improve-
ment of function [47].

For the treatment of RPE65 deficiency, a 
medication based on AAV vectors expressing 
the human RPE65 cDNA under the control of a 
viral promoter is about to reach approval by the 
FDA and EMA, as a consequence of the treat-
ment success despite the above-mentioned limi-
tations [48].

 Choroideremia

Choroideremia is caused by mutations in the 
REP1 gene, which encodes the rab escort protein 
(Rep) 1. This protein is involved in the intracel-
lular trafficking process by facilitating the pre-
nylation of Rab proteins and escorting them to 
their final destination within the cell. While this 
protein is expressed in all cells of the body, loss 
of Rep1 function leads to degeneration of the 
choroid, RPE and photoreceptors, starting in 
the periphery with centripetal progression, thus 
leaving the central retina relatively unaffected 
until the third to fourth decade or even later [49]. 
This is related to the presence of a second pro-
tein, called Rep2, which can take over the func-
tion of Rep1 in all other tissues except retina and 
RPE. Gene addition in this disease entity aims at 
restoring Rep1 function to the remaining RPE 
cells and photoreceptors, thus slowing down of 
the progression of the disease rather than improv-
ing any function per se.
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Preclinical data in choroideremia mice and 
human cells ex  vivo employing lentivirus or 
AAV2 vectors carrying the human CHM cDNA 
were promising in restoring functional protein 
levels in RPE cells [50, 51]. These data led to 
the start of a clinical trial in six patients, dem-
onstrating the safety of the approach [52]. An 
important aspect in this trial was to evaluate the 
functional consequences of the temporal detach-
ment of the macular retina from the RPE fol-
lowing the injection. The authors concluded that 
the observed improvement in visual function in 
some of the patients and absence of functional 
loss in the remaining outweigh the risks asso-
ciated with the treatment. Functional improve-
ment gained in some patients was subsequently 
reported to be stable for at least 3.5 years, i.e. 
the duration of this single centre study as pub-
lished recently [53].

Currently, several clinical trials are ongoing at 
other sites around the world, including the US, 
France, and Germany, but no data have been pub-
lished so far (Table 15.1).

 MERTK Deficiency

The receptor mer tyrosine kinase (MERTK), 
which is activated by a multiprotein complex 
in the presence of discs from the photoreceptor 
outer segments, recognizes and starts subsequent 
inclusion of the discs by the RPE membrane for 
further processing and degradation. When bial-
lelic mutations in the MERTK gene abolish its 
function, this inclusion of the discs by the RPE 
membrane does not take place, leading to accu-
mulation of debris in the subretinal space, and 
thus to a loss of the close connection and interac-
tion of these two cell types. The clinical pheno-
type is that of LCA or EOSRD [54].

The Royal College of Surgeons (RCS) rat, 
in which phagocytosis of photoreceptor outer 
segments by RPE cells is impaired due to bial-
lelic mutations in the mertk gene [55] was used 
to study the effects of gene addition employing 
AAV, lentivirus or adenovirus based vectors, 
resulting in a reduction of debris formation and 

increased photoreceptor function, even though 
the duration of therapeutic effects was only tran-
sient [56–58].

Improved AAV vectors containing the human 
MERTK cDNA under the control of the RPE spe-
cific VMD2 promotor showed improved results 
more recently [59, 60]. A clinical trial was con-
ducted subsequently with six patients that dem-
onstrated the safety of the approach (subretinal 
injection of AAV vectors) [61]. The patients had 
visual acuity between 20/50 and 20/3200 before 
treatment and they received between 1 and 3 
injections into the macular area without touch-
ing the fovea. Three of the patients reported 
slight improvement in visual function, which 
declined subsequently leading to the observation 
that only one patient hat improved vision at the 
2-year post treatment time point. Because of poor 
fixation and other problems, it was not possible 
to obtain high definition OCT scans and there-
fore, reduction of debris or changes of the RPE-
photoreceptor interface could not be examined.

 Bestrophinopathies

The BEST-1 gene is expressed in the RPE and 
its gene product, bestrophin 1, is involved in the 
transport of chlorid ions and the calcium homeo-
stasis within the cells. Loss of function of bestro-
phin 1 is associated with reduced absorption of 
fluids from the subretinal space and phagocytosis 
of photoreceptor outer segments. Mutations in the 
BEST-1 gene cause either autosomal recessive 
bestrophinopathy (ARB), autosomal dominant 
Best vitelliform macular dystrophy (BVMD), 
or autosomal dominant vitreoretinochoriopa-
thy (VCRP). Depending on the type of disease, 
clinical features include the presence of circular 
changes within the macular zone that consist of 
fluid deposits in a yolk like manner (BVMD), 
which may lead to increasingly affected cen-
tral visual acuity. In ARB, patients usually do 
not have only central visual deficits but rather 
develop paramacular and peripheral yellowish 
lesions correlating with increased fundus auto-
fluorescence at the lesion site [62, 63].
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A canine animal model for bestrophin 1 defi-
ciency associated with naturally occurring bial-
lelic mutations develops a retinal disease called 
canine multifocal retinopathy (CMR), in which 
multiple circular lesions are visible throughout 
the retina that are reminiscent of the clinical fea-
tures observed in human patients [64, 65]. The 
canine model has been extensively used to study 
pathogenic mechanisms leading to the typical 
clinical features in humans, such as the impaired 
cone associated microvillar ensheathment due to 
biochemical and structural abnormalities at the 
RPE-photoreceptor interface [65]. In order to 
develop a gene therapeutic approach using AAV 
vectors to transfer the canine Best1 cDNA under 
the control of the human VMD2 promoter into 
affected dogs, the promoter and different sero-
types of AAV were tested for optimal transgene 
expression in wildtype dogs and cmr carrier ani-
mals [26]. Strong and specific overexpression of 
bestrophin 1 was observed up to 6 months in ani-
mals treated with the AAV serotype 2, which is a 
promising first step towards the translation of the 
results to the clinical level.

 Genome Editing for MERTK 
Deficiency

The recent advent of genome editing as therapeu-
tic strategy has opened the field to entirely new 
concepts on how to treat inherited retinal dystro-
phies (Fig. 15.3). While still at a very early stage 
in the development, animal models for IRD are 
currently used to prove in vitro data or to demon-
strate the general feasibility of such an approach, 
rather than being actual preclinical data meant to 
be translated to the clinic in short time.

One new approach in genome editing, which 
was shown to be effective in the RPE in  vivo, 
is the use of NHEJ to introduce missing DNA 
sequences in disorders that originate from large 
deletions [66]. Among other model systems, the 
authors used the RCS rat, in which the pathol-
ogy is caused by a 1.2 kB deletion in the MERTK 
gene region including parts of exon 2, and showed 
partial restoration of full length MERTK expres-
sion after genome editing at this locus. Two 
AAV vectors were subretinally injected express-
ing CRISPR-Cas9 and two guide RNAs plus the  

a.r.
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b

allele 1 allele 1 (corrected)

allele 1 (reading frame destroyed)

both alleles
mutated

one allele
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toxic protein
product

cDNA of nuclease
+ guide RNA
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cDNA of nuclease
+ guide RNA

NHEJ

HDR, MMEJ
(HITI)
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protein product
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protein
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allele 2
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Fig. 15.3 Overview of genome editing approaches. (a) 
In case of inherited disorders with two (autosomal reces-
sive, a.r.) mutated alleles, the transfer of endonucleases, 
such as CRISPR-Cas, together with the guide RNA and a 
template DNA, into the nucleus generates double strand 
breaks (DSB), which are repaired by either homology 
directed repair (HDR) or microhomology mediated end- 
joining (MMEJ). Homology independent targeted integra-
tion (HITI) of a large DNA sequence was also recently 
shown. Correction of at least one allele results in the res-
toration of the correct reading frame and production of the 

functional protein. (b) In case of autosomal dominant 
(a.d.) disorders with the disease causing mutation (red 
line) being present only on one allele, therapeutic genome 
editing is performed by targeted knock-out of the mutant 
allele. Here, the CRISPR-Cas protein together with the 
guide RNA but without a template are transferred to the 
cell and cause a DSB at the target site (green line), which 
will be repaired by non-homologous end-joining (NHEJ), 
leading to the destruction of the reading frame and thus to 
the permanent knock-out of the target allele and subse-
quent absence of the target protein within the cell
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missing DNA sequence of the MERTK gene. 
The two guide RNAs cut before and after the 
target site, enabling the cells repair machinery 
to introduce the missing DNA by NHEJ into the 
locus. Since this approach functions without large 
homologous sequences on both sites of the tem-
plate DNA, the technique was called homology 
independent targeted integration (HITI). While 
these experiments represent very interesting data 
about the capacity of the RPE to repair the genome 
following the induction of DSBs, the approach is 
rather not suitable to be used in human patients 
because the integration at the site is associated 
with alterations to the genome, which cannot be 
controlled thus far. In addition, off target toxicity 
at other sites in the genome cannot be ruled out 
and more research is needed in order to make this 
approach ready to go for clinical application.

 Gene Therapy for RPE Based Age 
Related Acquired Retinal Disorders

AMD is an age related, acquired retinal disor-
der and the leading cause of blindness in the 
elderly population worldwide. It can be divided 
into an early phase, in which the chronic activa-
tion of the complement system together with a 
plethora of other factors lead to changes at the 
RPE-Bruch’s Membrane (RPE-BM), leading 
to the deposit of inflammatory metabolites and 
lipids in drusen at the Bruch’s membrane sur-
face, as well as the atrophy of RPE cells [67, 
68]. Geographic RPE atrophy formation leads to 
subsequent photoreceptor death and blindness. 
Thickening of the BM and other factors may 
lead to the rupture of the RPE-BM complex and 
the subsequent growth of choroidal vessels into 
the subretinal space, a mechanism termed cho-
roidal neovascularization. This stage of disease 
is called wet AMD [69].

The two major targets that have been identi-
fied for gene therapeutic interventions in AMD 
are (1) factors involved in complement activa-
tion at an earlier stage of the disease, and (2) the 
major factor for pathologic neovascularisation in 
the eye in the late form of the disease, the vascu-
lar endothelial growth factor (VEGF).

However, not all published strategies target 
specifically the RPE, but also other cells within 
the retina and the eye, making the RPE associ-
ated changes following the gene transfer difficult 
to assess. Consequently, in the following chapter, 
the focus is given to those strategies, which have 
been explicitly associated with RPE cells.

 Targeting the Complement System

During the early stage of AMD progression, 
chronic activation of the complement system has 
been associated with changes to the RPE-BM 
complex. In particular, the observation that 
polymorphisms in factor H are associated with 
increased risk for AMD triggered very active 
research in this field, finally demonstrating 
that reduced factor H activity is involved in the 
pathogenesis of AMD [70, 71]. Data from recent 
clinical trials employing so-called complement 
therapeutics such as lampalizumab, an antibody 
against complement factor D, another important 
factor in the complement cascade, showed treat-
ment benefits in slowing down geographic atro-
phy formation in patients with dry AMD [72].

Complement factor H physiologically inhibits 
formation of complement factor 3b on cell sur-
faces, which is generated continuously through 
the alternative pathway activation. The assump-
tion that restoration of factor H activity following 
vector mediated gene transfer of factor H would 
reduce accumulation of C3b was tested recently 
in a mouse model of dry AMD. The model was 
generated by artificially overexpressing C3  in 
RPE cells by adenovirus vector mediated gene 
transfer [73]. The mouse exhibits some features 
similar to those observed in AMD patients, such 
as increased vascular permeability, endothe-
lial cell proliferation and migration, RPE atro-
phy, and loss of photoreceptor outer segments. 
Co-injection of Adenoviral vectors expressing 
C3 and factor H simultaneously reduced endo-
thelial cell proliferation almost completely and 
reduced RPE atrophy formation by almost 70%.

Although the model is artificial in its origins, 
the idea of overexpressing complement factors in 
the RPE in order to attenuate chronic  complement 
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system activation at the RPE-Bruch’s Membrane 
complex seems to be an approach that may likely 
advance further.

 Targeting VEGF

VEGF is expressed, among other cells in the 
retina, predominantly in the RPE. The RPE–BM 
complex has a barrier function to keep vessels 
out of the photoreceptor layer in the retina. If this 
complex is altered due to chronic insults during 
the disease progression to the neovascular form 
of AMD, vessel growth from the choroidea into 
the retina is possible [74]. This vessel outgrowth 
into the retina is stimulated by increased VEGF 
expression due to hypoxic stimuli, which leads to 
activity changes of endothelial cells and subse-
quently to the formation of new and error prone 
vessels. The idea of inhibiting this pathomecha-
nism by blocking the activity of VEGF on the 
endothelial VEGF receptor through the adminis-
tration of anti-VEGF molecules to the retina has 
shown tremendous success over the past 10 years, 
further corroborating the importance of this fac-
tor for the development of the disease [69].

However, important reasons exist that contra-
dict the idea of repeated injections of anti-VEGF 
molecules, for example the association with 
increased progression of geographic atrophy 
[75], which led to the conclusion that alternative 
approaches are needed to treat these disorders.

One idea would be to knock-out the VEGF 
allele in RPE cells by use of genome editing in a 
way to promote NHEJ, which causes indel forma-
tion at the target site, thus disrupting the coding 
sequence and destroying the reading frame. This 
approach was tested recently by using an AAV 
vector expressing CRISPR-Cas9 and guide RNAs 
targeting the VEGF and the Hif1a locus, the latter 
being an important activator of VEGF expression 
under hypoxic conditions [76]. As mentioned 
before, many in  vivo experiments for genome 
editing are proofs of principle rather than defini-
tive treatment approaches, and this is a similar 
case, although the strategy is appealing. Instead 
of using SpCas9 or SaCas9 to introduce the DSB, 
the group used in this study a newly established 

form from Campylobacter jejuni (CjCas9). The 
advantage of this Cas protein is the compara-
tively small size with 2.9 kB, thus enabling the 
additional inclusion of small template DNAs 
into one AAV vector. Since a knockout of a tar-
get gene is the chosen strategy, no template DNA 
is necessary and all parts of the system can be 
transferred with one AAV. The group injected an 
AAV carrying the CjCas9 under the control of the 
EFS promoter that allows transgene expression 
in the RPE and retinal cells. Consequently, indel 
formation as a result of NHEJ at the target site 
was found at a frequency of 20–60% in retinal 
cells and 14–30% in RPE cells, associated with 
a decreased VEGF level in the cell lysate. When 
applied to a mouse model for laser induced cho-
roidal neovascularization, mimicking the main 
pathologic feature in wet AMD, genome editing 
at the VEGF locus led to decreased lesion sizes 
by up to 30%.

However, whether a treatment approach based 
on the targeted destruction of the VEGF locus in 
RPE cells will ever become a realistic treatment 
approach in human patients with AMD or other 
neovascular disorders remains questionable.

 Conclusions and Further Outlook

Gene therapeutic approaches targeting the RPE 
are promising therapeutic strategies for a variety 
of different disorders. The gene transfer itself is 
currently the most advanced by using viral vec-
tors and the subretinal route of delivery. Clinical 
trials are ongoing by means of gene addition 
therapy for some IRDs and in preparation for 
others. Genome editing is a tool that needs fur-
ther characterization in terms of safety and effi-
cacy, but the proof of principle that it can work 
in the RPE has been shown. Gene therapeutic 
approaches for dry and wet AMD are still in its 
infancy but due to the ever-increasing need for 
alternatives to repeated intraocular protein injec-
tions, the chances are high that these strategies 
will advance to the clinic.

Since the different therapeutic approaches 
are at different levels of realization, the current 
questions are manifold. Concerning the clinical 
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trials for gene addition therapy, questions to be 
solved include the development of highly sen-
sitive and quantifiable methods to describe the 
therapeutic benefit, which very likely is difficult 
in each disease treated. Also, optimization of the 
vector is still an important question, since silenc-
ing of transgene expression may be the cause 
of decreased functional benefit in treated areas 
more than 3 years after the treatment in patients 
enrolled in the RPE65 trials.

Concerning genome editing as treatment 
approach, the complex situation of the DNA 
repair machinery in post-mitotic cells is almost 
unknown, and in particular in photoreceptors and 
RPE cells, nothing is known about the regulatory 
aspects in the decision making of which pathway 
will repair the DSB. Until the NHEJ pathway can 
be controlled or indel formation and off target 
toxicity can be avoided, this approach is too risky 
to be used as a treatment approach. Expectations 
are high for genome editing, particularly with the 
advent of the CRISPR-Cas technology, but the 
experiences made in the past with gene therapeu-
tic approaches advancing way too fast into the 
clinic, leading to fatal events and severe compli-
cations should be a strong reminder.

The idea of producing factors in the eye 
that interfere with the pathogenic pathways in 
acquired disorders rather than injecting them 
repeatedly into the vitreous is appealing but needs 
to be investigated more in detail. Adjustable sys-
tems exist that would allow for the external con-
trol of transgene expression, allowing to shift 
expression of these proteins into a therapeutic 
window.

The future is bright for gene therapeutic appli-
cations to the RPE and with the necessary caution 
and intensive further work several new treatment 
strategies will likely hit clinical stage, lowering 
the burden for many patients with diseases of the 
retina.
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RPE and Laser

Claus von der Burchard and Johann Roider

 Introduction

“Laser” is an acronym for “light amplification by 
stimulated emission of radiation”. A laser device 
creates a light beam that is distinctly different to 
other light sources by these characteristics:

 1. It usually has a very condensed wavelength 
spectrum, i.e. the beam is (almost) 
monochromatic

 2. The beam is highly collimated, i.e. the beam 
only diverges very little

 3. The beam usually has a very long coherence 
length

These physical properties make lasers an ideal 
tool for delivering light and thereby energy to 
the eye and especially to the retina. Because of 
the minimal beam divergence, it can be admin-
istered with high precision both in the lab and in 
eyes. However, to understand the effect of laser 
application to the retina in general and the retinal 
pigment epithelium (RPE) in special, it is vital 
to gain an insight into the physics of laser-tissue 
interaction.

 Physics of Laser-Tissue Interaction

 Photothermal Effect

The most important principle in laser-RPE inter-
action is the photothermal effect. This effect pre-
vails mainly when significant laser light is applied 
for a relatively long period of exposure time, 
e.g. longer than several milliseconds, typically 
between 50 and 1000 ms (milliseconds = 10−3 s). 
An additional prerequisite is a chromophore, 
a light-absorbing structure. The chromophore 
absorbs photons of a specific wavelength and 
transforms laser energy into heat. Usually, wave-
lengths in the visible and near infrared spectrum 
of light, i.e. about 400–1400 nm, are being used 
for creating a photothermal effect in the posterior 
part of the eye. Other, especially shorter wave-
lengths do not play a role in the posterior part 
of the eye because they cannot penetrate onto 
the retina due to water absorption mainly in the 
cornea.

The by far most important chromophore in the 
RPE is melanin (Fig. 16.1), which absorbs light 
throughout the whole visible spectrum of light 
and near-infrared (with an extinction coefficient 
decreasing with higher wavelengths). Melanin is 
densely stacked in melanin granulas, which can 
be found at the apical side of the RPE cells. It can 
also be found in the choroid, but overall in lower 
quantities, less densely stacked, and inhomoge-
neously distributed. Because of the high overall 
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amount of melanin and its high absorption coef-
ficient, the light absorption of melanin surpasses 
any other chromophores in the visible spectrum. 
When considering not only the RPE, but the adja-
cent retina and choroid, one must also consider 
the light absorption of blood. The main absorber 
of blood is hemoglobin, which is higher at lower 
wavelengths compared to melanin. Another 
very localized absorber is xanthophyll, which 
is located in the neural retina only in the foveal 
region (absorption maximum at around 450 nm). 
Since nowadays wavelength longer than 514 nm 
are used for clinically applications, xanthophyll 
does not play a clinical role anymore. With lon-
ger wavelengths, a significant amount of light 
penetrates to the choroid. This leads to additional 
heating of the choroid; however, the temperature 
distribution in the neural retina is similar if expo-
sure times longer than 100  ms are used. Since 
clinical therapeutic effects are mainly retina or 
RPE related, the thermal reactions in the choroid 
are mostly unwanted side effects leading to pain 
for the patient.

While the translation of light energy into 
heat initially takes place very localized at the 
absorbing molecule, the heat will instantly begin 
to dissipate—to neighboring molecules, organ-
elles and cells. This means that even though the 
melanin in the RPE (and melanin in the adjacent 
choroid) is the main photoabsorber, the heat will 

always spread out in three dimensions both to 
the surrounding neuroretina and to the choroid 
and sclera; see Figs.  16.2 and 16.3). The only 
tactic to decrease spatial spread of heat diffusion 
is to increase laser power while decreasing expo-
sure time. However, the window for “thermal 
confinement” is very small: Increase in power 
leads to high peak temperatures and thereby to a 
decrease in therapeutic window. When too high 
powers are used, vaporization can occur and cre-
ate mechanical damage. Moreover, while the dis-
tance of heat diffusion can be slightly reduced, it 
will not vanish completely [2]. This implicates 
that with continuous wave lasers, selective RPE 
treatment is not possible. While this does not 
affect lab models, the concept of heat conduc-
tion is of vital importance in clinical settings: It 
is actively used in various clinical conditions. 
For example, in laser retinopexy, a tight scar for-
mation of the RPE and adjacent neuroretina is 
the desired goal of treatment. At the same time, 
heat conduction is the main hindrance for laser 
treatment in the macular region, where irrevers-
ible damage of the adjacent photoreceptors is 
undesirable.

