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Preface

This book provides a unique overview of current thinking on the pathogenesis, in-
cidence and treatment of age-related macular degeneration (AMD). It includes, for
the first time, a synthesis of the views of the world’s leading scientists and clinical
practitioners regarding retinal biology and the basic mechanisms, clinical and pa-
thogenetic processes and rational approaches to the treatment of AMD.

Although the fovea is less than a millimetre in diameter, disorders of the fovea
and its immediately surrounding area (the macula) are responsible for the majority
of cases of untreatable blindness in the developed world. The basis for the vulner-
ability of the macula region in these degenerative changes is beginning to emerge.
The fovea has a number of features that distinguish it from other parts of the retina
and reflect its specialization for high visual acuity, principally a high density of pho-
toreceptors and a lack of retinal vessels. Chapter 1, written by Anita Hendrickson,
provides an overview of the anatomy of the primate macula. The fovea is a charac-
teristic feature of the primate retina, lies on the temporal side of the optic disc and
regards the central visual field. A sound understanding of macular anatomy is es-
sential for understanding the impact of AMD on the patient.

In Chap. 2, we summarise the evidence suggesting a critical dependence of the
central retina on vascular supply. The interrelationships between the physiological
and immunological function of the blood-retinal barrier and the consequences of
barrier breakdown are described. Increasing evidence is presented for the involve-
ment of both resident microglia and choroidal leukocytes. New observations con-
cerning the significance of drusen, the involvement of the retinal vasculature and
the measurement of inflammation in AMD are presented for the first time. Taken to-
gether, the data lead to the conclusion that immunity plays both a primary and sec-
ondary role in the pathogenesis of AMD.

The link between photoreceptor dysfunction and the risk of neovascularization
in Bruch’s membrane is explored by Jackson and colleagues in Chap. 3. Because the
RPE is polarized, problems pertaining to the re-supply of photoreceptors on the ap-
ical aspect of the RPE (leading to photoreceptor death) should be conceptually sep-
arated from problems pertaining to waste removal on the basal aspect of the RPE
(leading to Bruch’s membrane damage and neovascularization), at least for the pur-
poses of designing mechanistic experiments. These processes are governed by dif-
ferent proteins and pathways at the cellular level and will be reflected in different
risk factors and genetic predispositions at the population level. A rigorous test of a
nutrient-deficiency hypothesis of AMD-associated photoreceptor death awaits
more information about normal nutrient delivery mechanisms across the RPE/
Bruch’s membrane complex, intra-retinal contributions to photoreceptor nutrition,
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changes in these mechanisms with age and pathology, and differential effects on
rods and cones.

In Chap. 4, AMD is considered as a complex genetic disease in which environ-
mental risk factors impact on a genetic background. Finding the genes that deter-
mine susceptibility or modify the disease process is one of today’s challenges, but al-
so offers a chance for understanding underlying disease processes and for the devel-
opment of preventive strategies and treatments. This chapter explores our current
knowledge about the genetic influences on AMD and indicates possible directions
for future study.

Until recently, most of the information about the natural history of AMD has
come from clinical and histopathological studies. Most such studies have previous-
ly been of short duration involving select groups of patients attending ophthalmol-
ogy clinics or participating in trials in which severe disease may be overrepresent-
ed. In the past 15 years data from population-based studies have resulted in a better
understanding of the epidemiology of this disease. Chapter 5 examines the epidem-
iology of AMD, focusing on data from several recent population-based studies.

In Chap. 6, the racial/ethnic differences in the incidence and prevalence of AMD
in China are examined. In China AMD is considered one of the most important
causes of blindness in those over the age of 50. With improvement of economic con-
ditions in China, the most common causes of blindness such as cataract, corneal dis-
eases, trachoma and glaucoma have been largely brought under control, while AMD
has increased in prevalence, now fourth on the list of causes of blindness in the age
group of those 60 years and over. Considering the large population of China, it has
been estimated that AMD currently affects at least 20 million individuals.

Experimental models of age-related macular degeneration capture only selected
features of the human disease.Animal models that encompass both atrophic and ex-
udative aspects of retinal degenerations are needed to better understand disease
progression and to predict and assess potential therapeutic approaches. Recent in-
sights into the pathogenesis of macular degeneration, along with the combination of
rapid screening techniques with transgenic and other methods, are giving rise to
several promising experimental systems outlined by Ray Gariano in Chap. 7.

Normal function is dependent upon a balance between the generation of free
radicals and oxidative species and the availability of antioxidants and free radical
scavengers. David Pow and colleagues investigate the role of transporters and oxida-
tive stress in AMD in Chap. 8. In Chap. 9, Jonathan Stone and colleagues describe a
widespread degenerative phenomena observed at the edge of the ‘normal’ retina.
The observations suggest that the edge of the retina is subject to localized stress
throughout life