Heat convection, as could theoretically be 
supposed because of the high blood flow in the 
choriocapillaris, does not play a role in the usual 
photocoagulation of under 1 s. It usually prevails 
with longer exposures of several seconds.

Fig. 16.1 Absorption of retinal chromophores for differ-
ent wavelengths. (From [1])

Fig. 16.2 Spacial profile of temperature increase for dif-
ferent laser wavelengths. (From [1])
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 Photomechanical Effect

The physical principles of photothermal laser- 
tissue interactions do not hold up for shorter 
laser exposure. Photothermal tissue effects can 
be explained by exposure of proteins to a certain 
period of temperature elevation. This relationship 
between exposure time and height of tempera-
ture can be described by the Arrhenius law. With 
shorter pulse durations, this relationship does not 
hold any more. Other effects are responsible for 
tissue effects or tissue destruction. These effects 
usually occur when the exposure time comes to 
the order of the thermal relaxation time of the 
absorbing structure. The thermal relaxation time 
is defined as the time period until a significant 
amount of heat dissipates out of a target structure. 
This time is defined slightly different between 
different authors. For the RPE in total, this time is 
in the range of a few microseconds (μs = 10−6 s), 
for single melanin granula in the range of about 

300–400 nanoseconds (ns  =  10−9  s). When the 
laser exposure is in or below the range of the 
thermal relaxation time, photomechanical effects 
start to appear. Because of relatively high single 
pulse energy and low pulse duration, the tissue 
gets heated to very high temperatures and heat-
ing occurs faster than the heat can dissipate out to 
surrounding organelles. This can lead e.g. to local 
vaporization, a phenomenon often described as 
the formation of microbubbles or generation of 
pressure waves. Microbubbles or pressure waves 
can cause mechanical damage to surround-
ing organelles, and according to many theories 
finally to a disruption of the cell membrane. The 
result of this treatment is cell death.

Because heat dissipation does not play a 
role in this mechanical approach, it allows for 
selective cell destruction. Therefore, lasers 
based on the photomechanical effect can be 
used for selective RPE treatment, as will be 
discussed later.
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 Photochemical Effect

A third major laser-tissue interaction is the pho-
tochemical process, where a long light expo-
sure at a relatively low power does not lead to a 
significant buildup of heat, but rather induces a 
 photochemical reaction in absorbing molecules. 
This mechanism prominently plays a role in 
the cornea (photokeratitis), at the photorecep-
tors (solar retinopathy and photobiomodulation) 
and in the choroid/RPE complex (photodynamic 
therapy). A photochemical effect is defined by 
an inverse relationship between the energy den-
sity of the light (not power density!) and the 
exposure time.

Photodynamic therapy (PDT) is the most 
prominent retinal example within the photo-
chemical lasers. PDT works via a photosensitiz-
ing drug, e.g. verteporfin, and laser illumination 
at 690  nm, which is specifically the absorption 
maximum of the drug. The suspected pathomech-
anism is that the excited photosensitizing drug 
creates reactive oxygen intermediates that cause 
lethal damage to surrounding cells [4]. Dose- 
dependent cytotoxic influence on endothelial 
cells causes vascular thrombosis [5, 6]. Via this 
mechanism, selective destruction of e.g. classic 
choroidal neovascularization was proposed while 
healthy retinal tissue is spared [7]. However, 
these theoretical advantages did only partially 
hold up because of the simultaneous destruction 
of the RPE by repeated treatments.

Researchers are currently investigating a 
concept called photobiomodulation (PBM) for 
retinal application. In PBM, lights of different 
wavelengths (590, 670 and 790  nm) were used 
to stimulate the retina for multiple sessions of a 
few minutes’ duration. The main mechanism of 
actions seems to be a photochemical effect of 
the mitochondrial cytochrome c oxidase (COX) 
[8–10]. By photochemical activation, the enzyme 
activity is claimed to increase and potentially 
shift in function. The main focus of PBM are the 
photoreceptors, but PBM also has been shown 
to affect RPE cells. Reportedly, PBM treatment 
increases phagocytosis and decreases VEGF 
expression [11]. However, extensive research on 
PBM and the RPE is still missing.

 Concepts of RPE Laser Treatment

Clinical laser treatment always consists of a set 
of different variables that can be altered, mainly 
consisting out of wavelength, duration of treat-
ment, continuous-wave or pulsed mode, pulse 
duration, treatment duration, treatment power, 
and spot size on retina. Theoretically, any slight 
modification in any of these variables could cause 
a different laser tissue interaction and a subse-
quent variable biological response. Therefore, 
the sheer number of possible combinations make 
the field of retinal laser treatment confusing at a 
first glance. To understand retinal laser therapy, it 
is therefore important to understand the different 
main concepts into which each distinct combina-
tion can then be categorized into.

 Classic Continuous-Wave Laser 
Photocoagulation

The classic application of laser in retinal tissue is 
tissue destruction by usage of the photothermal 
effect. Because of heat conduction, destructive 
RPE photocoagulation will always involve the 
adjacent choroid and neuroretina. Depending on 
the treatment goal, a different extent of retinal 
photocoagulation is intended.

Apart from deliberately applying intense heat 
for scar formation in retinopexy, the most general 
intention of laser treatment is to induce some sort 
of biological response of the RPE and/or neigh-
boring cells that positively affects an ongoing 
disease. For this purpose, investigations of RPE 
and laser always must consider the surrounding 
neuroretina, Bruch’s membrane and choroid. 
While cell culture experiments can ignore these 
tissues and gain helpful insight into the solitary 
RPE response to physical phenomena, an experi-
mental setup should always respect the viability 
of application in tissue.

 Dosimetry
Spot size and treatment duration vary depending 
on the treatment scheme. Clinically, spot sizes 
between 50 and 500 μm and treatment durations 
of 20–200 ms are most common.
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In order to achieve the intended treatment 
effect with high precision and reproducibility, 
one must be able to reproduce the same tem-
perature for the same time span. It is crucial to 
understand that while laser power and tissue 
temperature are positively related, multiple fac-
tors influence the correlation that can lead to high 
variabilities intra- and interindividually. Light 
absorption by the optical media in front of the 
retina limits the laser power that reaches the ret-
ina. The most important examples include cata-
ract, corneal opacities and vitreous hemorrhage. 
Moreover, retinal pigmentation can vary highly 
between different individuals and in-between the 
same individual. Studies have reported that the 
RPE pigmentation can vary up to factor 3 within 
the same retina [12].

The easiest solution for this problem for the 
ophthalmologist is to perform a live observation 
of the retinal spot during photocoagulation and to 
adjust laser power for the next spots according to 
the visual feedback. Photocoagulation leads to a 
retinal whitening due to changing of the scatter-
ing properties of the neural retina, mostly attrib-
uted to protein denaturation. This effect becomes 
barely visible at a tissue temperature of about 
65 °C [3] and increases in the extent of whitening 
with higher temperatures. Also, at the visibility 
threshold, it takes some time for the whitening to 
set in. This time-span decreases with increasing 
laser power; therefore, the time of whitening for-
mation allows for further precision in dosimetry.

While this technique is quite imprecise, it is 
sufficient for most retinal applications. The most 
prominent examples of this approach are the 
following:

 – In laser retinopexy, the treatment desires to 
induce a strong scar-formation between the 
choroid, the RPE and the neuroretina in order 
to prevent retinal detachment. In order to 
achieve a strong scar, high tissue temperatures 
are required [13, 14], i.e. a solid whitening of 
the retina

 – In panretinal photocoagulation (PRP), treat-
ment rationale is to destroy ischemic neuro-
retinal cells (details will be discussed later). 

Again, a distinct retinal whitening is tar-
geted at as a marker of irreversible tissue 
destruction

 – Some applications directly aim to influence 
vascular structures directly, e.g. ablation of 
retinal microaneurysms in diabetic retinopa-
thy and other diseases

The above-mentioned examples require 
distinctly surpassing the visibility threshold. 
However, it is also important to avoid overpow-
ering. Increasing powers can lead to increasing 
pain for the patient. Moreover, with increasing 
power, spot size will increase due to heat dissipa-
tion, and ultimately, it can lead to a breakdown 
of the Bruch membrane with subsequent hemor-
rhage and possibly formation of choroidal neo-
vascularization. In some animal research models, 
this effect is used to deliberately create choroidal 
neovascularization; however, the validity of these 
models is heavily disputed since these neovas-
cularizations alter significantly from naturally 
occuring neovascularizations such as in age-
related macula degeneration.

In contrast to these above-threshold applica-
tions, other treatment modalities focus rather on 
a biostimulation of the retina than the irrevers-
ible tissue destruction. Because the therapeutic 
range of these modalities lies well-below the 
funduscopic visibility, more advanced dosimetry 
schemes must be used. The most well-established 
procedure is to perform titrating lesions in the 
peripheral retina to determine the individual vis-
ibility threshold and then reduce the power for 
the treatment lesions by a certain factor, often 
0.3–0.5 [15].

However, this approach does not account for 
the intraindividual pigmentation varieties and 
therefore is problematic, especially since it is 
mainly used in the macular region where over-
treatment can lead to severe visual impairment. 
Therefore, smarter and more precise dosimetry 
solutions are researched; these include dosim-
etry by optoacoustical feedback [3], optical 
coherence tomography and others. However, as 
of today, these modalities are not established in 
clinical care.
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 Above-Threshold Laser Treatment
The earliest retinal laser applications were 
destructive in nature. Diabetic Retinopathy is 
caused by microvascular damage to the retinal 
blood perfusion and causes ischemia of the inner 
retinal layers. Similar ischemia of the inner reti-
nal layers can be found in retinal vein occlusion, 
although the mechanism is different: Stasis or 
significant reduction of blood flow leads to insuf-
ficient perfusion of the smaller retinal capillaries. 
In both diseases, hypoxia of the inner retinal layers 
stimulates the production of pro-angiogenic fac-
tors, above all vascular endothelial growth factor 
(VEGF). Secretion of VEGF in the inner retinal 
layers and into the adjacent vitreous causes induc-
tion of proliferation of retinal blood vessels. While 
blood vessel proliferation in hypoxic tissue may 
sound reasonable at a first glance, the unorganized 
blood vessel growth does not relieve the underly-
ing hypoxia, but instead may lead to uncontrolled 
epiretinal membrane formation that additionally 
can cause tractional retinal detachment. Moreover, 
the new blood vessels are often of fragile nature 
and thereby lead to vitreous hemorrhage. The 
idea of laser treatment of ischemic neuroretina 
is therefore the reduction of VEGF production to 
stop blood vessel proliferation. Panretinal laser 
treatment achieves this by a dense treatment of 
the peripheral retina with high laser powers. This 
reduces the amount of VEGF producing cells on 
the one hand, but moreover reduces the number 
of oxygen- dependent cells in total (the idea being 
that scar tissue is less energy-dependent than gan-
glion cells) and thereby leaves more oxygen to the 
residing cells. Studies have shown an increase in 
oxygen partial pressure after retinal photocoagula-
tion [16, 17]. It is also suggested that scar forma-
tion increases oxygen diffusion from the choroid. 
Because the areas treated are already regions suf-
fering from hypoxia and thereby are impaired in 
their function, the sensory defects caused by laser 
treatment are usually not too severe on the patients; 
nonetheless, it must be considered that peripheral 
vision and scotopic vision usually decrease.

 Subthreshold Laser Treatment
The concept of large-scale irreversible cell 
destruction, of course, is problematic for the 
treatment of the macular region and not viable for 

the foveal region. Historically, lethal retinal pho-
tocoagulation played a role in the management of 
diabetic macular edema. In the Early Treatment 
of Diabetic Retinopathy Study (ETDRS), it 
could be shown that photocoagulation of central 
microaneurysms (so-called focal grid treatment) 
could prevent visual acuity loss [18]. However, 
treatment could also decrease color vision and 
induce central scotomas. Moreover, as will be 
discussed below, laser scars can grow over time, 
so that progressive RPE atrophy can reach the 
fovea and thereby cause irreversible loss of cen-
tral vision [19].

The underlying mechanism of macular photo-
coagulation are still not fully understood. Many 
researchers believe that changes in cytokine 
expression are the main underlying principle [20, 
21]. Supporting this theory is the fact that milder, 
less-destructive photocoagulation techniques were 
shown to lead to similar results as full- strength 
coagulation. Because of these findings, the original 
focal grid was clinically replaced by the modified 
ETDRS technique which require less energy [22]. 
Treatment goal is not a full- blown retinal coagula-
tion, but only a mild coagulation that still—at least 
to some extent—affects the photoreceptor layer, 
but less so the above- lying inner retinal structures.

Continuing the thought of reducing damage, 
researchers have long sought to find the best 
cut- off point between being causing as little 
damage as possible and still being effective 
for each disease. This led to a variety of differ-
ent terms and treatment modalities. Therefore, 
there exists no uniform definition of subthresh-
old laser treatment. Usually, direct ophthalmo-
scopic visibility is used as a criterion. However, 
this does not mean that no alterations can be 
found in the photoreceptor and other layers, as 
funduscopy is by far the most crude and one of 
the least sensitive diagnostic tool for photore-
ceptor alteration [23].

The term retinal thermostimulation is usu-
ally defined as a treatment that only heats the 
retina by a few degrees without any ultrastruc-
tural alterations. The idea is to stimulate a bio-
logical response that can positively affect the 
underlying disease. Well-known examples are 
Thermostimulation of the Retina (TS-R) [24] or 
Nondamaging retinal therapy (NRT) [25].
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 Ultrastructural Workup

Histology
Morphologic changes by laser treatment can be 
demonstrated by histology even in lesions that 
are funduscopically invisible [26]. It is notewor-
thy that these morphological changes can affect 
the whole retina. In fact, in low intensity lesions 
around funduscopic threshold, changes of the 
photoreceptor layer can often be seen earlier than 
RPE cell damage. Especially, coagulation of the 
outer segments of the photoreceptors can be found 
directly after coagulation, but also a discrete pyk-
nosis and condensation of the cell nuclei. RPE 
cells, on the other hand, often show no histologi-
cal alterations directly after coagulation, but only 
a small cellular swelling after 1 month [23, 27].

With higher treatment powers, RPE cell dam-
age becomes more pronounced. Even directly after 
photocoagulation, absence of a well- organized 
RPE cell layer can be found. Moreover, within the 
retina, not only photoreceptors, but also the inner 
retinal layers (inner nuclear layer and ganglion cell 
layer) are involved [23]. Histology often shows a 
pronounced retinal swelling after fixation, which 
does not exist in- vivo (see Fig. 16.4).

Within the healing process, glia cells replace 
coagulated tissue. In weak lesions, no strong 
adhesions are formed in-between the retinal 
layers and the RPE, which changes with higher 

treatment powers [13, 14]. This explains the need 
for high treatment powers in retinopexy.

Optical Coherence Tomography
Optical Coherence Tomography (OCT) allows 
in-vivo imaging of lesions and is therefore not 
only much easier to use, but also allows longitu-
dinal insight into lesion development. Therefore, 
it is not surprising that OCT imaging of laser 
lesions is more commonly used to characterize 
laser lesions. However, OCT imaging is differ-
ent to a histologic work up. Therefore, it is even 
more important to understand the differences in 
OCT imaging vs. histology.

Comparative lesion analysis in rabbits has 
demonstrated several key differences in-between 
the methods [23] (see Fig. 16.4). Changes in the 
ellipsoid layer can often be found before fundu-
scopic visibility. When measured, the diameter of 
the lesions appears wider in OCT than in histol-
ogy (about 1.5 times). At the same time, involve-
ment of the inner retinal layers can be visualized 
with less sensitivity than in histology. Especially, 
during healing processes, the inner layers seem 
to normalize in OCT imaging, whereas persistent 
damage can be visualized in histology.

Fluorescence Angiography
In fluorescence angiography, the RPE usually 
blocks the bright signal of the choriocapillaris 

Fig. 16.4 Histology and OCT of an above-threshold 
lesion (from left to right: after 1  hour, 1  week and 
1  month). After 1  hour, disruption of the photoreceptor 
nuclei and outer segments can be shown. In sequence, 

glial tissue remodeling with formation of degenerative 
cysts can be seen. It is noteworthy that the tissue swelling 
seen in histology does not exist in-vivo, as shown in the 
OCT. (From [23])
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because it absorbs both the exciting as well as the 
emitting photons. However, when the tight junc-
tions of the RPE break down due to cell damage, 
fluorescein leakage can be observed, and in case 
of a cell destruction, a window defect results. This 
makes fluorescein angiography a highly sensitive 
means of detecting RPE damage after laser pho-
tocoagulation. Angiography is more sensitive in 
lesion detection; ED-50 threshold was reported 
at between 50 and 90% of funduscopic threshold 
[2, 15].

 Wound Healing
After photocoagulation, the retinal scar is not nec-
essarily inactive, but can change in morphology 
for months to years to come. For intense lesions, 
it is well-known that these lesions can grow over 
multiple years [28]. The exact mechanisms of 
this phenomenon are not well- understood, but 
they must be kept in mind in clinical scenarios, 
especially when performing coagulations close to 
the macula.

In contrast, it has been shown that mild pho-
tocoagulations can behave quite contrarily. In 
rats and rabbits, it was reported that mild lesions 
actually reduce in size over 4 months [26]. The 
theory is that glial cells that accumulate at the 
initial scar formation subsequently shrink in 
size and thereby tear adjacent photoreceptors 
towards the lesion center. Even more astound-
ingly, it could be shown that the migrated pho-
toreceptors can make new connections to local 
inner retinal neurons and thereby restore retinal 
function [29].

 Biological Response
In-vivo experiments have shown that subthresh-
old lesions can affect protein expression. Studies 
confirmed up-regulation of heat shock proteins 
(HSP) even for subthreshold lesions, which are 
thought to assist cell function repair [30]. In two 
mice models for age-related macular degenera-
tion (AMD), it could be shown that subthreshold 
laser application leads to a reduction of the thick-
ness of Bruch’s membrane [24], which could be 
of therapeutic benefit because of better oxygen 

diffusion from the choroid to the photoreceptors. 
The exact molecular mechanisms of the effect 
on Bruch’s membrane are not confirmed yet, but 
HSP expression as well as release of other cell 
mediators such as matrix metalloproteases are 
thought to play a major role.

 Selective RPE Treatment

Deficiencies in RPE function are considered to 
play a key role in many diseases, e.g. in chronic 
serous chorioretinopathy (CSCR), AMD or 
diabetic macular edema (DME). Numerous 
organ culture experiments have shown that 
penetrating RPE lesions lead to RPE regen-
eration by adjacent cells [32]. Selective RPE 
destruction is therefore believed to induce 
RPE rejuvenation and thereby amelioration 
of cell function and ultimately disease status 
(Fig. 16.5).

A selective targeting of the RPE cells can be 
reached by application of the photomechani-
cal effect. The main idea of these treatment 
regimens is the application of repetitive short 
pulses with single pulse duration in the range 
of the thermal relaxation time of the RPE (μs) 
and a relatively high energy density instead of 
a subtle single continuous wave radiation. The 
single pulse energy has to be high enough to 
create a mechanical tissue RPE effect, but it is 
not designed to be lethal to the RPE cell with 
a single shot. Instead, the accumulation of the 
mechanical damage by repeated microbub-
ble formation is designed to be lethal to RPE 
cells. Due to thermal confinement, neighboring 
retinal cells and the Bruch Membrane remain 
unaffected. This allows for selective pigment 
epithelium destruction with a high therapeutic 
window. This treatment modality has been intro-
duced by Roider et al. ([33, 34]) and has been 
used in treatment of CSCR ([35, 36]), DME 
([37]) and other rare clinical pathologies [38].

Selective Retina Therapy (SRT) is using 
pulses in the microsecond range (usually 
1.7 μs), which are theoretically optimized to the 
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RPE and have a broad safety margin. Because 
μs are technically very difficult to generate, 
Retinal Regeneration Therapy (2RT®) has been 
introduced, which uses a single laser pulse of 
3 nanoseconds, which are technically easy to 
generate with a frequency double Nd:YAG 
laser. Both treatment modalities show similar 
effectiveness in the selective destruction of 
RPE cells in organ cultures. However, shorter 
ns pulse durations lead to higher peak tempera-
tures and a decrease of the therapeutic window. 

A recent multicenter study for treatment of 
early AMD has reported multiple occurrences 
of retinal bleedings (7%) after pulsed nano-
second therapy [39] in accordance with the 
theoretical models of heat dissipation in retinal 
tissues. No such findings have been reported for 
pulsed microsecond lasers.

 Dosimetry
As with continuous-wave laser application, varia-
tions in light absorption and scattering in the opti-

a

c

b

Fig. 16.5 (a, b) RPE wound healing in organ culture after SRT treatment (from [31]). (c) Scanning Electron Microscopy 
of RPE 1 day after SRT treatment (Photo by Johann Roider)
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cal media and variations in pigment absorption 
result in the necessity of dosimetry. Lesions in the 
therapeutic range are funduscopically invisible. 
In contrast, because of the breakdown of the RPE 
layer, they demark well in fluorescein angiogra-
phy. Unfortunately, fluorescein angiography can-
not be used for live dosimetry.

However, when over-powered, thermal 
build- up spreads to the adjacent photoreceptors, 
resulting in funduscopically visible damage. 
Titrating lesions in the region of the vascular 
arcade are again the standard method [39–41]. 
Similar to subthreshold laser therapy, the power 
for the treatment lesions is consequently low-
ered by a certain factor, which makes the proce-
dure imprecise.

Newer techniques include optoacoustic feed-
back [42] and reflectometry [43] as well as OCT- 
controlled approaches [44].

 Biological Response
Organ cultures have shown that SRT invokes 
the release of different cell mediators in the 
phase of the pigment epithelium regeneration. 
Studies have found an increase of matrix metal-
loproteases (MMPs) and pigment epithelium 
derived factor (PEDF). This is thought to posi-
tively affect the flux across Bruch’s membrane, 
which plays a key role in AMD pathogenesis 
[31, 45, 46]. Also, it was found that VEGF lev-
els decreased after treatment [31].

 Current Standard Clinical Laser 
Systems

Historically, the first laser system that became 
widely accepted for use in ophthalmology was 
the Argon laser. Argon lasers create a laser 
beam that consists out of multiple wavelengths; 
the strongest of which are at 448 and 514  nm. 
Usually, for uses in ophthalmology, the light is 
filtered so that it consists out of a monochromatic 
light at 514 nm (green).

Argon lasers are energy-inefficient and require 
a gas tube that requires maintenance; therefore, 
by today they are mostly replaced by frequency- 

doubled diode Nd:YAG lasers at 532  nm wave-
length. Because of the relatively close wavelengths, 
no significant differences between the laser 
modalities are to be expected. With the advance 
of the diode technology, other popular laser sys-
tems came to the market. Today additionally laser 
systems with multiple wavelengths (e.g. yellow at 
577 nm) are used and especially for treatment of 
retinopathy of prematurity (ROP) 810  nm diode 
lasers are widely found in clinical practice.
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Retinal Pigment Epithelium Cell 
Culture

Alexa Karina Klettner

 Introduction

Retinal pigment epithelium cells (RPE) have 
been successfully cultivated since the 1920s [1], 
originally using mainly embryonic chicks as a 
source for the cells. Since then, the cultivation 
has been established for many species, following 
respective trends and technical abilities of the 
respective times. Species used include (but are 
not limited to) chicken [1], cat [2], frog (Xenopus 
laevis) [3], mice [4], rats [5], cow [6], monkey 
[7], pig [8], and human [9] (Table 17.1). Every 
model has its advantages and its drawbacks, due 
to inherent characteristics of the specific species, 
availability and handling. The preferred species 
should be chosen according to the investigated 
research question, availability and expertise of 
the specific investigator. The following gives 
a brief (by no means conclusive) overview of 
some of the used model species and its peculari-
ties. The cat, for example, was mainly fashion-
able in the 1980s and is hardly used nowadays 
[2]. An important feature of the cat is the tape-
tum lucidum, a reflective layer beneath the RPE, 
which leads to special adaptations in the RPE, 
e.g., RPE cells overlaying the tapetum lucidum 
do not contain melanin. In addition, the Bruch’s 

membrane under the tapetum area is different 
in its structure and reduced in size [10]. The 
amphibian Xenopus laevis, on the other hand, is 
special in the regard that it is able to generate the 
whole retina, including the RPE [11]. RPE from 
the mouse is difficult in handling due to size and 
yield, however, it bears the possibility to cul-
ture RPE from genetically modified mice [12]. 
Porcine RPE is easily available in high amounts 
from slaughter houses, and its use does not need 
an ethical approval, as it is considered an active 
measure for the reduction of animal experi-
mentation. In addition, porcine eyes are easy to 
handle, as their size correspond well with human 
eyes [13]. In fact, of all non-primate species, the 
pig eye resembles the human eye most closely 
[14] and will be discussed in more detail below. 
The bovine RPE is also easily obtainable from 
slaughter houses. However, cows, like cats, have 
a tapetum lucidum and, as pointed out above, the 
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Table 17.1 Example of species from which RPE cells 
have been established with a corresponding example 
reference

Species Reference (example)
Chicken Smith [1]
Cat Stramm et al. [2]
Frog Defoe and Easterling [3]
Mice Gibbs and Williams [4]
Rats Mayerson et al. [5]
Cow Heller and Jones [6]
Pig Chew et al. [8]
Human Flood et al. [9]
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RPE covering the tapetum lucidum is not pig-
mented. Theoretically, the monkey could be con-
sidered the best of all animal models for human 
RPE, and RPE cell culture have been established 
from these animals [7], however, it is very dif-
ficult to obtain for obvious reasons. Finally, 
human RPE can be considered the best model, 
however, its availability is limited, and will be 
discussed below in more detail.

 Challenges of RPE Cell Culture

The most important issue considering cell cul-
ture is whether the featured cell actually resem-
bles its in-vivo counterpart. The question what 
actually makes up an RPE cell is still debated 
in the literature. While a signature set of 154 
genes has been proposed that are supposed to 
distinguish RPE cells from other cell types [15], 
it has been pointed out that an RPE “standard” 
has be correlated to species and life stage [16]. 
The RPE in situ is a highly differentiated, polar-
ized, pigmented, monolayered epithelial cell that 
is basally situated on a Bruch’s membrane and 
apically in closec connection with photoreceptor 
outer segments. In addition, RPE cells are highly 
“sociable”, being in close connection with their 
neighbor cells, connected via tight junctions and 
creating the outer blood-retinal-barrier; in addi-
tion, they are usually post-mitotic. In this setting, 
they perform their tasks, such as the recycling of 
the visual pigment, phagocytosis of photorecep-
tor outer segments, secrete growth factors, and 
so on [17].

However, it is inherent to cell culture that in 
the course of preparation, all that what is typical 
for an RPE cells is discontinued. An RPE cell to 
be put in culture needs to be dissociated from 
the Bruch’s membrane (and separated from the 
photoreceptor outer segments) and dissociated 
from its neighboring RPE cells, rendering it a 
single- cell without any connections to a sub-
strate, a tissue or other cells. Inherent to RPE 
cell culture is a return to a more dedifferenti-
ated state in order to be able to divide and mul-
tiply. A trans- differentiation to a mesenchymal 
phenotype is usual consequence of singling of 
the RPE [18–20]. Melanin pigmentation is gen-
erally lost during the division [9]. The epithe-
lial state has to be regained in culture, but the 
capability of RPE cells to mature back into it 
has been described to be limited. Indeed, after 
each passage of RPE cells, the power of the RPE 
cells to build up an epithelium is diminished and 
loss of differentiation during passaging can be 
seen [21] (Fig.  17.1). Epithelial-mesenchymal 
transformation is well described in RPE cell 
culture, and cells of early passage (or popula-
tion doublings) are needed to achieve acceptable 
differentiation. The question, however, what 
can be considered an acceptable differentiation 
depends on model system used as well as on the 
research question asked. Generally, differentia-
tion is associated with a pigmented, confluent 
layer of cobble-stone appearance, for barrier 
function expression of tight junction proteins 
and a high transepithelial resistance (TER), 
and, for polarization, an apical expression of the 
Na+/K+ ATPase (Table 17.2).

a b c

Fig. 17.1 Morphology of primary RPE cells (of porcine origin) at (a) passage 0, (b) passage 1, (c) passage 2. 
Cobblestone appearance and pigmentation is lost during the course of passaging. Magnification: ×10
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 Heterogeneity of RPE Cell Culture

To make things even more complicated, RPE 
cultures have been described to be highly hetero-
genic [7, 22–24] (Fig. 17.2a, b). Indeed, despite 
a relatively homogenous appearance, even RPE 
cells in situ have been shown to be heterogenic 
[25]. Topographical heterogeneity depicts the dif-
ferences between RPE in the posterior part of the 
eye (the macula), and the peripheral part of the 
eye. Posterior RPE differs in its growth potential, 
lysosomal activities and ion pump potential [25]. 
Cells in the periphery also have a higher capac-
ity to proliferate compared to the central RPE 
[26]. It has to be kept in mind when working with 
primary cells that peripheral cells can outgrow 
central cells in cell culture [26]. Peripheral and 
central RPE cells also differ in their expression 
of cell cycle proteins and of markers of senes-
cence, with the central protein showing elevation 
of mTOR [26]. Difference can also be found in 
the nuclei. Apart from measurable differences in 
nuclei densities [21], RPE cells can present as 
multi-nuclear cells [27], with multinuclear cells 
found mainly in the perifovea and periphery [28]. 
Also, lipofuscin accumulation shows regional 
differences with the highest concentration found 
in the perifoveal region [29]. Both multi-nucle-

ation and lipofuscin accumulation reflect the 
photoreceptor rod/cone topography, implying 
that RPE heterogeneity at least in these features 
is connected to the different requirements of pho-
toreceptors in these areas. In addition, RPE cell 
size is dependent on location, with foveal RPE 
cells being significantly smaller than those of the 
perifovea or the periphery [29]. In cell culture, 
heterogeneity due to location has to be consid-
ered, as cells in the center of a culture behave 
differently from cells in the periphery, showing 
different migratory behavior and different matu-
ration times. Cells in the periphery may have a 
delayed formation of tight junctions [30].

 Cell Lines

Cell lines are convenient in research, as they have 
a better availability and are usually less hetero-
geneity than primary cells, which are generally 
from genetically divers donors and laborious to 
prepare. An early immortal RPE cell line to be 
introduced into the literature was the rat RPE-J 
line which was created by SV40 infection [31]. 
Expansion of this cell line occurs at the permis-
sive temperature of 33 °C, while differentiation 
can be achieved by culture at 40 °C in the pres-
ence of retinoic acid. The RPE cell line displays 
an epithelial morphology, lacks pigmentation, 
but develops apical microvilli and is capable 
of phagocytosis [31, 32]. The development of 
microvilli can be enhanced by the transfection 
of ezrin [33]. The polarization, however, is not 
fully developed as the Na+/K+-ATPase can be 
detected on all surfaces of the cells. Also, vital 
proteins for the retinoid cycle such as cellu-
lar retinaldehyde- binding protein (CRALBP), 
RPE65, 11-cis- retinol dehydrogenase or leci-
thin retinol acyl transferase (LRAT), cannot be 
detected in RPE-J cells [34].

Spontaneously arising cells lines from cul-
tured human RPE have already been described 
in a pioneering study from the 1970s [35], 
but have not been broadly utilized. An early 
immortal human RPE cell line to be described 
was D407 [36]. A transformed cell line from 
a 12-year old male donor, this cell line has a 

Table 17.2 Differentiation marker for cultured RPE 
cells

Feature Marker
Morphology Pigmentation

Cobble stone appearance
Barrier 
formation

Tight junction proteins (ZO-1, 
occludin, claudins)
Transepithelal resistance

Polarization Microvilli (apical)
Na+/K+ ATPase (apical)
Organelle distribution
Cytokine secretion

Retinoid cycle Expression of RPE65
Expression of 11-cis retinol 
dehydrogenase
Expression lecithin retinol acyl 
transferase
Expression of CRALBP

Phagocytosis Uptake of photoreceptor outer 
segment fragments
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triploid karyotype and submetacentric marker 
chromosome [36]. Unpigmented, it shows 
classical cobblestone morphology and exhibits 
a classical epithelial cytoskeleton, but fails to 
develop a proper polarization or transepithe-
lial resistance [36, 37]. Proteins of the retinoid 
cycle are partially expressed, such as CRALBP 
or RPE65, but not LRAT and are not displaying 
a functional retinoid metabolism [36, 38, 39]. 
Vascular endothelial growth factor (VEGF) 
is secreted by D407 and can be induced by 
hypoxia [37].

Also, other RPE cell lines are described in the 
literature, e. g. from mouse RPE, both spontane-
ously risen [40] or created by transfection with 
papilloma virus [41], or new human cells lines, 
both fetal [42] and neonatal [43].

Even though other cell lines have been 
described and used in RPE research, by far the 
most common used for experimental studies is 
the cell line ARPE-19 (for comparison, D407 
has currently 87 hits in PubMed, RPE-J has 46 
hits and ARPE-19 has 1616 hits). Originally 
described by Dunn and colleagues [44], it was 
established from the retinal pigment epithelium 
of a male, 19-year old donor. The cell line arose 
spontaneously and was selected for an epithelial 
phenotype by selective trypsination. The origi-
nal ARPE-19 cell line was described to express 
the mRNA of several RPE markers (such as 
RPE65 or CRALBP) and to be able to differ-
entiate in a polarized mono-cell layer, even 
though complete polarization was not achieved. 
The karyotype of the cells was described to be 
normal, with a deletion in the long arm of chro-
mosome 8 and an addition in the long arm of 

chromosome 19. The original cell was described 
to be pigmented, even though pigmentation 
declined during passage (Fig. 17.2c). The tran-
sepithelial resistance was described to be low 
compared to primary RPE cells [44]. The cells 
are able to perform phagocytosis of photorecep-
tor outer segments [32].

Early, it could be seen that the properties of 
ARPE-19 cells were not uniform but changed 
during sub-passage and different culture condi-
tions, making comparison of results obtained 
with ARPE-19 cells of different research 
group challenging (e.g. [45]). Later passages 
of ARPE- 19 cells were described to have lost 
their RPE- like morphology, such as cobble-
stone appearance, and to display strong hetero-
geneity in culture [45]. In addition, ARPE-19 
cell cultures have been shown to contain mor-
tal as well as immortal cells, with immortal 
cells comprising as much as 73% of the cells 
of a culture [46]. Also, the karyotype has been 
changing in the course of the sub- cultivation 
that happened since Dunn et al. first described 
the cell line. In addition to translocations, aneu-
ploidies have been detected, e.g. monosomy 
16, trisomy 11 or trisomy 18, which appear 
in heterogenic cell cultures together with cell 
displaying a normal karyotype. Moreover, dif-
ferent changes can be found in different labo-
ratories, further emphazising the heterogeneity 
of sub-cultured ARPE-19 cells [47]. It was 
repeatedly shown that the properties of ARPE-
19 cells are highly dependent on culture con-
ditions of the cells (which holds also true, for 
that matter, for primary RPE cells (e.g. [48])), 
such as medium choice [45], serum concentra-

a b c

Fig. 17.2 Different levels of pigmentation in RPE cells. Passage 0 primary porcine RPE cells with (a) strong and (b) light 
pigmentation. As comparison, a confluent ARPE-19 culture of high passage (c) is shown. Magnification ×10
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tion [49], glucose concentrations [50, 51], or 
substrate offered [52].

The original medium for ARPE-19 culti-
vation was a mixture of DMEM and F12 [44]. 
However, later studies suggested the use of other 
media, such as DMEM without F12 [50] or other 
medium mixtures [45] which may or may not 
include additional supplements for more differ-
entiated ARPE-19 cells.

Concerning the substrate to grow the cells on, 
several have been tested, either resembling native 
extracellular matrix proteins or substrates as pro-
vided by manufacturer’s cell culture ware. In a 
gene analysis comparing the expression profiles 
of RPE cells, a culture of ARPE-19 cells on plas-
tic proved to be most similar to the native RPE, 
suggesting that under these conditions, the cells 
create their own, close-to in vivo basement mem-
brane [52]. However, generally, transwell filters 
are the preferred substrate of ARPE-19 cells as 
they allow cell polarization (see below).

The gene expression patterns of ARPE-19 
cells have been investigated and compared to 
native RPE or sub-cultured primary RPE, dis-
playing significant different expression profiles 
[15, 53, 54]. Especially, genes concerning trans-
porter activities, growth factors, extra-cellular 
matrix remodeling, retinoic acid metabolism, 
tight junction formation and melanogenesis were 
reduced compared to native RPE [15]. Of inter-
est, the gene related to phagocytosis, angiogene-
sis or apoptosis did not show any clear difference 
in their expression compared to sub- cultured 
human RPE cells [53]. Not surprisingly, these 
expression profiles are dependent on culture 
conditions and can be optimize to more closely 
resemble native RPE cells by appropriate cultiva-
tion protocols [52, 54].

Much effort has been made in order to cre-
ate well differentiated ARPE-19 cells, with best 
results being achieved by cultivation of low pas-
sage ARPE-19 cells over an extended period of 
time (2–4 weeks) on transwell filters in low serum 
[37, 50, 54, 55]. Both pyruvate and glucose have 
also been discussed as factors for differentiation 
[50], and other possible factors for differentia-
tion are also found in the literature [56]. Among 
the characteristics displayed by differentiated 

ARPE-19 cells are the expression of RPE65 and 
CRALBP, pigmentation, polarized cell structure, 
apical microvilli, ability to phagocytose photo-
receptor outer segments, assembly of tight junc-
tions, and secretion of VEGF [55]. However, no 
differentiation protocol has managed to achieve 
a high transepithelial resistance, which is char-
acteristic for in vivo RPE [16]. TER of ARPE-19 
cells has been mostly described to reach about 
30–40 Ωcm2 [37, 44, 45, 57], sometimes reaching 
up to about 100 Ωcm2 (e.g. [44, 58]), compared 
to more than 500 Ω/cm2 measured for fetal cul-
tured RPE [37, 57, 59] or 200 Ω/cm2 for native 
fetal RPE [60]. In addition, ARPE-19 cells do not 
express the major human claudin (a tight junction 
protein) claudin-19 [16]. While ARPE-19 mono-
layers have been used for studies in barrier func-
tion (e.g. [58]), ARPE-19 cells, even when well 
differentiated, are generally not recommend for 
barrier studies [55, 57].

 Primary Cells

 Human Fetal RPE Cells

RPE cell cultures obtained from fetal RPE are 
generally considered to be the most functional 
RPE cell cultures and present the phenotype of 
healthy RPE most closely. They are preferably 
used when highly differentiated RPE cells are 
needed, as when investigating barrier function 
[16], retinoid visual cycle [61, 62] or RPE metab-
olism [63]. RPE cells derived from fetal RPE can 
overcome some of the obstacles researchers face 
concerning de-differentiation, loss of pigmenta-
tion or low TER, given that the appropriate cul-
ture conditions are chosen. Several protocols for 
fetal human RPE cultures can be found in the lit-
erature, differing in substrate, gestation week of 
the fetal eyes, medium used, or preparation tech-
niques [48, 59, 61, 64, 65]. For example, gesta-
tion times of the eyes of the fetuses used varied 
between 10 and 16 weeks [66], 16–18 weeks [15], 
17–22 weeks [67] 18–20 weeks [59] or 21 weeks 
[48]. Methods include the use of media with vari-
ous types of supplements, serum-free formula-
tions, calcium-free cell selection,  preparation of 
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isolated RPE sheets, or pigmented spheroids [37, 
48, 66]. Common to all conditions, however, is 
a cultivation on a permeable substrate, allowing 
a polarized differentiation over a time course of 
several weeks.

An (quite literally) obvious characteristic of 
RPE cells is its dark pigmentation, which, unfor-
tunately, is usually lost in cell cultures. Similar 
to other RPE cell cultures, human fetal RPE 
cells lose their pigment during division, but, in 
strong contrast to cell lines or adult RPE, they 
are capable of de novo synthesis of pigment and 
may regain pigmentation after confluence [57, 
59, 65], giving them a classical RPE appearance. 
In addition, the cells exhibit a strong polariza-
tion, as seen in the development of microvilli 
on the apical side and the correct distribution of 
organelles [65]. As a widely accepted marker, 
the Na+/K+-ATPase can be found on the apical 
surface of differentiated human fetal RPE cells 
[48, 65].

More important than appearance is function. 
And indeed, human fetal RPE cells can develop 
highly differentiated barrier function. Generally, 
the barrier function is measured in the culture sys-
tems as assessed by transepithelial resistance. In 
strong contrast to RPE cell lines, which TER usu-
ally does not exceed 40 Ωcm2, human fetal RPE 
cell cultures can develop TER above 400 Ωcm2 
and may reach even 1000 Ωcm2 or more, which 
in fact is exceeding its natural tissue TER [16, 37, 
57, 60]. In addition, the secretion of the growth 
factors VEGF and Pigment epithelium derived 
factor (PEDF) is polarized to the appropriate 
compartments in human fetal RPE cells [37, 57, 
59], in concordance with RPE-choroid explant 
cultures [68]. The results concerning the amount 
of VEGF secreted, however, is conflicting with 
the absolute expression of VEGF in human fetal 
RPE described to be higher [57] or lower [37] 
then in ARPE-19. Similar to what is found for 
cell lines, the differentiation and development of 
the proper barrier (and other) functions is highly 
dependent on the medium used and the culture 
conditions inflicted on the cells [48]. E.g., high 
glucose has been described to be important for 
the development of proper barrier function or the 
expression of RPE65 [48, 65].

The RPE cells are highly important for the 
visual cycle, the recycling of the 11-cis-retinal. 
Human fetal RPE cells have been shown to 
express the proteins needed to fulfil this function, 
such as RPE65, CRALBP, LRAT and are able to 
convert all-trans-retinal into all-trans-retinol [57, 
61]. Indeed, when studying visual cycle related 
topics, the ability of the RPE to secrete 11-cis 
retinal from its apical side has been considered 
vital and not described in any cell line [61].

While the highly differentiated phenotype 
of human fetal RPE cells makes them a highly 
valuable model, it has to be considered, how-
ever, that, in addition to ethical concerns about 
using the tissue of aborted fetuses, they do not 
represent adult RPE.  Adult and fetal RPE dif-
fer in their transcriptome [15] and in their pro-
file of trophic factor secretion [67]. Human fetal 
RPE displayed higher concentrations of VEGF, 
brain derived growth factor (BDNF), PEDF and 
lower concentrations of leukemia inhibitory fac-
tor (LIF), basic fibroblast growth factor (bFGF) 
and nerve growth factor (NGF). This correlates 
with a better ability of fetal RPE cells to support 
retina survival in an experimental system using 
porcine retina [67]. As the functional (and non-
functional) RPE in humans is adult, human fetal 
RPE cells may be “overachieving”, not repre-
senting the in vivo situation of the adult situation. 
This correlates with the life-stage specific defini-
tions of RPE that have been suggested [16].

 Adult RPE Cells

 Adult Human RPE Cells
An obstacle when using adult human RPE cells 
is the prolonged post-mortem time before prepa-
ration can be conducted, especially when com-
pared to animal donors. The plating efficiency of 
the cells (the amount of cells actually attaching 
and dividing) is dependent on the post-mortem 
time, leading to a reduced yield with increased 
time [9]. In addition, increased age of the donor 
is correlated with poor growth characteristics of 
the cells [9, 35]. Nevertheless, adult human RPE 
cells can obtain a highly polarized structure and 
high TER corresponding to in vivo measures [69]. 
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Also, they can display a strong and polarized 
secretion of VEGF, with more VEGF secreted 
basally than apically [70]. However, complete 
polarization is still difficult to achieve, with Na+/
K+-ATPase found both at the apical and basal 
membrane, though a stronger expression can be 
assumed for the apical side [69]. The ability for 
the retinoid cycle is usually lost in adult human 
RPE cells, most likely to enzymatic harvesting 
(trypsination) of the cells [39]. Another problem 
of adult human RPE may be a general dedifferen-
tiation after long term culture, which is not seen 
with fetal human RPE [71].

 Adult Porcine RPE Cells
Obstacles such as postmortem time and age of 
donors can be avoided when using porcine adult 
RPE cells [8, 72, 73]. As outlined above, the por-
cine eye resembles that of a human, though it 
has to be kept in mind that it does not contain a 
macula or fovea. As porcine eyes can be obtained 
from a slaughter house, the post-mortem time can 
be controlled and a great variation in donor age 
avoided. RPE cells obtained from porcine eyes 
resemble RPE cultures of other species, including 
a limited capability of cell divisions and depen-
dence on substrate on which they are grown [73]. 
Also, porcine primary RPE cells display a lim-
ited life time in cell culture [73]. Adult porcine 
RPE cells are capable of phagocytosing photo-
receptor outer segments [74–76] and express the 
visual cycle protein RPE65 [76]. Porcine RPE 
cells can be polarized in culture and are capable 
of co-transporting H+ and lactate over the bar-
rier [77], display a TER of about >200 Ω/cm2 
[68, 76, 78] and show an apical expression of the 
Na+/K+-ATPase when sufficiently cultured [76]. 
In addition, they show a polarized secretion of 
VEGF [68, 79]. Thus, porcine adult RPE cells 
can be considered an alternative to adult human 
RPE cell culture.

 Co-Culture Systems

The major drawback of any cell culture, inde-
pendent of its origin, is the lack of the three- 
dimensional interaction with its surrounding 

cells and tissues. In order to address this, organ 
specific explant cultures can be generated (see 
the appropriate chapter of this book). On the cell 
culture level, three dimensional (3D) cultures or 
so- called retinas-on-a-chip can add complexity 
to the in  vitro-systems. Currently, microfluidic 
organ-on-a-chip systems are developed which are 
supposed to mimic organ-specific characteristics 
on a micro scale, enabling a vasculature-like per-
fusion. In theory, this system combines various 
different cell types in a stable and controllable 
microenvironment, recreating a structure that 
allows a multiplicity of cell-cell and cell-matrix 
interaction in a 3D environment [80]. The devel-
opment of retina-on-a-chip systems for the reti-
nal pigment epithelium is still at the beginning.

The easiest way of 3D culture is the use of 
retinal pigment epithelium cells and endothelial 
cells, separated by a porous membrane, as has 
been done for ARPE-19 and Human Umbilical 
Vein Endothelial Cells (HUVEC) [81, 82]. 
However, these cultures may face difficulties, 
as media components may not be compatible 
between the cell types and cell death and/or over-
growth of one respective cell type by the other 
can be observed. In addition, the differentiation 
of the ARPE-19 cells may be questionable [81]. 
It should be kept in mind that the use of ARPE-19 
cells has its limits as described above. In addition, 
HUVEC cells are macrovascular while choroi-
dal endothelium consists of microvascular cells 
which differ in their properties [83, 84]. Other 
3D systems use cells closer to the in vivo situa-
tion, for example human RPE cells and a monkey 
choroidal endothelial cell line [85]. Using a poly-
caprolactone (PCL)-gelatin electrospun scaf-
fold, both cell types of the co-culture displayed 
densely confluent layers, and phagocytic ability 
as well as cytokine secretion was shown [85]. 
However, a full assessment of differentiation was 
not conducted.

One more complex example of a 3D culture of 
RPE cells describes a microfluidic system using 
a fibrin-matrix, which also consists of fibroblasts, 
to represent choroidal vessels [86]. In this system, 
also ARPE-19 cells as RPE cells and HUVEC 
were used. The ARPE-19 cells formed a stable 
monolayer, while the HUVEC cells  generated a 
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network of vessel-like structures, which could be 
used to investigate angiogenic processes in vitro. 
The RPE cells proved to show stable barrier func-
tions and highly polarized secretion of growth 
factors VEGF and PEDF, however, the secretion 
was mostly detected apically, while generally, 
VEGF is preferable secreted on the basal side 
[68, 70].

A different approach uses parallel compart-
ments which are interconnected by a grid of 
microgrooves, which allows contact between 
the cells, made of a polydimethylsiloxane slab, 
defining the compartments and a glass chip con-
taining the microgrooves. In addition, electrodes 
have been added to the glass chip to evaluate 
the transepithelial resistance [87]. In this sys-
tem, a co- culture of ARPE-19 cells, a primary 
human retinal endothelial cells and the neuro-
blastoma cell line SHSY-5Y was used and dif-
ferentiation was validated using transepithelial 
measurements, expression of tight junction pro-
teins and, in case of SHSY-5Y, neuronal mark-
ers [87]. Taken together, the development of 3D 
interacting system of RPE cells and the under-
lying choroid and the overlying neuronal cells 
is an exciting new path on the development of 
more sophisticated cell cultures which needs to 
be developed further. However, it should be kept 
in mind that these highly sophisticated models 
are not suitable for high throughput or high yield 
experimentation and limited to specific research 
questions, which require this high complexity of 
interaction.

 Conclusion

The cell culture of the retinal pigment epithe-
lium is a widely used model to study the func-
tion of these cells, which has been established 
from many different species to model for many 
different research questions. The most appro-
priate model has to be chosen depending on the 
research question asked. Caution is advised when 
using cell lines and it is recommended to verify 
the differentiation of the cells in the aspect that 
is going to be studied. Regarding interaction 
with other cell types and the surrounding tissue, 

3D and microfluidic models may offer new and 
exciting opportunities in the future.
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Retinal Pigment Epithelium Organ 
Culture

Yoko Miura

 History of RPE Organ Culture

Studies on the RPE in an explant tissue date 
back to the 1920s [1–5], long before the cell 
culture technique was established. Ones of 
the large interests were then the formation and 
behavior of the melanosomes in cultures [2, 3] 
and the self-differentiation of the ocular tissues 
[5]. Most of these early studies were performed 
with the explants from embryo chick eye. From 
the 1950s the culture of the RPE explants from 
adult human donor eye has been performed and 
many of the important growth characteristics of 
RPE cells in vitro have been described [6–8]. 
The development of the improved culture medi-
ums, such as Eagle’s medium [9], or Roswell 
Park Memorial Institute (RPMI) medium [10] 
in 1950–60s widened the range of experimental 
possibilities. From 1970s different experiments 
using RPE explants have been conducted for dif-
ferent purposes. Using a short-term cultivation 
(at longest for several hours), cellular physiologi-
cal properties such as active/passive ion transport 
[11–15] or barrier functions [16] have been stud-
ied mainly with RPE-choroid explants in static 
conditions. On the other hand, RPE morphology 

[8, 17, 18] was studied from short to long cultiva-
tion periods (from hours to weeks), and wound 
healing of RPE [19–21] and phagocytosis activ-
ity of RPE cells [22–24] were studied with the 
time range from hours to several days under static 
conditions.

In 2001, by using a new technology of tis-
sue engineering, Framme et al. applied a perfu-
sion culture system [25] for the cultivation of 
the RPE-choroid tissue explants [26]. Compared 
to static culture, perfusion culture may provide 
the tissues with a stable culture environment 
due to the continuous supply of the nutrients 
and the removal of wastes. This perfusion sys-
tem has been widely utilized in the last decade 
to culture and study RPE explants for different 
studies, such as a safety testing of the chemical 
compounds [27, 28], laser-tissue interaction [29, 
30], and regulation mechanisms of growth factor 
secretion [31, 32].

Regarding tissue preservation, maintenance 
of not only the morphology [29, 30], but also the 
functionality [30] of RPE in perfusion culture 
system have been investigated, which revealed 
the apparent time limit of the cultivation period 
to investigate the RPE with a good functionality. 
Recently developed technology may even indicate 
the metabolic status of the RPE non- invasively by 
measuring the fluorescence lifetime of the tis-
sue autofluorescence [33, 34]. The fluorescence 
lifetime of the RPE in the organ culture shows a 
slow alteration during cultivation, indicating the 
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change in the cell metabolic state over time, while 
the cell viability proven by conventional methods 
is unchanged. This is motivating researchers to 
make further attempts to improve metabolic state 
of the RPE in organ culture as stable as possible 
so that the tissue can be preserved healthy and 
thus an experiment with a longer period could be 
enabled.

 Donor of the Eye

The eyes from different vertebrate species, like 
chick or chick embryo [19–21, 35–38], frog [12, 
14], adult newt [39, 40], rabbit [11, 41], pig [17, 
26–32, 42–45] or cattle [13, 18, 22–24, 41] have 
been used as the donor of RPE explants.

Eyes from chick embryo have been utilized 
more often in earlier days due to the good acces-
sibility. In recent years the studies using chick 
embryo are mainly focused on the differentiation 
of the RPE and the retina [20, 36]. The newt eye 
has an unique characteristics that it can regen-
erate the entire retina through proliferation and 
transdifferentiation of RPE cells even in adult-
hood [46], and thus might serve as an interesting 
model of the study about treatments for degen-
erative diseases and RPE regeneration for human 
eyes [39, 40].

Concerning the genomic homology, the mam-
malians eyes are considered to serve as a good 
model for many of human medical studies, e.g. 
studies for the efficacy and safety of the treat-
ments, or studies for the development of new 
imaging modalities. Particularly, the domestic 
pig (Sus scrofa) has been shown to have the large 
similarity in their genome to the human [47] and 
the eye shows similar anatomy and function as 
well [48–50]; for example, fully vascularized 
retina, analogous RPE, no tapetum as compared 
to cats and dogs, and choroidal vasculature and 
Bruch’s membrane analogous to the human. On 
the other hand, in the eyes of some lower verte-
brates, such as teleost and amphibian eyes, some 
functions of the RPE have been shown to be 
apparently different from the ones of the mam-
malian eyes. For example, their photoreceptors 
and pigment granules within the RPE undergo 

positional rearrangements, in response to changes 
in the light conditions and to circadian rhythms 
(called “retinomotor movements”).

The rabbit eyes are often used for the in vivo 
experiments for the study on laser tissue inter-
action of the retina [51, 52] due to the similar 
light absorption characteristics of the retina and 
the choroid to the human eye [53], or for the 
study on pharmacokinetics and drug effects [54]. 
However, the usage of their eyes for cultivation 
is seldom [11, 41]. Anatomical features of the 
rabbit eyes have some apparent non-similarities 
to the human eyes, e.g. the merangiotic (mostly 
avascular) retina, and a much thinner sclera (0.2–
0.25 mm at the equator [50] compared to the pig 
eyes (0.56–0.86 mm at the equator [49]) and the 
human eyes (0.53  mm [55]). The scleral thick-
ness may be an influencing factor if the RPE is 
cultured with the sclera.

Regarding human eyes, enucleated eyes 
through operations or the eyes from the eye 
bank have been cultivated and studied by some 
researchers [6, 8, 56–59]. However, the avail-
ability of human eyes is largely different depend-
ing on the legal situation. Even though allowed, 
due to the difficulty of frequent acquisition and 
in keeping a short post-mortem time, usage of 
human donor eyes is quite limited in the study 
with RPE organ culture.

 Type of Explant

 General Principle for the Preparation 
of RPE Organ Culture

In RPE organ culture, postmortem time is more 
critical than in RPE cell culture. Eyes are required 
to be freshly enucleated and with postmortem time 
within a few hours, in order to obtain vital RPE 
cells. Furthermore, the eyes should be kept cool 
until preparation. Since shedding of rod photore-
ceptor outer segments and RPE phagocytosis are 
triggered by a light onset in mammals [60], it is 
better to keep the eye in a dark condition before 
and during preparation, if the postmortem phago-
cytosis activity of the RPE cells is desired to be 
stabilized before the beginning of experiment [61].
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After the extraocular tissues are removed, 
the eyes need to be immersed shortly in antisep-
tic solution, than moved into the PBS or culture 
medium. The eye cup is ready after the removal 
of the anterior part of the eye, the vitreous and 
the neural retina. The neural retina may still be 
left here on the RPE until the later step of the 
procedure.

In the following paragraphs, different types 
of culture are introduced; the eye cup, the RPE- 
choroid- sclera culture, and the RPE-choroid 
culture.

 Eye Cup

RPE cells might be maintained alive for a while 
in an “eye cup”, consisted of the sclera, choroid, 
Bruch’s membrane and RPE [23, 24] (Fig. 18.1a). 
A few studies have been reported in 1980s that 
used a bovine eye cup to study RPE’s phagocy-
tosis activity [23, 24]. RPE eye cup culture can 
be defined as the preservation of the RPE in the 
cup-formed posterior part of the eye, prepared by 
resecting the sclera in parallel to the corneal lim-
bus at the part of the pars plana to equator position, 
followed by the removal of the vitreous and the 
neural retina. The eye cup should be placed in a 
suitable culture dish and preserved in the enough 
amount of culture medium. Although culture 
medium can be provided both inside and outside 
the eye cup, in most animal eyes the nutrition and 
fluid transport from the basolateral side of the RPE 
could be dramatically reduced due to the loss of 
choroidal blood circulation and low water perme-
ability of the sclera. This effect is assumed to be 
larger in the eyes with thicker sclera as human and 
pig eyes [49, 50, 55]. The maximal duration of the 
preservation of the eye cup in the previous reports 
was 24 hours. So far, there is no study focusing on 
the possible duration of RPE preservation in the 
eye cup organ culture.

Another concern of the RPE eye cup culture 
is the variety of the size of the explants, due to 
the individual difference of the eyes, which may 
cause the inconsistent experimental results due 
to the inconsistent culture conditions among cul-
tures, such as the medium volume per area and 

thus eventually the concentration of the meta-
bolic wastes in the culture medium may differ 
significantly. On this point, the method RPE- 
choroid- sclera organ culture with the consistent 
size of the explants as described in Sect. 3.2 is 
preferred.

 RPE-Choroid-Sclera Organ Culture

Compared to the eye cup, the use of resected 
small explants may have several advantages, 
such as that they can be cultured in a standard 
culture dish while being immersed in the culture 
medium, and that quantitative analysis may be 
facilitated. In this method, a part of the explant 
(RPE-choroid-sclera) is resected at a defined size 
and preserved in culture medium (Fig.  18.1b). 
As described in Sect. 3.1, the sclera might be 
the obstacle against the supply of water and 
nutrition to the RPE cells from their basolateral 
side. However, considering the ease of prepara-
tion and handling of this culture compared to the 
one without sclera described in Sect. 3.3, it can 
be also utilized as a model for short-term experi-
ments. It has been utilized in different studies to 
date for the studies from hours to a few days [11, 
17, 24, 41, 56–58, 62, 63]. In recent study, RPE 
cell viability of the RPE-choroid-sclera explants 
in a static culture has been confirmed with cal-
cein- AM test at least for 72 hours [64].

 RPE-Choroid Organ Culture

In terms of RPE cell preservation the RPE-choroid 
organ cultures without sclera is considered to be 
the best way among RPE organ cultures, due 
to the best supplies of water and nutrition from 
basolateral sides. It was reported that viable RPE 
cells of RPE-choroid organ culture can be pre-
served at least 5 days in a perfusion system (tested 
with calcein-AM staining), followed by the slow 
degenerative changes [30]. RPE-choroid organ 
culture has been used in variety of studies in the 
last years [26, 30–32, 34, 45, 65]. Since the RPE- 
choroid sheet needs to be actively removed from 
the sclera using a scissors and forceps, mechani-
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cal stress in addition to the stress through the 
environmental change on tissues has to be taken 
into consideration. The RPE-choroid sheets with 
the thickness of just 150–200  μm, which have 
lost their structural support by the sclera, needs 
alternative support for cultivation; in previous 

studies, as a tissue support, either the filters [8, 
20, 22] or the special holders [12, 13, 15, 26–32, 
44, 45] are mainly used (Fig. 18.1c). The holders 
have an advantage to keep the explant flat dur-
ing whole experimental period. The RPE-choroid 
sheet without holder may lose its flat formation 

retina
a

1 2 3

4 5 6

b

1 2 3 4

5
9 mm

13 mm 6 7 8

RPE

c

Fig. 18.1 Methods of preparation for different types of RPE explants for organ culture: (a) “eye cup” organ culture, 
(b) RPE-choroid-sclera organ culture, and (c) RPE-choroid organ culture
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by being waved, rolled, or contracted during 
cultivation.

 Co-Cultivation with Neural Retina

Due to the loss of hydrostatic and osmotic pres-
sure differences, photoreceptor outer segments 
and RPE lose their adhesion in the postmortem 
eye [66, 67]. This also means the loss of direct 
interactions between photoreceptor and RPE, 
such as phagocytosis of the photoreceptor outer 
segments by RPE cells after death. The retina 
in the ex vivo condition degenerates faster than 
the RPE [29]. To date, retinal electric activity, 
the signals on the electroretinogram (ERG), is 
preserved at the longest 10 hours in the optimal 
medium [68]. It suggests that the retinal electric 
activity disappears already at the first day after 
preparation, although the morphology is pre-
served some more days [29]. The attachment 
does not restore during cultivation.

Kaempf et al. reported that the co- cultivation 
of the neural retina with RPE-choroid may 
improve survival of retinal cells compared to 
cultures of the retina alone, with limited nuclei 
loss, significant reduction in apoptotic cells in 
nuclear cell layers, decreased Muller cell hyper-
trophy, and reduced upregulation of glial fibril-
lary acid protein, which is upregulated in glial 
cells following the injury of central nerve sys-
tem [43]. It may be due to the growth factors 
secreted by RPE cells for photoreceptor sur-
vival, such as pigment epithelium-derived factor 
(PEDF) [69]. Therefore, it has been considered 
that the retina- RPE- choroid organ culture might 
be a good model for the evaluation of interac-
tions between RPE and neural retina, including 
the signaling molecules or effect of pharmaceu-
ticals on the retina and/or RPE [28]. However, 
concerning its influence on the RPE, co-culture 
with the retina might negatively influence the 
RPE through the metabolites from the degen-
erating retina. There is, so far, no study has 
been conducted to clarify the influence of co-
cultivated degenerative neural retina on the RPE 
preservation in an organ culture.

 Type of Culture System

Based mainly on the way of medium supply to 
the explant, the culture method is divided in two 
ways; static culture and perfusion culture.

 Static Culture

In this method, explants including RPE (RPE- 
choroid, RPE-choroid-sclera, RPE eye cup) with 
or without supporter (e.g. membrane filter, hold-
ers) are preserved in a culture container under 
static condition, such as in a cell culture dish 
[20, 23, 24, 42], Lighton tube [8], or Ussing-type 
chamber [11–14, 35, 44, 45]. They are main-
tained in a CO2 incubator (37 °C, 5% CO2).

The ussing chamber has been developed by 
Ussing and first applied in the measurement of 
the Na+ transport in frog epithelium [70]. Ussing 
chamber consists of two halves, so that the tis-
sue’s apical and basolateral sides are supplied 
with different culture medium. Studies using 
Ussing-type chamber with RPE explants contrib-
uted greatly to the understanding of the physi-
ological properties of RPE such as ion transports 
and membrane potentials across the RPE [11–14, 
22, 41], or polarized secretion of growth factors 
or enzymes secreted from RPE cells [44, 45]. In 
Ussing-type chamber cell biological polarity and 
transepithelial resistance (TER) can be well pre-
served. High TER indicates high integrity of RPE 
tight junctions. Therefore, Ussing-type chamber 
is useful also for the study of RPE barrier func-
tions. In order to keep the medium temperature 
around 37 °C, some studies were performed with 
a modified system with water jacket-surrounded 
Ussing chamber [11, 13].

 Perfusion Culture

Perfusion culture is a culture method in which 
medium flow is controlled by pumping, and 
therefore the tissues can be constantly perfused 
with fresh medium without manual replace-
ment. This method may provide tissues of an 
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environment whose molecular dynamic is closer 
to under in  vivo conditions than the static cul-
ture. Moreover, perfusion systems may provide 
a flexible platform to build up different biomi-
metic environments in various investigations. 
The general perfusion organ culture techniques 
were introduced in the 1970s [71, 72], and its 
application in RPE explants was reported first by 
Framme et al. in 2002 [26]. They used a system 
which was originally developed and established 
by Minuth et  al. for the culture of embryonic 
renal epithelia [25].

Most of the perfusion culture of RPE explants 
is performed in a closed chamber. The medium 
should be exposed to the atmosphere, which 
allows for gas exchange and the partial equili-
bration of the perfusate O2/CO2 levels with the 
atmosphere. In most studies with RPE explants 
in perfusion culture system to date have been per-
formed under normal air conditions with silicone 
rubber tubes having a high oxygen permeabil-
ity rate [73]. In case aeration is performed and 
the medium with higher oxygen concentration 
than in the air is to be provided to the tissues, 
loss of oxygen from perfusate flowing through 
the tubing wall during perfusion may be a cru-
cial matter. According to the measurement by 
Pegg et al., oxygen-aerated medium lost oxygen 
the most through the silicone rubber tube, com-
pared to other materials as polyvinyl chloride 
(PVS), polyethylene, or polyamide (Nylon) [74]. 
Furthermore, silicon rubber had the highest affin-
ity to the fatty acid, which is important for energy 
and lipid metabolisms of cells [74]. Therefore, 
the tube material should be selected carefully, 
taking these points into consideration depending 
on the purpose of the study.

The perfusion culture system set under the 
normal air condition has a disadvantage that pH 
of the culture medium may be changed faster 
than in the static culture maintained in a 5% CO2 
incubator. In order to minimize the pH increase, 
buffers such as HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) are usually 
added in the culture medium. Alternatively aera-
tion of the gas of 5% CO2 in air and/or pure oxy-
gen might also work for that purpose. Regarding 
glucose supply, while glucose concentration in 

the medium decline with time in static culture, it 
can be maintained at a constant level over time in 
perfusion culture [75, 76].

Temperature is also an essential parameter 
for the culture. If the perfusion culture system is 
maintained outside the incubator, the chamber is 
to be placed on a warm plate, which keeps the 
medium temperature around 37 °C. Flow speed 
of the medium should be controlled by a pump, 
with which the tissues are not damaged by the 
hydrodynamic shear stress. For example, the flow 
speed in the range of 1–2.5 mL/h has been used 
for the studies using the chamber of 5 mL in vol-
ume [26, 27, 30, 32].

 Culture Medium

The medium used for RPE organ culture can 
be principally the same as the medium used for 
RPE cell culture. In the history of RPE organ 
culture, RPMI 1640 medium has been used for 
a long time until the 1980s [8, 22, 24]. In recent 
studies, Dulbecco’s eagles modified medium 
(DMEM, high glucose) or the mixture of equal 
part of DMEM (high glucose) and HAM’s F12 
are often utilized [27, 29–32, 34, 59]. To note 
is that the glucose concentration of these two 
mediums are different, where DMEM high glu-
cose contains about 25  mM (4.5  g/L) glucose, 
whereas DMEM:HMA’s F12 contains about 
17.5 mM (3.15 g/L). Regarding serum type and 
concentration, porcine or (fetal) bovine serum 
with the concentration between 5 and 15% are 
mostly used.

In perfusion system the medium of inlet is bet-
ter to be kept in 4 °C and warmed up to 37 °C 
while it runs through the tubing on the heating 
plate before supplied to the tissues. A pH sta-
bilizer such as HEPES (4-(2-hydroxyethyl)-1- 
piperazineethanesulfonic acid) is required for the 
perfusion culture outside CO2 incubator, which 
could be mixed to the culture medium maximally 
with 25 mM. The pH of the medium may, how-
ever, nevertheless increase to some extend com-
pared to the conditions in a CO2 incubator, if no 
CO2-aeration is performed (e.g. Inlet pH  7.29, 
outlet pH 7.57 [75]).

Y. Miura



313

 Preservation and Alteration 
of the RPE in Organ Culture

 Morphological Preservation 
and Alteration

The RPE in the freshly isolated explants may 
first retain its native morphology in the culture, 
such as microvilli, intracellular organelle, and 

intercellular tight junctions [8, 18] (Fig.  18.2). 
RPE cells in native tissue are hexagonal in cross-
section and averagely approximately 10 μm in 
height. The apical side of the cell has a num-
ber of microvilli and melanosomes, whereas 
the nucleus is located close to the basal side. 
According to the short-term structural analysis 
by McKechnie et  al., the explanted RPE first 
temporarily lacks apical microvilli, but during 

a

c

b

d

Fig. 18.2 Morphology of the RPE in an RPE-choroid per-
fusion organ culture after 24 hours of cultivation. (a) A 
bright field image of the RPE with low magnification 
(Bar = 100 μm), (b) A bright field image of the RPE with 

higher magnification (Bar =10 μm), (c) Immunofluorescence 
for occludin (Bar = 10 μm), and (d) FITC-F-actin staining 
(Bar = 10 μm). Those highly integrated junctional morphol-
ogy can be observed at least 5 days of cultivation
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the first 3  hours in culture recovery of apical 
microvilli occurs [18]. Preservation of apical 
microvilli in the culture for longer term has been 
also reported [8, 17, 58].

RPE cells in organ culture begin to change 
in their morphology during cultivation; (1) 
changes in cell shape, such as rounded, enlarged, 
flattened, or dome-shaped [8, 17, 30, 58], (2) 
changes in morphological polarity, such as the 
apical localization of the melanosomes and the 
basal localization of the nucleus [30], (3) increase 
of hypo-pigmented RPE cells [8], (4) decrease of 
the infoldings of basal plasma membrane [8], (5) 
shortening of the microvilli [58], (6) changes in 
junctional integrity and cytoskeleton [30] with 
irregular alignment of F-actin filament with 
increasing stress fiber, and the loss of the clear 
border localization of tight junction proteins (e.g. 
occludin) [30], and (7) focal nodular prolifera-
tion of the RPE [8]. Many of these changes are 
quite similar to the ones observed in the RPE of 
aged eyes [51, 77]. Moreover, the dome-shaped 
change in cell shape resembles to the ones 
observed consistently in studies of experimental 
retinal detachments in vivo [78–80].

The onset and duration of these degenera-
tive changes of the RPE in organ culture var-
ies among reports [8, 17, 30]. The changes in 
cell shape (dome-shaped) were observed in 
most studies at early time points, from several 
days of cultivation, as the typical initial mor-
phological alterations. However, the time of 
appearance of further degenerative changes, 
such as the increase of hypo-pigmented cells, 
decrease of infoldings of basal plasma mem-
brane, or overt proliferation, are inconsistent; 
in the study by Tso et  al. these changes have 
been observed at earliest after three days, where 
the overt changes may begin after 14 days [8], 
whereas the study by Del Priore showed almost 
no changes at least for 29 days [17]. The study 
by Miura et  al. showed that the RPE cells in 
RPE-choroid organ culture in the perfusion sys-
tem begins to lose their morphological polarity 
(apical melanosome and basal nucleus) slowly 
after several days in some cells, partial disrup-
tion of junctional integrity after 8 days, but no 
overt proliferative or degenerative changes were 

observed over the 8  day’s observation period 
[30]. These differences of the onset of morpho-
logical changes may be caused by the culture 
condition, but might also be largely depending 
on the sample’s initial conditions. Therefore, it 
is essential to keep the condition of the donor 
eyes as consistent as possible in the study using 
RPE explants.

The flattened and less-pigmented RPE cells 
observed in the long-term studies might be 
explained as the consequence of the partial cell 
death and subsequent wound healing. These find-
ings of long-term morphological studies imply 
that the RPE cells in organ culture do not com-
pletely die rapidly, but experience a slow degen-
erative changes that may take weeks.

 Metabolic/Functional Preservation 
and Alteration

It has been clearly shown that the RPE cells in 
organ culture have a phagocytosis activities [8, 
22–24, 81]. In these studies, phagocytosis activ-
ity has been shown in 24–48  hours after tissue 
preparation, and it is still not well known how 
much longer the RPE cells in organ culture may 
have phagocytosis activity. Tso et  al. observed 
abundant endoplasmic reticulum in RPE cells 
in the organ culture on day 14, suggesting that 
the cells can be metabolically still active at least 
until that day [8], which fits well to the morpho-
logical changes described in Sect. 6.1 suggesting 
the degenerative and regenerative changes taking 
place around that time point.

In order to utilize the RPE organ culture to 
investigate the healthy RPE, and not degenerat-
ing ones, the stable functionality of RPE cells 
before the onset of overt degenerative change 
is necessary. One of the essential functions of 
the RPE is to secrete cytokines to maintain the 
homeostasis of chorioretinal functions, includ-
ing growth factors [82]. Among all, vascular 
endothelial growth factor (VEGF) plays a par-
ticularly important role in retinal functions. 
VEGF is physiologically secreted from the 
healthy RPE cells, and is crucial not only for 
the development of the vasculature in the retina 
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and choroid, but also for the development of 
the neuroretina. VEGF is also known to exert 
a protective functions for the neuroretina, the 
RPE, and the choroid [83–86]. Increased stress, 
e.g. oxidative stress or hypoxia, may lead to the 
increase of its secretion [31, 87, 88]. A previous 
study showed that VEGF secretion from RPE of 
the RPE-choroid explant in a perfusion organ 
culture was stable until the fifth day of cultiva-
tion and started to increase gradually after that. 
This suggests that the RPE-choroid in perfu-
sion organ culture may be functionally stable 
for about 5  days before the functional dete-
rioration starts [30]. This interpretation can be 
supported by the experimental results, showing 
that the wound made by laser irradiation on the 
cultured RPE on day 6 could not show normal 
wound closure, either with incomplete closure 
or with the closure with overlayed fibroblastic 
RPE cells, whereas the wound made at the ear-
lier days showed the normal wound closure with 
a monolayer RPE [30].

 Application of RPE Organ Culture 
in Basic Studies

 RPE Wound Healing

The biggest advantage of the RPE wound heal-
ing study with RPE explants compared to the 
study with RPE cell culture is the existence of 
the Bruch’s membrane, the natural substrates of 
the RPE. An interesting contrast has been dem-
onstrated in previous studies; Integrin antibody 
2A10 inhibited cell spreading, migration and pro-
liferation at the wound of the RPE cells grown 
on fibronectin and on laminin substrates in a cell 
culture [89], whereas it inhibited cell migration 
and proliferation, but not cell spreading (increas-
ing of cell size) in an RPE-choroid organ culture 
[20]. Hergott et  al. interpreted these difference 
that the RPE cells at the wound edge in organ 
culture have already an adhesion to the Bruch’s 
membrane, on which they spread, whereas the 
cells in cell culture seemingly need at first to 
come into contact with the suitable substrates for 
spreading [20].

 Tissue Responses to Laser Irradiation

In clinical practice, retinal laser treatment is con-
ducted with the laser light at the wavelength in the 
range from green to yellow (around 530–580 nm), 
which is highly absorbed by the melanosomes in 
RPE cells [90]. Therefore, RPE cells in organ cul-
tures, which contain numerous melanosomes, are 
suited for the study on laser- tissue interaction of 
the RPE. In contrast, RPE cells in cell culture are 
not suitable for laser studies due to their limited 
number of melanosomes, because melanosomes 
are lost during cell division and melanogenesis 
does not occur actively in RPE cells in cell cul-
ture under normal culture conditions [91], thus 
they reduce melanin content during cultivation. 
The 532 nm laser radiation has been shown to be 
absorbed more than 90% by strongly pigmented 
porcine RPE-choroid explants, whereas only 
30–50% in RPE primary cell culture isolated 
from pigmented porcine eye, and 10–30% in the 
passaged cultures (Miura, unpublished data). 
Inhomogeneous pigmentation within a cell cul-
ture is also a large disadvantage, as it may cause 
the inhomogeneous light absorption, leading to 
the various effects in one culture. As far as the 
extent of the pigmentation in one RPE explant is 
homogeneous, the laser effect is depending on the 
irradiation conditions, such as power, pulse dura-
tion, and irradiation time (Fig. 18.3a).

As described above (Sect. 6.2 metabolic 
characteristics), a laser wound of the RPE made 
on the sixth day of cultivation in organ culture 
cannot achieve the normal wound closure [30]. 
Therefore, the experiments for the normal laser- 
tissue interaction need to be concluded within 
the first week of cultivation. The RPE defects of 
about 200 μm diameter made by a non-thermal 
laser (selective retina treatment laser) are closed 
within 4–6 days [30, 92] (Fig. 18.3b).

 Phagocytosis Activity

Phagocytosis activity needs high functional 
polarity of cells. Since engulfment of photore-
ceptor outer segment by RPE cells occurs only 
at the apical surface of the cell, it seems obvious 

18 Retinal Pigment Epithelium Organ Culture



316

that organ culture with its higher polarity might 
be more suitable to understand their phagocytosis 
activity than cell culture. It has been shown that 
phagocytosis of latex beads by bovine and human 
RPE cells in organ culture begins after a latent 
time period for 4–17 h [22–24, 81]. There seems 
to be a time-requiring interaction between the cell 

membrane and latex beads. On the other hand, 
engulfment of latex beads in human RPE cell cul-
ture was observed already after 1–2  hours [93, 
94]. Considering these differences in latent time 
period, there seems to be a significant  difference 
in property of phagocytosis activity between RPE 
in organ culture and in cell culture.

a

Day 2

40 mW

b

60 mW 80 mW 120 mW

Day 4

Fig. 18.3 Study of laser-tissue interaction and wound heal-
ing of the RPE using RPE organ cultures. (a) Calcein-AM 
cell viability staining directly after laser irradiation with 
different energy settings. M marker (high energy irradiation 
for the orientation), E1-E6 decreasing energy settings. 
Green fluorescence of calcein is positive in living cells, 
whereas the dead cells are shown as non- fluorescent black 

region. A decreasing irradiation energy (E1–E6) results in 
the decrease of dead area (The image was kindly provided 
by Medical Laser Center Luebeck), (b) F-actin fluores-
cence staining at 2 and 4 days after continuous wave laser 
irradiation with different power settings. A power-depen-
dent increase of damage size is observed. All wounds are 
closed after 4 days. (Bar =100 μm)
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However, studying the phagocytosis activity 
with RPE organ culture may have a disadvantage 
in terms of the microscopic evaluation, where 
a number of apical melanosomes obstruct the 
observation of the phagocytized substances, such 
as latex beads or photoreceptor outer segments in 
RPE cells. Thus histological study is needed for 
the morphological evaluation (Fig. 18.4).

 Pharmaceutical Research

For short-term tests about toxicity or other bio-
logical effects of pharmaceutical agents on RPE 
cells, the RPE organ culture is considered to be a 
good model. With the increasing number of new 
pharmacological applications for retinal diseases, 
it is considered that the demand of the use of RPE 
organ culture grows. To date, the safety of indo-
cyanine green (ICG) [28], effect of different anti- 
VEGF agents [27, 43] or nicotine [31] on RPE cell 
function have been investigated. However, organ 

cultures cannot be used for a large scale testing, 
because it is so far not a high throughput technique.

 Transepithelial Transport/Potential

A high functional polarity is required for the tran-
sepithelial transport of the ion and fluid. Active 
transport-generated absorption of fluid across the 
RPE can be therefore well investigated by the 
polarized organ culture. For this study, the thick 
sclera, as the ones of pig or human, are not suit-
able, and thus RPE-choroid explants are mostly 
utilized [12, 13, 15, 35], while with the rabbit eyes 
with thin sclera, Frambach et  al. could measure 
the transepithelial transport and potential using 
the RPE explant including sclera [41]. As shown 
in Table  18.1, fresh RPE-choroid organ culture 
[11–13, 95–97], porcine primary RPE cell cul-
ture [98] and human fetal RPE cells (hfRPE) [99] 
may have their transepithelial resistance (TER) 
of several hundred Ω∗cm2. The TER of hfRPE 

a

b

Fig. 18.4 Transmission 
electron microscopy 
(TEM) images 48 hours 
after laser 
photocoagulation, 
performed on the first day 
of cultivation. (a) The 
cells at the leading edge 
of the wound extend 
toward the center of the 
defect (arrow). (b) A 
zoomed image of the cells 
around the leading edge. 
It seems that the debris of 
the dead cells (double 
arrows) are phagocytized 
by the surviving RPE 
cells. Condensed 
melanosome granules 
(red arrows) are observed, 
which are probably the 
phagocytosed 
melanosomes originated 
from the damage RPE 
cells, suggesting the 
RPE’s active 
phagocytosis activity in 
the organ culture
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cell culture and primary porcine RPE cell culture 
can reach much higher, over 1000 Ω∗cm2, when 
they are cultivated on the membranes for several 
weeks. On the other hand, RPE cell culture of 
human RPE cell lines such as ARPE-19 cells have 
shown to have significantly lower transepithelial 
resistance compared to the others, which may be 
increased maximally around 40 Ω∗cm2 even after 
several weeks in cultivation [99] (Table 18.1). For 
the measurement of those physiological proper-
ties, an Ussing-type chamber combined with the 
equipment for the measurement of potential and 
resistance is useful. On this point, RPE-choroid 
explants, which may be utilized directly in the 
experiment, has an advantage compared to the 
cell cultures, which need to be cultured for sev-
eral weeks on the membrane sheet suitable for an 
experiment with an Ussing- type chamber.

 Cytokine Secretion

As described in Sect. 6.2, secretion of cytokines 
like VEGF from RPE cells, including polarized 
secretion to apical and basolateral sides, is a cru-
cial indicator of RPE cell function and responses 
to different stimuli. Therefore, evaluation of cyto-
kine secretion from RPE cells has an important 
implication for understanding RPE cell behaviors 
under different conditions. Detection of the polar-
ized secretion of cytokines is also one of the good 
applications of the RPE-choroid organ culture in 
an Ussing-type chamber [44, 45]. Klettner et al. 
showed a differential apical and basal regulation 
of VEGF-A secretion and primarily choroidal 
secretion of placenta growth factor (PlGF) [44]. 

Treumer et al. presented the vectorial release of 
matrix metalloproteases from RPE cells respond-
ing to the laser irradiation, indicating the possible 
therapeutic mechanism of the selective retina 
treatment [45]. Perfusion organ culture using a 
non-Ussing-type chamber can also be used, if the 
polarity is not an issue, especially in long term 
and when the influence of certain substances is to 
be tested [100].

 Two-Photon Microscopy 
and Fluorescence Lifetime Imaging 
Microscopy

Highly pigmented RPE cells in organ culture 
is generally difficult to be observed with bright 
field- as well as fluorescence microscopy due to 
the strong light absorption by melanosomes. Two-
photon microscopy, a non-linear fluorescence 
microscopy utilizing the laser light with longer 
wavelength and lower energy than the one pho-
ton excitation system (e.g. confocal microscopy), 
may give different insights about the RPE.  A 
strong light absorption in the melanosomes results 
in a strong emission of melanin autofluorescence, 
which presents the RPE cells more clearly [34] 
(Fig.  18.5a). Study of RPE autofluorescence in 
two-photon microscopy may provide detailed 
information about autofluorescence inside/outside 
RPE cells, insights into the stress- induced auto-
fluorescence [34] (Fig. 18.5b), and the molecular 
mechanisms at the RPE, such as the visual cycle 
with retinyl esters [36, 101].

Fluorescence lifetime imaging microscopy 
(FLIM) is the method to measure and map 

Table 18.1 Electrophysiological properties of RPE in explant, human ARPE-19 cell culture, and human fetal RPE cell 
culture

RPE-choroid 
explanta

hfRPE cell 
cultureb

Primary RPE cell 
culturec

ARPE-19 cell 
cultured

Transmembrane potential (mV) 5.0–12.8 2.6 ± 0.8 No information 
available

No information 
available

Transepithelial resistance (TER) 
(Ω cm2)

138–350 (fresh) 30 (1w)–1000 
(6w)

400 (1w)–1500 (4w) 30 (1w)–43 (5w)

“1w” indicates 1 week after seeding of cells on the membrane
aData from [11, 13, 12, 95–97]
bData from [99, 103]
cData from [98]
dData from [99]
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the fluorescence lifetime of tissues and cells. 
Measurement of the fluorescence lifetime of the 
human retina has been enabled in recent years 
using a fluorescence lifetime imaging ophthal-
moscopy (FLIO) [102]. In order to understand 
the change in fluorescence lifetime of the RPE, 
usage of the RPE organ culture is necessary, since 
fluorescence properties of RPE cell culture is 

completely different from in vivo RPE. Oxidative 
stress around thermal laser irradiation or lipid 
peroxidation has shown to lead to a significant 
extension of fluorescence lifetime in the RPE 
[34] (Fig. 18.6).

a

bb

Fig. 18.5 RPE in an organ culture with two-photon 
microscopy (λex = 730 nm). (a) RPE 30 min after thermal 
laser irradiation (Bar = 50 μM), and (b) RPE cells at the 
rim of coagulation 24 hours after thermal laser irradiation 
(Bar = 10 μm). Apical melanosomes emit a bright auto-
fluorescence and thus RPE cell shape are well recognized 
(a). Strong stress such as an oxidative stress or heat stress 
may cause the appearance of bright autofluorescence 
granular signals (arrows)

a

b

100 ps 1500 ps

τm

Fig. 18.6 RPE in an organ culture with two-photon 
excited fluorescence lifetime imaging microscopy (FLIM) 
24 hours after thermal laser irradiation (50 mW for 0.1 s. 
Beam diameter was 300  μm). (a) An autofluorescence 
image with the two-photon microscopy, (b) A FLIM 
image, where the fluorescence lifetime is presented with a 
pseudo color. The cells around the coagulated region (∗) 
show an increased fluorescence intensity and an pro-
longed mean fluorescence lifetime (τm) (arrows). 
(Bar = 10 μm)
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 Conclusion

With a rapid increase in the number of diagnostic 
and treatment methods for retinal disease, we face 
an increasing demand of translational research, 
in order to understand therapeutic or diagnostic 
mechanisms, cell responses to different interven-
tions, or to understand unknown aspects of RPE 
cell functions.

Compared to RPE cell culture, an organ culture 
from freshly enucleated eyes retains RPE pheno-
types closer to in vivo tissue, and thus can be ben-
eficial to address specific scientific questions, such 
as wound healing, secretion of cytokines, laser-tis-
sue interaction, or tissue autofluorescence. There 
are different forms of cultures; the eye cup culture, 
the RPE-choroid-sclera culture, and the RPE-
choroid culture, and they must be chosen accord-
ing to the study purpose and required period. 
The RPE in the culture without sclera seems to 
be preserved longer than in the one with sclera. 
The perfusion culture may have an advantage with 
respect to the in vivo mimetic molecular dynam-
ics, and the static culture may have an advantage in 
the gas atmosphere. The experiments to evaluate 
RPE functionality is so far recommended to be no 
longer than 5 days in a perfusion culture due to its 
degenerative changes, which could be, however, 
varied through the modifications of culture condi-
tions in the future. In order to broaden the usability 
of RPE organ culture as an experimental model, it 
is desired to further optimize the method toward 
the better tissue preservation.
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 Introduction

Photoreceptor death accounts for approximately 
50% of all cases of irreversible vision loss and 
a significant proportion of these cases are due 
to conditions that affect the structure and func-
tion of the retinal pigment epithelium (RPE). The 
RPE lies immediately adjacent to photorecep-
tors and is integral for maintaining normal vision 
(Fig.  19.1) [1]. Genetic inheritance, environ-
mental factors and age can influence the myriad 
of functions of the RPE, leading to deleterious 
effect on photoreceptor function.

A range of mammalian species are affected by 
inherited mutations, age or systemic medications 
agents that can influence the structure and func-
tion of the RPE.  Inherited retinal degeneration 
caused by mutations encoding proteins important 
for RPE function affect many dog, cat, pig and 
primate species, as well as rodents. In addition, 
with the advent of gene manipulation, a number 
of new mouse models have emerged, fostering 
our understanding of retinal degenerations. Age 

related changes of the RPE are a contributor to 
age-related macular degeneration  (AMD) and 
many features of this disease are observed in 
animals. Table 19.1 provides a summary of the 
rodent and large mammals that display similari-
ties to a range of human conditions and that are 
described in this chapter.

The aim of this chapter is to provide an over-
view of how diseases of the RPE manifest in 
non-laboratory and laboratory animals and how 
faithfully each animal model recapitulates human 
disease. In particular, we examine the informa-
tion gained from studying laboratory and non- 
laboratory animals that carry mutations in genes 
encoding proteins important for RPE function, or 
that are affected by pharmacological agents that 
affect RPE function.

 Overview of the Structure 
and Function of the RPE

The RPE is a single layer of cells immediately 
distal to photoreceptors [2] (Fig.  19.1). This 
single layer of hexagonal shaped cells pro-
vides multiple essential functions, which are 
required for maintenance of normal photore-
ceptor function, including absorption of excess 
light, trans- epithelial transport of water, recy-
cling of photoreceptor outer-segments, transport 
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Table 19.1 Summary of animal models of RPE disease described in this chapter

RPE function Gene defect Animal Human disease
Phagocytosis of 
photoreceptor outersegments

Mertk RCS rat, mer−/− mouse Autosomal recessive 
Retinitis Pigmentosa

Binding of photoreceptor 
outersgements with RPE 
microvilli

mivit Vitiligo mivit  mouse Retinal degeneration 
associated with vitiligo

Ion channel/water transport Best1W93C/W93C Best1W93C/W93C knockin 
mouse

Best vitelliform macular 
degeneration

Ion channel/water transport Best1 Canine multifocal 
retinopathy (13 breeds 
of dog)

Best vitelliform macular 
degeneration

Extracellular matrix 
composition of Bruch’s 
membrane—Fibulin 3

Epidermal growth 
factor-containing 
fibrillin–like extracellular 
matrix protein 1

EFEMP1R345W mouse Doyne’s Honeycomb 
retinal dystrophy

Bruch’s membrane thickness Timp3 Timp3−/−, 
Timp3Ser156Cys mice

Sorsby’s fundus dystrophy

Lysosomal storage CLN6 nclf mouse Neuronal ceroid 
lipofuscinoses

Degradation and turnover of 
spent photoreceptor 
outersegments

Abca4 Abca4−/−mouse Stargardt’s disease

Degradation and turnover of 
spent photoreceptor 
outersegments

Abca4 Pitbull terriers Stargardt’s disease

Short chain collagen that is 
important for adhesion 
between Bruch’s membrane 
and RPE

Complement 1q Tumor 
Necrosis Factor 5 gene

C1QTNF5S163R knockin 
mouse

Cone-rod dystrophy

Retinoid recycling Lrat Lrat−/−, Lrat conditional 
knockout mice

Leber’s congenital 
amaurosis, Autosomal 
recessive Retinitis 
Pigmentosa

a b c
Bruch’s membrane

Timp3, fibullin 3, ApoE,
SFD, DHMD

LCA, arRP

Albinism

arRP, LCA

Best’s disease

Retinoid cycle
RPE65, LRAT

Ion channels/water transport
Bestrophin 1

Phagocytosis
merTK

Melanosome transport:
MyosinVIIa

Fig. 19.1 Structure of the retinal pigment epithelium. (a) 
Flatmounted RPE that has been immunolabelled for the 
actin filament phalloidin. The regular hexagonal pattern 
of cells is evident. (b) Vertical section through the human 
retina showing the relationship between photoreceptor 

outer segments and the RPE.  Photoreceptor outer seg-
ments interdigitate between the apical processes of the 
RPE. (c) Schematic diagram of the RPE showing possible 
cellular functions modified by inheritance of genetic 
mutations
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and recycling of retinoids, recycling of ions and 
finally, secretion of neurotrophic factors. In addi-
tion, the RPE dynamically turns over the Bruch’s 
membrane. As shown in Fig. 19.1c, each of these 
aspects of RPE function can be affected by genet-
ically inherited mutations, toxic substances, or 
age, and can contribute to major diseases associ-
ated with photoreceptor degeneration.

Functions of melanosomes within the RPE: By 
virtue of the presence of melanin granules within 
melanosomes of the RPE, excess light is absorbed 
[3]. It is generally accepted that light absorbed by 
the RPE prevents the reflection of light that would 
degrade the visual image. In agreement with this 
vision-optimization mechanism, melanosomes are 
located in the apical part of normal RPE cells in 
close proximity to the microvilli that envelop pho-
toreceptor outer- segments (Fig.  19.1). In addition 
to their function in light absorption, melanin also 
plays a role in quenching reactive oxygen species 
and plays a key role in binding iron. Pigmentation 
of the RPE involves a several complex processes 
including the synthesis of melanin from tyrosine 
via tyrosinase, maturation of melanosomes and 
finally transport of melanosomes from to peripheral 
and apical regions of the cell via molecular machin-
ery, including Myosin VIIa [3, 4]. Defects in any 

of these aspects of melanin biosynthesis or melano-
some maturation and transport are associated with 
albinism, and lead to visual dysfunction of varying 
severity [5, 6].

Transport of ions, water and nutrients across 
the RPE: A central function of the RPE is trans-
port of nutrients, waste products, ions and water 
into and out of the retina [3]. Ion channels and 
transporters are localized preferentially to the 
apical or basolateral surfaces of RPE cells. 
One example of this is Na+, K+ATPase which is 
located on the apical surface and regulates the 
concentration of sodium and potassium within 
the subretinal space, causing influx of sodium 
into RPE cells at the expense of potassium [2, 
3]. The sodium gradient that is created by Na+, 
K+ATPase also facilitates the uptake of HCO3− 
via Na+HCO3 and the uptake of potassium and 
chloride ions via the Na+-K+-2Cl− co-transporter. 
In combination these systems are important for 
maintaining intracellular pH and also for main-
taining a high sodium concentration in the subret-
inal space that is critical for maintaining the dark 
current in rod photoreceptors. In addition to regu-
lation of potassium and sodium, chloride plays 
an important role in maintaining fluid balance 
within the RPE and subretinal space. Bestrophin 

RPE function Gene defect Animal Human disease
Retinoid recycling Rpe65 Rpe65−/−, rd12, 

Rpe65R91W mice
Leber’s congenital 
amaurosis, Autosomal 
recessive Retinitis 
Pigmentosa

Retinoid recycling RPE65 Briard sheepdog Leber’s congenital 
amaurosis, Autosomal 
recessive Retinitis 
Pigmentosa

Formation of mature 
melanosomes

Oa1 Oa1−/−mouse Ocular albinism

Formation of melanin Tyrosinase balb/c mouse, 
Sprague-Dawley rat

Oculocutaneous albinism

Drusen formation Aged primates Early/intermediate AMD
Bruch’s membrane thickness HTRA1 HTRA1knockin mouse AMD
Lipid transport ApoE ApoE−/− ApoEε2, 

ApoEε3, ApoEε4 
knockin mice

AMD

Lipid transport CD36 CD36−/− mouse AMD
Anti-oxidant mechanisms Nrf2 Nrf2−/− mouse AMD
Anti-oxidant mechanisms Sod1 Sod1−/− mouse AMD
Autophagy RB1CC1 Rb1cc1−/− mouse AMD

Table 19.1 (continued)
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1, which is localized to the basolateral surface of 
the RPE, is important for regulating chloride flux 
in a calcium dependent manner [7, 8].

The RPE is able to transport water and meta-
bolic end products from the subretinal space to the 
choriocapillaris. Lactate, which is produced pre-
dominantly by photoreceptor outer segments, is 
transported across the RPE via monocarboxylate 
transporters, notably MCT1 and MCT3 [9, 10]. In 
the opposite direction, the RPE facilitates transport 
of glucose from the vasculature to photoreceptors. 
Glucose transporters, GLUT1 and GLUT3 are 
highly expressed by the RPE and localized to the 
basal and apical surfaces [11]. Another nutrient 
critical for maintaining normal retinal function is 
retinol which provides the retinoid, 11-cis retinal 
that is critical for photoreceptor function. Vitamin 
A (all-trans-retinol) is taken up by the RPE via a 
receptor mediated process and transported within 
the RPE via cellular retinol binding protein 
(CRBP). Once within the RPE, all-trans-retinol 
undergoes a series of enzymatic isomerizations as 
part of the retinoid cycle that ultimately leads to 
the formation of 11-cis retinal that is transported 
from the RPE to photoreceptors.

Retinoid cycle: The retinoid cycle is a com-
plex recycling system that replenishes 11-cis- 
retinal, a derivative of Vitamin A that is critical 
for the conversion of light to a neuronal signal by 
photoreceptors [2]. Following light exposure, all- 
trans retinal is transported from photoreceptors to 
the RPE where it is enzymatically converted back 
to 11-cis retinal. A number of enzymes impor-
tant for the isomerization of all-trans retinal to 
11-cis retinal are expressed by the RPE including 
RPE65, lecithin retinol acyltransferase (LRAT), 
and retinol dehydrogenase (RDH). RPE65 is an 
isomerase that converts all-trans retinyl esters to 
11-cis retinol. LRAT esterifies all-trans retinal 
to form retinyl esters that form the substrate for 
RPE65 [12]. Mutations affecting many of these 
enzymes are associated with photoreceptor dys-
function and death.

Phagocytosis and recycling of photoreceptor 
outer segments: Photoreceptors are exposed to 
high amounts of light and thus accumulate photo- 
damaged proteins and lipids. This is coupled with 

the generation of photo-oxidative radicals result-
ing in a high abundance of light-induced toxic 
substances within photoreceptors. The tips of the 
photoreceptor outer segments harbour the oldest 
discs which contain the highest concentration of 
oxidative radicals, photo-damaged proteins and 
lipids. Consequently, a major part of photorecep-
tor renewal process includes the shedding of outer 
segment tips [13, 14] and the phagocytosis of the 
shed outer segments by the RPE [2]. Phagocytosis 
of photoreceptor outer segments involves recog-
nition of outer segments by the RPE, and then 
processing through a series of phagosomes. 
The binding of photoreceptor outer segments is 
dependent on recognition by scavenger receptors, 
particularly MerTK that is expressed on the api-
cal membrane of the RPE [15]. MerTK is a mem-
ber of the “TAM” (Tyro3, Axl and Mer) family 
of scavenger receptors that are widely expressed 
by cells of the nervous, immune and reproductive 
system. MerTK is highly expressed by the RPE 
where is thought to interact with non-muscle 
myosin allowing the binding and engulfment of 
photoreceptor outer segments [15]. The integrin 
component, αVβ5 also plays a role in recogni-
tion of photoreceptor outer-segments by the RPE 
[16]. Mutations affecting MerTK in particular are 
associated with retinal degeneration.

Secretion of cytokines and growth factors: 
The RPE is able to produce and secrete various 
cytokines and growth factors that are required 
for maintenance of the structural integrity of 
retina and choriocapillaris including pigment 
epithelium- derived factor (PEDF), vascular 
endothelial growth factor (VEGF), Tumour 
growth factor beta (TGFβ), and a range of 
fibroblast growth factors [2]. These cytokines 
and growth factors have a number of roles that 
include maintaining the immune privileged state 
within the subretinal space, stabilization of the 
endothelium of the choriocapillaris [17] and 
maintenance of neuronal integrity. Release of a 
number of cytokines is altered with age, poten-
tially altering the environment within the subret-
inal space and contributing to the development 
of age related conditions such as age-related 
macular degeneration [18].

E. L. Fletcher et al.
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 Normal Functions of Bruch’s 
Membrane

The RPE plays an important role in the turnover 
of Bruch’s membrane, a thin (2–4 μm) layer of 
connective tissue that lies between the RPE and 
the underlying, choriocapillaris [19]. It is a penta- 
laminar extracellular matrix composed of primar-
ily elastin and collagen [20]. The importance of 
Bruch’s membrane in retina physiology is the abil-
ity to function as both a physical and a biochemi-
cal barrier for normal physiological processes and 
pathological processes such as CNV [19]. Its pri-
mary roles include: (1) regulating the diffusion of 
bio-molecules, minerals, antioxidant components, 
trace elements and serum constituents between the 
choroid and the RPE [19], (2) providing physical 
support for RPE cell adhesion, (3) wound healing 
and (4) acting as a physical barrier that restricts 
retinal and choroidal cellular migration [19] Given 
that Bruch’s membrane is acellular, transport 
through it occurs by passive diffusion. Changes 
to structure or composition of Bruch’s membrane 
can affect diffusion properties, which ultimately 
affects the function of the RPE and the outer retina.

In summary, the RPE performs a range of 
functions that are critical for maintaining pho-
toreceptor integrity and function. Retinal degen-
erations are associated with anomalies that affect 
virtually every cellular function described above. 
In the sections below, we outline how animal 
models with mutations affecting these functions 
have aided in our understanding of a range of 
human retinal degenerations.

 Modelling Inherited Retinal 
Diseases Associated with the RPE

Photoreceptor integrity and function is criti-
cally dependent on a normal functioning RPE 
[1]. Consequently, mutations affecting any of the 
key proteins involved in regulating RPE function 
are associated with photoreceptor death and ulti-
mately vision loss. As shown in Fig. 19.1, genetic 

inheritance of a range of mutations affecting RPE 
function cause retinal degenerations. In this sec-
tion we summarize how inherited retinal degen-
erations associated with mutations affecting RPE 
function influence vision loss in laboratory and 
non-laboratory animals.

 Retinitis Pigmentosa: A Family 
of Inherited Retinal Degenerations

Retinitis Pigmentosa (RP) refers to a family 
of inherited retinal degenerations that affects 
approximately 1:5000 people [21]. It is char-
acterized by gradual loss of rods followed by 
cones that ultimately leads to complete vision 
loss. Clinically, RP is associated with deficits 
in rod photoreceptor function manifesting as a 
reduction in amplitude the a-wave of the full 
flash electroretinogram, gradual constriction of 
the visual field, changes in the retinal fundus 
including migration of pigment into the retina 
from the underlying RPE, and attenuation of 
retinal vasculature. In addition to photoreceptor 
loss, some forms of RP, called syndromic forms 
of RP, are associated with degeneration in non-
retinal regions of the CNS and/or the body. The 
commonest syndromic forms of RP include 
Usher’s syndrome and Bardet-Biedl Syndrome. 
Usher’s syndrome is characterized by gradual 
hearing and vision loss, whilst Bardet-Biedl 
syndrome is characterized by a range of sys-
temic effects in combination with vision loss. 
RP is caused by a range of mutations encod-
ing proteins involved in photoreceptor or RPE 
function. A great deal has been learned about 
these diseases by understanding the patho-
genesis of disease in animals. Moreover, pre-
clinical development of therapies including 
gene therapy, electronic restoration of vision 
and development of therapeutics has, in many 
cases, progressed because of positive outcomes 
in large animal models of disease that have an 
eye size and structure more similar to humans 
[22, 23].

19 Animal Models of Diseases of the Retinal Pigment Epithelium
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 Mutations Affecting Phagocytosis 
of Outer Segments
As noted above, one of the key functions of 
the RPE is the phagocytosis and recycling of 
spent outer segment discs. One of the first ani-
mal models manifesting photoreceptor degen-
eration associated with RPE dysfunction was 
the Royal college of Surgeons rat [24, 25]. The 
RCS rat develops gradual accumulation of debris 
within the subretinal space that is accompanied 
by gradual loss of photoreceptors from postna-
tal day 18 [25, 26]. As shown in Fig. 19.2, the 

retinal fundus of RCS rats compared to control 
rats appears paler possibly as a consequence 
of the accumulation of debris. In addition, the 
structure of the retina as viewed using optical 
coherence tomography (OCT) reveals that a sig-
nificant proportion of the outer nuclear layer has 
been replaced by debris. By postnatal day 60, the 
outer retina shows accumulation of debris that 
almost entirely replaces the ONL. By this age, 
few photoreceptors remain, and retinal function 
is severely compromised [26–28]. The genetic 
defect that causes retinal degeneration in RCS rat 

RDY RCS

a b

c

Fig. 19.2 The RCS rat shows defects in phagocytosis by 
the RPE. (a, b) Fundus images of a 1 month old RDY (con-
trol) and 1 month old RCS rat. The retinal fundus of the 
RCS rat appears paler possibly because of the accumulation 
of debris within the subretinal space. (c, d) Optical coher-
ence tomography of a 1 month old RDY and RCS rat. In 
contrast to the control (RDY) retina, almost half of the outer 
retina is replaced by debris. (e, f) show vertical paraffin sec-
tions of the distal retina and RPE stained for haemotoxylin 

and eosin. The subretinal space shows considerable debris. 
(g, h) show vertical sections through the distal retina and 
RPE immunolabeled for rhodopsin (green) and counter 
stained for the nuclear marker Hoechst (blue). In contrast to 
the control RPE, no rhodopsin immunoreactive puncta 
were observed in the RCS rat RPE suggesting a failure in 
phagocytosis of photoreceptor outersegments. RPE retinal 
pigment epithelium, ONL outer nuclear layer, INL inner 
nuclear layer, GCL ganglion cell layer
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and also ~3% of cases of autosomal recessive RP 
is in Mertk, a gene that encodes a transmembrane 
protein with an extracellular domain important 
for binding photoreceptor outer segments [29, 
30]. This genetic defect leads to the failure of 
RPE phagocytosis of photoreceptor outer seg-
ments, a process crucial for renewal of photo-
receptor outer segments. Figure  19.2 shows a 
vertical section through the RPE of a control and 
RCS rat. In contrast to the control, no rhodopsin 
immunoreactive puncta are evident within the 
RPE of the RCS rat, suggestive of an anomaly 
in photoreceptor outer segment phagocytosis. 
Further evidence that RPE dysfunction plays a 
role in photoreceptor loss in the RCS rat comes 
from the observation that chimeras formed from 
the combination of normal and RCS rat embryos 
display localized retinal degeneration solely in 
regions where RCS RPE predominates [31]. 
In addition, gene correction with viral vectors 
encoding MERTK demonstrate rescue in RCS 
rats [32] and have been more recently evaluated 
in a phase I study in humans [33].

Like the RCS rat, accumulation of photorecep-
tor debris within the subretinal space is a feature 
of the mer knockout mouse and the vitiligo mouse 
[34, 35]. The vitiligo mivit mutation causes an 
anomaly in the relationship between photorecep-

tor outer segments and the RPE and is associated 
with gradual photoreceptor loss in homozygous 
mivit mice from approximately 2 months of age 
[36, 37], with complete vision loss within 2 years 
[35]. There are also marked pigmentary changes 
within the retinal fundus well before photorecep-
tor loss and the RPE can appear multilayered, 
suggestive of abnormal cell proliferation during 
development [37]. In addition, the RPE micro-
villi are shortened and closely packed.

 Lebers Congenital Amaurosis: Severe 
Retinal Degenerations Associated 
with Mutations Affecting the Retinoid 
Cycle

Leber’s congenital amaurosis (LCA) is a severe 
form of retinal degeneration that leads to irre-
versible early vision loss often within the first 
year of life in the absence of any major systemic 
features [38]. It is accompanied by sensory nys-
tagmus, amaurotic pupils and absence of electri-
cal responses from the retina. It is a rare disease 
affecting between 1/30,000 and 1/81,000 people. 
Over 400 mutations in at least 14 genes have 
been associated with the development of LCA, 
most of which influence function and integrity 

e

g

f

h

Fig. 19.2 (continued)

19 Animal Models of Diseases of the Retinal Pigment Epithelium



332

of  photoreceptors directly (e.g., GUC2D, AIPL1, 
CRX) or the RPE (e.g. RPE65, LRAT, MERTK). 
Mutations in many of the same genes also cause 
retinitis pigmentosa. Although not well under-
stood, it is possible that the difference in phe-
notypic severity reflects the importance of the 
mutant region for protein function or the level 
of expression. A range of animal models of LCA 
exist including 13 mouse strains, feline, canine 
and avian models, most of which carry muta-
tions in genes encoding proteins important for 
photoreceptor structure and function. However, 
some rodent and canine species harbour muta-
tions affecting proteins involved in the retinoid 
cycle, including Rpe65 and lecithin-retinol 
acyltransferase (Lrat). Here, we focus on those 
animal models that are associated with gene 
mutations affecting RPE dysfunction.

The most widely characterized animal mod-
els of LCA are those associated with mutations 
in Rpe65 [23]. RPE65 is solely expressed by the 
RPE and plays a critical role in enzymatic con-
version of all-trans retinol to 11-cis retinal. Thus, 
mutations affecting the expression and function 
of RPE65 lead to a reduction in the availability 
of the chromophore, 11-cis retinal, and conse-
quently photoreceptor dysfunction and death 
[23, 39]. Three mouse models have been iden-
tified that carry mutations in Rpe65, including 
the natural mutant rd12 mouse [40], Rpe65 null 
mouse [41] and the Rpe65R91W transgenic mouse 
[42]. Rpe65 null and rd12 mice show a slow loss 
of photoreceptors such that by 12 months of age, 
only 50% of photoreceptor remain. Moreover, 
cone photoreceptors are preferentially affected in 
both these models, with complete loss of short 
wavelength cones from the inferior retina within 
1 month. The loss of cone photoreceptors early 
in Rpe65 null mice is consistent with the severe 
cone photoreceptor loss that has been described 
in patients with LCA.

Rpe65R91W knock-in mice were generated to 
express one of the common missense mutations 
observed in patients with LCA [42]. Rpe65R91W 
mice show partial expression of mutant RPE65 
and 10% generation of 11-cis retinal. Despite 
differences in the level of RPE65 expression 

compared with rd12 and Rpe65 null mice, 
the phenotype is remarkably similar, showing 
gradual loss of photoreceptors over a 12-month 
period.

Like in humans, there are countless genetic 
mutations that cause retinal degeneration and 
vision loss in dogs (http://omia.angis.org.au/
home) [43]. Loss of vision in dogs is associated 
with mutations in RPE65. Briard sheepdogs, in 
particular, can develop an autosomal recessive 
form of LCA caused by a RPE65 mutation [44]. 
These animals are homozygous for a mutation in 
RPE65 and develop a slowly progressive retinal 
degeneration from 1.5 years of age with complete 
degeneration of photoreceptors in the peripheral 
retina by 5–7 years of age.

The importance of the retinoid cycle for main-
taining photoreceptor integrity is highlighted by 
severe photoreceptor loss that occurs in response 
to mutations in another protein important in the 
retinoid cycle, LRAT. LRAT catalyses the esteri-
fication if all-trans retinol to all-trans retinyl 
esters which forms the substrate that is converted 
to 11-cis retinol by RPE65. LRAT mutations are 
associated with approximately 1% of all cases of 
LCA (also referred to as LCA14). Like animals 
with mutations in RPE65, LRAT mutations also 
lead to a significant reduction in the availability 
of the chromophore, 11-cis-retinal. Lrat knock-
out mice develop retinal degeneration by two 
months of age with severe loss of cones occur-
ring prior to rod death. A similar pattern of loss 
in cones followed by rods was observed in a Lrat 
conditional knockout mouse, where excision of 
LRAT was achieved selectively in RPE cells by 
crossing floxed Lrat mice with tyrosinase related 
protein 1(Tyrp1)-cre mice [45]. Although the 
mechanisms by which cones and rods die in Lrat- 
knockout mice remains to be fully understood, 
there are significant differences in the transport 
of cone opsin and rhodopsin from the inner seg-
ment to the outer segment of photoreceptors. 
In particular, cone-opsins are mislocalized and 
accumulate within the inner segment from an 
early age in Lrat knockout mice. The mislocal-
ization of opsin is thought to be critical factor in 
the subsequent death of cones.
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 Inherited Macular Degenerations

The macula is a highly specialized region that is 
preferentially affected in a number of diseases 
including age-related macular degeneration and 
inherited macular dystrophies. In humans, there 
are differences in density of RPE cells and also 
in the structure of Bruch’s membrane in the 
fovea compared to more peripheral regions that 
may be a significant factor in the predilection of 
some conditions to the macula. In addition, the 
high density of cones in this region of the retina 
imposes demands on the RPE that are unique to 
this region of the retina. In studying diseases of 
the macula, it is important to note that rodents 
lack a specialized area of the retina of high cone 
density that has similarities to the human fovea. 
Thus, mouse models of macula disease are lim-
ited to answering questions relating to the role 
of specific gene pathways in modifying photo-
receptor integrity more generally. Specific ques-
tions about why the fovea is vulnerable in macula 
diseases cannot be effectively addressed using 
rodent models. In contrast, the retinae of large 
animals including dogs, cats and primates have a 
specialized area that has similarities to the human 
macula in that there is a high density of cones in 
a region located within the temporal retina [46]. 
Inherited and age-related macular degenera-
tions have been described in some of these larger 
mammalian species. In the sections below, rodent 
as well as large animal models of macula disease 
have been highlighted.

 Stargardt’s Disease
The commonest form of inherited macular degen-
erations is Stargardt’s disease which is an auto-
somal recessive disease affecting between 1  in 
8,000 and 1 in 10,000 people and that is inherited 
with a carrier frequency of 1 in 20 [47]. It is char-
acterized by accumulation of lipofuscin within 
the RPE of the central retinal that leads to RPE 
dysfunction and death followed by photoreceptor 
degeneration. ABCA4 is an ATP-binding cassette 
transporter that is localized to the rim of photo-
receptor outer segment disc membranes where 
it is involved in transport of retinoids from the 

RPE to photoreceptors [48]. Notably, following 
isomerization of 11-cis retinal to all-trans retinal 
by light, all-trans retinal is released into the pho-
toreceptor outer segment and is transported to the 
disc membrane as a complex with the bisretinoid, 
N-retinylidene-phosphtidylethanolamine. In the 
absence of a normal functioning ABCA4 trans-
porter, bisretinoids accumulate within the photo-
receptor outer segment and ultimately in the RPE 
following photoreceptor outer segment phago-
cytosis. Accumulation of the highly toxic com-
ponent of lipofuscin, A2E, leads to dysfunction 
and death of the RPE and subsequently vision 
loss due to photoreceptor degeneration. Although 
the gene mutation causal in Stargardt’s disease 
encodes a photoreceptor associated protein, 
we have included a summary of animal models 
of this disease because it manifests a profound 
change in RPE function that has many similari-
ties to other conditions that are directly caused by 
genes encoding RPE associated proteins.

The pathogenesis of Stargardt’s disease has 
been effectively modelled using the ABCA4 
null mouse. This strain of mouse shows ele-
vated A2E and lipofuscin within the RPE, 
as well as accumulation of N-retinylidene- 
phosphtidylethanolamine in photoreceptor outer 
segments [49, 50]. In addition, A2E induced oxi-
dative stress in the RPE as well as complement 
activation has been observed in aging ABCA4 
null mice [51]. However, retinal dysfunction 
and photoreceptor death is slow and only minor 
changes in dark adaptation have been described 
even up to 2 years of age [50, 52, 53]. Retinal 
degeneration associated with an ABCA4 muta-
tion has been identified in pit bull terriers [54]. 
Affected animals develop rapid loss of cones 
followed by rods from between 3 and 6 months 
of age.

 Inherited Macula Degenerations 
Associated with Bestrophin 1
There are five forms for retinal degeneration 
associated with mutations in Bestrophin 1 that are 
broadly referred to as bestrophinopathies [55]. Of 
the four bestrophins, Bestrophin 1 (Best1) is pre-
dominantly expressed by the RPE and is localized 
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to the basolateral surface [56], where it mediates 
the anion transport, notably chloride, across the 
RPE cell membrane in a calcium dependent man-
ner [57]. It also regulates intracellular calcium 
and cell volume [58].

Best vitelliform macular degeneration 
(BVMD) is the second most common form of 
inherited macular dystrophy in humans, affecting 
between 2/10,000 and 1.5/100,000. It is an auto-
somal dominant condition that is caused by over 
200 mutations in Bestrophin 1[55]. It is charac-
terized by excessive accumulation of lipofuscin 
within the RPE, formation of focal subretinal 
lesions and subsequently loss of central vision. 
In addition, there are functional changes in RPE 
function that are detected by electrooculogram 
recording and that is considered pathognomonic 
of the disease. Electrical activity can be elicited 
from both the RPE and retina in response to a 
flash of light. For example, the electroretinogram 
is a series of wavelets of current that are gener-
ated by cohorts of neurons in response to a flash 
of light. The electrooculogram is a much slower 
currents generated by the RPE.  It is thought to 
arise from depolarization of the basal membrane 
of the RPE due to increased chloride conduc-
tance. In BVMD there is a reduction or absence 
of the electrooculogram while the ERG remains 
unaffected.

BVMD progresses through five stages. Stage 
1 is characterized by normal vision but with 
small areas of RPE loss. Stage 2 is characterized 
by the formation of a well demarcated yellow 
vitelliform lesion around 2–3  mm in diameter 
that is centred over the fovea. With time some of 
the yellow lesion can flatten and resorb, causing 
a pseudohypopyon indicative of stage 3. During 
stage 4, the yellow yolk “scrambles” signifying 
the vitelliruptive stage 3 that is associated with 
significant vision loss. Finally, during stage 5, 
there is significant atrophy and choroidal neo-
vascularization. This condition usually presents 
bilaterally.

Other retinal degenerations associated with 
mutations in Bestrophin 1 include adult-onset 
vitelliform macular dystrophy, autosomal reces-
sive bestrophinopathy, autosomal dominant vit-
reoretinochoroidopathy and retinitis pigmentosa. 

Adult vitelliform macular dystrophy has many 
similarities with the milder forms of Best disease 
with vision preserved in most cases. Autosomal 
recessive bestrophinopathy is thought to be 
caused by a “null” mutation in Bestrophin 1 and 
is associated with a central serous detachment 
with fibrous subretinal scar most likely caused by 
choroidal neovascularization. Small yellow vitel-
liform lesions are also observed.

Best1 knockin mice have been generated that 
model aspects of human BVMD.  Transgenic 
mice that carry a W93C mutation in the endog-
enous mouse Bestrophin gene have been gener-
ated. The W93C mutation was chosen because 
a large Swedish family with BVMD has been 
exceptionally well characterized. These mice 
exhibit many of the signs of human Best disease 
including accumulation of lipofuscin in the RPE, 
formation of fluid and debris filled detachments 
of the retina [59]. Like human BVMD, retinal 
function in Best1W93C/W93C remains unaffected in 
the early stages, whereas the electrooculogram 
is diminished. In addition, large well demarcated 
detachments of the sensory retina are observed in 
approximately 40% of heterozygous Best1+/W93C 
and Best1W93C/W93C mice over 12  months of age 
that are accompanied by accumulation of lipo-
fuscin in the RPE [59]. Two independently gen-
erated Best1 null mice have been generated. In 
contrast to human BVMD, the electrooculogram 
is enhanced and there is no change in chloride 
conductance across the RPE [8, 60]. In addition, 
there is very little change in retinal integrity, even 
in mice aged 16–19 months [8].

Canine multifocal retinopathy (cmr1-3) is a 
naturally occurring autosomal recessive disorder 
that affects thirteen dog breeds worldwide and 
that is caused by mutations in bestrophin. These 
retinopathies show many similarities with human 
bestrophinopathies [61]. There are three major 
mutations in the canine Best1 gene that cause 
disease including a premature stop mutation in 
exon one (R25X) that was identified in Mastiff 
breeds [62, 63], a missense mutation (G161D) 
that affects a rare breed of Coton de Tulear dogs 
[64] and a frameshift mutation (P463fs) identi-
fied in Lapponian Herders [65]. Like their human 
counterparts, dogs with cmr show a gradual 
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accumulation of lipofuscin within the RPE that 
is associated with anomalies in cholesterol trans-
port. Importantly, the interaction between pho-
toreceptor outer segments and RPE microvilli 
is reduced. In particular, the microvilli of RPE 
cells area retracted, possibly as a developmental 
consequence of abnormal intracellular calcium 
regulation. Under normal circumstances, RPE 
microvilli expand the surface area over which 
photoreceptors contact the RPE, optimizing pho-
toreceptor outer segment phagocytosis, as well 
as being a rich source of transporters and ion 
channels. Separation of photoreceptors from the 
RPE because of this structural anomaly could be 
a critical factor in the subsequent detachment of 
the sensory retina and ultimately the photorecep-
tor degeneration that occurs [61].

 Sorsby Fundus Dystrophy
Bruch’s membrane is a five layered basement 
membrane located between the RPE and cho-
riocapillaris. It contains layers of collagen inter-
spersed with elastin that can vary with age and 
disease. Being an acellular structure, formation 
and turnover of Bruch’s membrane is dependent 
on normal function of the RPE.  In situations 
where Bruch’s membrane becomes thicker, pho-
toreceptor loss can occur because of deprivation 
of normal nutrient flow from the vasculature to 
photoreceptors. Sorsby Fundus Dystrophy (SFD) 
is a rare autosomal dominant macular degenera-
tion caused by mutations in tissue inhibitor of 
metalloproteinase 3 (TIMP3), an important pro-
tein for regulating extracellular matrix turnover 
[66]. Sorsby fundus dystrophy is characterized 
by the accumulation of protein and lipid within a 
thickened Bruch’s membrane [67] that is associ-
ated with rapid loss of central vision followed by 
peripheral vision. A transgenic mouse has been 
created that expresses a similar mutation to those 
with Sorsby fundus dystrophy, a Ser156Cys sub-
stitution in murine Timp3 [68]. These mice dis-
play abnormalities within the RPE from 8 months 
of age, and an increase in thickness of Bruch’s 
membrane from 30 months. However, they do not 
develop choroidal neovascularization in contrast 
to the human condition. More recently, a TIMP3 
null mouse has been described [69]. However, 

Bruch’s membrane and the RPE remain largely 
intact over an 18 month period and vision loss is 
minimal.

 Doynes Honeycomb Retinal Dystrophy
Doynes Honeycomb retinal dystrophy or 
Malattia Leventinese is a rare autosomal domi-
nantly inherited disease of the macula. Although 
it can present in early adulthood, it has many 
similarities with age-related macular degen-
eration. Small amorphous drusen deposits form 
between the RPE and Bruch’s membrane that 
gradually enlarge and coalesce with disease dura-
tion. Atrophy of the RPE and choroidal neovas-
cularization lead to significant vision loss in the 
later stages of the disease. A single substitution 
of Arg345 to Trp (R345W) in the gene EFEMP1 
(epidermal growth factor-containing fibrillin–
like extracellular matrix protein 1) is responsible 
for this disease. EFEMP1 encodes a 493 amino 
acid protein that is belongs to the fibulin family 
of extracellular matrix proteins. Although the 
function of this protein remains to be determined, 
some fibulin proteins play important roles in the 
assembly of elastin fibres and EFEMP1 is known 
to interact with TIMP3.

Two knockin mouse strains have been gener-
ated that carry the R345W mutation in the endog-
enous mouse EFEMP1 gene [70, 71]. These mice 
show no significant changes in the retinal fundus, 
nor in retinal integrity over a 2 year period [70, 
71]. However, at the ultrastructural level, there 
are sub-RPE deposits and changes in Bruch’s 
membrane from as early as 4 months of age. The 
sub-RPE deposits become more pronounced with 
increasing age and by 12 months of age Bruch’s 
membrane shows changes in composition and 
the RPE shows signs of atrophy [70]. Bruch’s 
membrane is thicker in 2 year old mice. Despite 
these histopathological changes in the RPE and 
Bruch’s membrane, retinal function (as measured 
by the ERG) is normal and there are no signifi-
cant changes to retinal structure observed [70, 
71]. Moreover, no evidence of advanced disease 
including choroidal neovascularization has been 
demonstrated [70, 71]. Overall, these data sug-
gest that the EFEMP1 knockin mice manifest 
some of the features of very mild human disease.
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 Other Rare Inherited Cone-Rod 
Degeneration That Can Be Modelled 
in Mice
In addition to the conditions described above, 
there are a number of other very rare cone-rod 
dystrophies caused by mutations in genes that 
encode proteins important in RPE function [72]. 
Complement 1q Tumor Necrosis Factor 5 gene 
(C1QTNF5), formerly called CTRP5, encodes a 
short-chain collagen that is thought to be impor-
tant for adhesion between the RPE and Bruch’s 
membrane. A single missense mutation in this 
gene (S163R) is associated with late-onset macu-
lar degeneration, an autosomal dominant condi-
tion that closely resembles age-related macular 
degeneration. It is characterized by wide spread 
deposits between the RPE and Bruch’s mem-
brane, gradual atrophy of the RPE and choroidal 
neovascularization in the advanced stages. These 
changes are associated with loss of central and 
peripheral vision.

Two knockin mice have been generated to 
model late onset macular degeneration, both of 
which carry the S163R mutation in the C1QTNF5 
gene. In addition, the rd6 mouse model of retinal 
degeneration carries a spontaneous mutation in 
membrane-frizzled-related-protein (mfrp). The 
MFRP and C1QTNF5 genes are located imme-
diately adjacent one another in the human and 
mouse genome and are expressed as a dicistronic 
transcript. The two proteins colocalize within the 
RPE and are functionally linked. Heterozygous 
CTRP5+/S163R mice show loss of cone and rod 
mediated function from 10 months of age as well 
as a progressive increase in the presence of dis-
crete autofluorescent lesions across the retinal 
fundus. In concert with these findings, there are 
changes in photoreceptors and the RPE with age. 
In contrast, Shu et al. [73] have analysed a simi-
larly created Cq1TNF5+/SER163R knockin mouse 
and found no change in rod or cone mediated 
function in animals aged up to 2 years, nor any 
RPE pathology. Whilst it is unclear why these 
two similar strains of mouse would have such 
disparate pathology, one possible explanation is 
that the changes in retinal structure and function 
described could be a result of the strain carrying 
a background mutation in CRB1, Crb1rd8/rd8 [74]. 

Indeed, a recent study highlighted the widespread 
inheritance of this in the background of strains of 
many mouse lines [74].

 Disorders Associated 
with Anomalies in Melanin/
Melanosome Synthesis or Transport

Albinism refers to a group of inherited disorders 
affecting melanin biosynthesis that affects 1  in 
18,000 people [4]. There are two main types of 
albinism that include oculocutaneous albinism 
where pigmentation in the eye, skin and hair is 
affected, and ocular albinism, in which pigmenta-
tion defects are restricted to the eye. Pigmentation 
defects are also characteristic of two rare syn-
dromes called Hermansky-Pudlak syndrome and 
Chediak Higashi syndrome. Oculocutaneous 
albinism is an autosomal recessive condition 
associated with mutations in tyrosinase, P gene, 
tyrosinase-like protein 1 (TYRP1) and the trans-
porter, SLC45A2. In contrast, ocular albinism 
mostly affects males in an X-linked fashion and 
is associated with inheritance of a mutation in 
OA1 (more recently referred to as GPR143). All 
forms of albinism are associated with lack of pig-
mentation in the skin and/or eyes together with 
anomalies in foveal maturation (foveal hypopla-
sia) and the optic chiasm. As a consequence of a 
delayed maturation of the macula, anomalies in 
fixation, and nystagmus also manifest and vision 
is often poor [4].

Pigmentation of the RPE involves the forma-
tion of melanin within dedicated intracellular 
organelles, called melanosomes [3]. Formation 
of melanin is a multistep process initiated by the 
conversion of tyrosine to 3,4dihydroxyphenylala-
nine (DOPA) by tyrosinase and then formation 
of melanin via a cascade of reactions. Melanin 
is formed within specialized organelles called 
melanosomes that mature through a series of 
stages that ultimately forms melanised mature 
organelles. Mature melanosomes move from the 
perinuclear region towards the periphery of cells, 
via transport processes involving microtubules 
and actin-based motor myosin VIIa. Mutations 
affecting melanin formation, melanosome 
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 maturation, or transport of melanosomes can all 
lead to defects in pigmentation and albinism [3].

The most important enzyme involved in mela-
nogenesis is tyrosinase, which is expressed in 
the RPE as well as other pigmented cells within 
the eye. Mutations in tyrosinase cause a decrease 
or absence of melanin formation and are associ-
ated with human oculocutaneous albinism type 1. 
There are a number of albino strains of mouse 
and rat including the balb/c mouse and Sprague- 
Dawley rat that carry spontaneous mutations in 
tyrosinase (tyrc). Comparisons of retinal struc-
ture and function of albino strains of rats com-
pared to pigmented strains have revealed only 
very modest differences. More recently, detailed 
analysis of the RPE and retina has been under-
taken in albino C57Bl6J-c2J compared to the 
pigmented congenic C57Bl6 strain [5]. Rod 
mediated function, as measured by the electroret-
inogram, is reduced in albino C57Bl6-c2J mice 
compared to control, and photoreceptor density 
is reduced in mice aged 7  months or older. In 
addition, there was an absence of melanin in the 
RPE and a decrease in melanosome number in 
albino C57Bl6-c2J. Notably, treatment designed 
to genetically correct the tyrosinase mutation, 
with subretinal injection of AAV2-CMV-hTYR, 
ameliorated the deficits in retinal structure and 
function [5], suggesting that this mutation was 
intimately involved in the deficits observed.

Ocular albinism is an X-linked form of the 
disease that is caused by a mutation in the OA1 
gene, also called GPR143. Although skin pig-
mentation is normal, pigmentation of structures 
within the eye is absent and patients show nys-
tagmus, foveal hypoplasia and reduced vision. 
OA1 encodes a G protein receptor that local-
izes to the membrane of mature melanosomes 
within the RPE. OA1 null mice have been cre-
ated to further understand the mechanisms of 
this condition and show many of the hallmark 
signs of human ocular albinism [75]. Like human 
ocular albinism, OA1 null mice develop abnor-
mally large melanosomes in the RPE of OA1 null 
mice from birth that increase in number with age 
[75]. These mice have normal retinal function 
as measured by the electroretinogram but show 
abnormal development of the ipsilateral ganglion 

cell axons that project through the optic chiasm. 
Along with numerous macromelanosomes within 
the RPE, a greater proportion of melanosomes 
were located within the apical part of the RPE in 
OA1 null mice compared to control mice and also 
to a greater extent away from the nucleus. These 
results suggest that the protein product of OA1 is 
important for melanosome maturation as well as 
peripheral displacement within cells [6].

 Modelling Alterations in the RPE 
with Relevance to AMD

Age-related macular degeneration is the lead-
ing cause of irreversible vision loss in those over 
60 years of age. It is a multifactorial disease with 
the early stages affecting 1:7 people over 50 years 
of age. Of these, many advance to the chronic 
atrophic form the disease or the acute neovas-
cular form of the disease. The RPE and Bruch’s 
membrane play important roles in the pathogen-
esis of the disease in its earliest form. The RPE 
progressively accumulates lipofuscin and ulti-
mately the number of RPE cells decreases. At 
the ultrastructural level, deposits are observed 
between the RPE and Bruch’s membrane, called 
basal laminar deposits and basal linear depos-
its. It has been suggested that the formation of 
basal linear deposits is indicative of progressing 
AMD, whereas the formation of basal laminar 
deposits an indicator of RPE and photoreceptor 
degeneration.

A central feature of early age-related macu-
lar degeneration is an increased thickness of 
Bruch’s membrane as well as drusen formation. 
Drusen are subretinal deposits composed of a 
large number of different components includ-
ing lipid, β-amyloid, and complement proteins. 
Clinically, patients can progress to one or both 
forms of advanced AMD [76]. Dry AMD is 
called geographic atrophy and is characterized 
by RPE atrophy and subsequent photoreceptor 
degeneration. It is notable that rod photorecep-
tors are initially affected, followed by cones. 
Approximately 10% of patients develop the wet 
form of AMD which is associated with patho-
logical growth of blood vessels from the choroid 
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into the macula. Although the underlying mech-
anism for angiogenesis in AMD is complex, it 
is now well accepted that the angiogenic growth 
factor, Vascular Endothelial Growth Factor, 
plays a key role.

Development of animal models of AMD has 
been challenging for a number of reasons. First, 
commonly used laboratory animals, such as rats 
and mice, do not possess a macula, nor live for 
many years. Moreover, there are no reported 
cases of the development of an AMD-like condi-
tion in large animals such as cats or dogs. There 
are also significant differences in the structure 
of the retina, transport of lipid across the RPE 
and the regulation of the innate immune system 
in rodents compared to humans. In addition, the 
influence of multiple genes in combination with 
environmental effects makes studying the disease 
even in aging mice difficult. Indeed, there are no 
animals that recapitulate all aspects of the dis-
ease. Below, we summarize how animals (both 
non-rodent and rodents) can be used to model 
specific signs associated with AMD.

 Early Age-Related Macular 
Degeneration in Primates

Drusen are an important biomarker for the 
development of early stage age-related macular 
degeneration and their size can provide one way 
for identifying those most at risk of progression 
to advanced disease [77]. Drusen consist of an 
abundance of lipid, immune fragments, amy-
loid and other constituents. The only animals 
reported to develop drusen with similarities to 
human disease are simian primates. Indeed, 32% 
of a cohort of 278 aged female Macaque mon-
keys showed drusen within the posterior pole 
and of these only 10% showed 20 or more depos-
its. Importantly, the composition of the drusen 
in these animals was similar to those reported 
in humans, and included approximately 60 dif-
ferent molecular species including vitronectin, 
amyloid, complement factors and lipid moi-
eties. Ageing primates not only develop drusen 
with age, but also demonstrate some similarity 
in genetic risk profile. In particular, HTRA1 

(high temperature requirement factor A1) and 
ARMS2 (age related maculopathy susceptibility 
2) have been associated with drusen formation 
in primates. Despite these similarities, advanced 
forms of AMD including geographic atrophy 
and choroidal neovascularization has not been 
described in primates. In addition, the develop-
ment of drusen occurs at a comparatively earlier 
age in primates with about half of all monkeys 
affected by the equivalent of 20–30 years of age, 
compared to humans where approximately 50% 
are affected by 70 years of age.

Although there are many reports of mouse 
strains developing discrete white lesions across 
the retinal fundus, careful analysis of these 
lesions indicates that they do not contain the same 
breadth of molecular constituents as humans. 
Although it has been difficult to correlate pre-
cisely “drusen-like” lesions with histopathology 
in mouse strains, some reports suggest that the 
lesions arise because of an accumulation of retinal 
immune cells in the subretinal space. Moreover, 
some mouse strains carry a recessive mutation 
in Crb1rd8, a gene important for photoreceptor 
polarization. Homozygous expression of this 
mutation is associated with discrete white lesions 
across the retina which correspond to the forma-
tion of rosettes within the outer retina [78]. Thus, 
mouse strains that develop discrete “drusen- like” 
lesions need to be carefully evaluated.

 Diseases of the Retina Associated 
with Accumulation of Lipofuscin 
in the RPE

Accumulation of lipofuscin in the RPE is an 
important ageing change that heralds the onset 
of advanced atrophic AMD.  The relationship 
between lipofuscin and RPE function and death 
can be investigated using a range of animal mod-
els that show accumulation of lipofuscin in these 
cells including the ABCA4null mouse model of 
Stargardt’s disease described above and models 
of neuronal ceroid lipofuscinosis (CLN) [79].

Neuronal ceroid lipofuscinoses (CLNs) are 
a group of inherited lysosomal storage disor-
ders that lead to progressive neurodegeneration 
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[80]. Globally they affect between 1:12,500 and 
1:100,000 and are characterized by progressive 
cognitive decline, motor dysfunction, irrevers-
ible loss of vision and epilepsy that eventually 
leads to premature death. There are 14 distinct 
forms of CLNs, showing differences in the age of 
onset, and gene product, referred to as CLN1–14 
[80]. Most are inherited in an autosomal reces-
sive manner but there are some forms of the adult 
variant that are inherited in an autosomal domi-
nant fashion [80]. A common feature of all forms 
of CLN is that all tissues show accumulation of 
autofluorescent storage material at the cellular 
level. In the posterior eye both the RPE and all 
cells in the retina show accumulation of lipofus-
cin that is associated with gradual photoreceptor 
dysfunction and death.

A range of large non-laboratory animals are 
affected by ceroid lipofuscinoses including 

cows, sheep, and dogs [81]. There are at least 13 
mouse models of ceroid lipofuscinoses that mir-
ror many of the features of human disease [82]. 
Mutations in CLN6 are associated with a vari-
ant of late infantile ceroid lipofuscinosis. CLN6 
encodes a 305 amino acid endoplasmic reticu-
lum membrane protein of unknown function. A 
spontaneous mutation in CLN6 causes retinal 
degeneration in Cln6 null (also called nclf) mice. 
Figure 19.3 shows retinal fundus images of the 
Cln6 null mice (nclf) and shows small discrete 
white lesions across the retina and extensive 
accumulation of autofluorescent material within 
the RPE.  This mouse strain develops many of 
the features of human disease including neurode-
generation of the cortex and visual system [83]. 
Notably, photoreceptor loss occurs from 1 month 
of age at an age when there is marked gliosis 
and accumulation of lysosomal storage material 

a b

c d

Fig. 19.3 Cln6 mutant mice show accumulation of lipo-
fucin in the RPE. (a, b) Images of the retina were col-
lected in vivo using a MicronIII fundus camera. Fundus 
images from 8 month old (a) wildtype (WT) and (b) cln6 
mutant mice are shown. Many abnormal, hyper-reflective 
lesions are apparent in the cln6 mutant fundus. (c, d) Eyes 
were collected, processed for histology and transverse 
retinal cryostat sections were imaged using a confocal 

microscope. Ultraviolet (blue) and far red (red) excitation 
wavelengths were used to evaluate auto-fluorescence in 
the RPE of (c) WT and (d) cln6 mutant mice. Increased 
intensity of auto-fluorescence, indicative of increased 
lipofucsin deposition, was apparent in the RPE of cln6 
mutant mice. Ch choroid, RPE retinal pigment epithe-
lium, OS outer segments; Scale for c and d, 20 μm
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in both the RPE and all cells of the retina [84]. 
Moreover, the reduction in visual function occurs 
prior to anomalies in motor control. Motor per-
formance is tested using the rotarod performance 
test, whereby animals are placed on a rotating rod 
and the duration of time that an animal stays on 
the rod used as an indicator of their balance and 
coordination. In Cln6 null mice, motor impair-
ment occurs from 8 months of age, well after loss 
of visual function [85]. One of the central ques-
tions that remains to be explored is why photo-
receptors are preferentially affected in ceroid 
lipofuscinoses, despite widespread cellular accu-
mulation of lipofuscin. With respect to the retina, 
it is not clear whether an anomaly in RPE func-
tion drives photoreceptor loss, or whether lipo-
fuscin interferes with photoreceptor specifically.

 Mouse Models Associated 
with Thickening of Bruch’s Membrane

Thickening of Bruch’s membrane is a feature of 
early AMD. This is thought to lead to deprivation 
of nutrient flow from the choriocapillaris to pho-
toreceptors. There are a range of environmental 
and genetic factors that can lead to changes in 
composition of Bruch’s membrane and its thick-
ness especially with age. An association between 
the development and progression of AMD with 
diet, body mass index, and truncal obesity has 
been suggested. Dietary factors can affect the 
integrity of RPE/Bruch membrane in mice. For 
example, Bruch’s membrane is thicker in C57Bl6 
mice fed a high fat diet for 6 months compared 
to mice fed a conventional diet [86]. In addition, 
a high glycemic index diet is associated with a 
thicker Bruch’s membrane in 16 month old mice 
compared to similar aged mice fed a low glyce-
mic index diet [87].

Inheritance of a single nucleotide polymor-
phisms in HTRA1 may elevate risk of develop-
ing AMD via mechanisms that involve changes 
in Bruch’s membrane. Notably, a single nucleo-
tide polymorphism in HTRA1 drives over expres-
sion of HTRA1 that ultimately leads to a change 
in the degradation of extracellular matrix pro-
teoglycans. In agreement with this, transgenic 

overexpression of Htra1 in murine RPE cells is 
associated with disruption and change in compo-
sition of Bruch’s membrane [88].

Genes involved in lipid transport, includ-
ing APOE, LIPC, CETP and ABCA1, have 
also been associated with risk of develop-
ing advanced AMD.  ApoE mediates transport 
of lipid across cell membranes and is highly 
expressed by Bruch’s membrane. There are 
two single nucleotide polymorphisms in APOE 
resulting in three different alleles (called 
Ɛ2, Ɛ3, and Ɛ4). In contrast to the Ɛ4 allele, 
inheritance of the Ɛ2 allele increases risk of 
developing AMD [89]. A variety of mice with 
genetically modified expression of ApoE have 
been developed including ApoE-null mice, and 
transgenic mice expressing the human Ɛ2, Ɛ3 
or Ɛ4 alleles [90–92]. ApoE-null mice exhibit 
raised serum triglycerides and cholesterol and 
show thickening of Bruch’s membrane [90, 93] 
(Fig. 19.4). ApoE3-Leiden mice which express 
a dysfunctional form of human ApoE3 develop 
similar changes in Bruch’s membrane to ApoE- 
null mice when fed a high fat diet [91]. Finally, 
knock-in mice that express the human APOE2, 
APOE3 or APOE4 proteins under the control of 
the endogenous mouse ApoE promoter develop 
thickening of Bruchs’ membrane and depos-
its in the basal RPE when fed a high fat diet 
[92]. Despite the significant changes in Bruch’s 
membrane thickness and composition in these 
strains of mice, only a small number show pro-
gressive disease involving either RPE loss and/
or choroidal neovascularization [92].

Anomalies in lipid transport may also explain 
the changes in Bruch’s membrane observed in 
LDL or CD36 null mice. Low density lipopro-
tein (LDL) receptor deficient mice are not able to 
incorporate plasma cholesterol into cells result-
ing in raised triglyceride levels [94, 95]. These 
mice show increased thickness of Bruch’s mem-
brane when raised on a high fat diet [95]. CD36 is 
expressed on the basolateral surface of RPE cells 
and is important for binding of oxidized phos-
pholipids, and perhaps the removal of oxidized 
lipid from the RPE to the underlying vasculature. 
CD36-null mice develop thickening of Bruch’s 
membrane and subretinal deposits [94].
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 Mouse Models Associated 
with Oxidative Stress

The retina has the highest oxygen consumption 
of any tissue of the body, and is therefore prone 
to oxidative stress [96]. There is increasing evi-
dence that a change in the balance between anti- 
oxidant protection and oxidative stress within 
the RPE can lead to reduced retinal integrity and 
the development of features of early AMD. The 
RPE possesses a number of systems that pro-
tect it from oxidative stress. These systems are 
regulated at the transcriptional level via nuclear 
factor erythroid-2 related factor 2 (Nrf2) that 
ultimately influences the activity of important 
anti-oxidant enzymes such as catalase and super-
oxide dismutase (SOD) or that regulate cellu-

lar levels of glutathione and thioredoxin [96]. 
Factors that reduce expression of Nrf2 or that 
alter SOD1 or SOD2 activity are associated with 
oxidative stress and cellular damage within the 
RPE. Aging as well as smoking, two important 
risk factors for progression of AMD, are known 
to reduce Nrf2 mRNA expression in the RPE [97, 
98]. Indeed, chronic smoking in C57Bl6 mice 
has been associated with reduced Nrf2 mRNA 
expression and RPE degeneration [97]. Nrf2 null 
mice develop drusen-like lesions within the pos-
terior eye as well as RPE anomalies together with 
thickening of Bruch’s membrane by 12 months 
of age [99]. Further evidence for an association 
between oxidative stress and the development of 
early features of AMD in mice is found in SOD1 
null and SOD2 null mice. Like Nrf2 null mice, 

a b

c d

Fig. 19.4 ApoE−/− mice show thickening of Bruch’s mem-
brane with age. (a, b) Images of the retinal layer structure 
in transverse were collected in vivo using a Micron III opti-
cal coherence tomography (OCT) and fundus camera. OCT 
images from 13  month old (a) wildtype (WT) and (b) 
ApoE−/− mice are shown. No changes in retinal layer thick-
ness are apparent in the ApoE−/− mice at this time point. (c, 
d) Eyes were collected, processed for histology and trans-
verse retinal sections were collected and imaged using a 
transmission electron microscope. (c) In the WT mice, 
Bruch’s membrane (BM) consisted of a thin, five layered 
structure including the RPE and choroidal basement mem-

branes. The RPE contained many melanosomes (m), small 
amounts of lipofuscin (l) and occasional phagosomes of 
outer segments (ph). (d) In the ApoE−/− mice, Bruch’s 
membrane was thicker and the layered structure less 
defined. The RPE also contained an apparent increase in 
lipofuscin content. Ch choroid, BM Bruch’s membrane, 
RPE retinal pigment epithelium, ONL outer nuclear layer, 
IPL inner plexiform layer, GCL ganglion cell layer, m 
melanosomes, ph phagosomes, Nu nucleus, l lipofuscin, v 
vacuole; Scale for a and b, vertical 100  μm, horizontal 
50 μm; Scale for c and d, 2 μm
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SOD1 null mice display an increasing number of 
drusen-like deposits from nice months of age that 
are immunoreactive for a number of constituents 
of drusen including vitronectin and C5 [100]. In 
addition, thickening of Bruch’s membrane, auto-
fluorescence and degeneration of the RPE were 
also observed [100].

 Pharmacological and Transgenic 
Models Associated with RPE 
Dysfunction

 Chloroquine Toxicity

Hydroxychloroquine is commonly prescribed 
for the treatment of systemic lupus erythemato-
sus, rheumatoid arthritis, related dermatologic 
conditions and also as a prophylactic agent to 
prevent malaria infection [101]. In those treated 
long term with high doses (generally >5 mg/kg 
real weight), approximately 7.5% show toxicity 
that includes RPE dysfunction, depigmentation 
of the RPE in a ring centred on the fovea (bull’s 
eye maculopathy) and vision loss [102]. The 
condition is irreversible and thus careful screen-
ing is recommended for all patients treated with 
hydroxychloroquine so as to prevent vision loss 
[101]. As a consequence of toxicity, hydroxy-
chloroquine is more commonly prescribed than 
its parent compound chloroquine.

The mechanism(s) by which hydroxychlo-
roquine and chloroquine affect the RPE are 
not well understood. Several animal models of 
chloroquine retinopathy have been described 
which highlight the effect of chloroquine on the 
RPE.  Chronic treatment of primates or cats is 
associated with RPE loss and subsequent pho-
toreceptor dysfunction [103, 104]. Chloroquine 
may induce RPE dysfunction and death via 
mechanisms that influence lysosomal function 
[105]. Indeed, chloroquine is known to raise the 
intracellular pH of lysosomes within the RPE 
[105], causing alkalinization of lysomes. In addi-
tion, some studies suggest that binding of the 
drug to melanin concentrates and/or prolong the 
effects of the drug.

 Modelling RPE Change in Response 
to Selective Gene Modification

Over the last 30  years studies evaluating the 
retinal changes that occur in animals that carry 
mutations encoding proteins in the RPE have 
greatly expanded our knowledge of disease 
mechanisms. Our knowledge of the role of the 
RPE in retinal disease has been enhanced by 
evaluating animals with spontaneous mutation 
such as the RCS rat, and then by examining 
structure-function relationships in “knocking 
out” or “knocking in” transgenic mouse lines. 
Much of this information is outlined in the 
sections above. A limitation of the approaches 
described so far, is that the genes “knocked-
out” are not specific for the RPE only, and are 
also germ-line mutations that may affect devel-
opmental processes. More recently, the Cre- 
LoxP system has been used to more specifically 
manipulate gene expression within the RPE in a 
selective fashion [106]. Cre recombinase is a P1 
bacteriophage protein that binds to a 34 bp long 
target recognition site known as loxP [107]. 
Through recombination, Cre recombinase has 
the ability to excise LoxP flanked sequences 
from the genome. Moreover, using tissue-spe-
cific promoters to drive cre recombinase expres-
sion provides a means of manipulating gene 
expression in specific cell types. There are at 
least four RPE specific Cre lines that have been 
developed for gene manipulation studies of the 
RPE, that include the dopachrome tautomerase 
(Dct)-cre line [108], a tyrosinase related pro-
tein line (Tyrp1-cre) [109] both of which drive 
changes in gene expression in a non-inducible 
fashion. That is, cre expression is present dur-
ing embryonic development and crossing these 
mice with floxed mice, results in gene manipu-
lation from an embryonic stage. Two inducible 
cre lines have also been developed, MCT3-cre 
and Best1-cre [1, 110]. These mice e use either 
the tetracycline-inducible system or the estro-
gen receptor system to control cre expression 
[1, 110]. Cre recombinase is induced when 
mice are treated with doxycycline or taxomi-
fen respectively. By crossing Mct3-CREER with 
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floxed DTA mice that express the diphtheria 
toxin A chain under a ubiquitous promoter, 
Longbottom and colleagues studies the retinal 
structural and functional changes that occur in 
response to selective loss of a proportion of RPE 
cells [1]. They showed significant loss of pho-
toreceptor structure and function in regions of 
ablated RPE, highlighting the importance of the 
RPE for maintaining photoreceptor integrity.

The Cre LoxP system has also been used 
to study specific cellular processes within the 
RPE. For example, crossing floxed Lrat mice with 
CMV-cre mice which express cre recombninase 
in all germ line cells provided a means of selec-
tively ablating Lrat [45]. Using this approach, the 
importance of Lrat, for maintaining photorecep-
tor integrity was demonstrated [45]. Using a Cre 
LoxP system, the importance of autophagy in 
maintaining RPE integrity has been investigated. 
Crossing floxed Rb1cc1flox/flox mice with Best1-Cre 
caused the ablation of the RB1CC1 component of 
the ULK1-ATG13- RB1CC1 autophagy complex, 
selectively from RPE cells [111]. Ablation of 
RB1CC1 was associated with a range of anoma-
lies in retinal structure and function [111].

 Conclusions

The RPE plays a critical role in maintaining the 
normal function of photoreceptors. It not only 
absorbs stray light, but also expressed critical 
ion channels and transporters that mediate the 
transport of vital ions and nutrients to and from 
the underlying vasculature. A range of inherited 
and age related diseases are caused by mutations 
and defects in many of the proteins that underpin 
these functions. A range of large animals as well 
as laboratory rodents carry similar mutations to 
those that cause human disease and therefore 
provide an excellent means for understanding the 
pathogenesis of these diseases. A great deal has 
been learned by studying the cellular and func-
tional changes that occur in both small and large 
animals with mutations affecting the RPE.  In 
addition, these animals provide a method for 
translating novel treatments to a clinical setting.
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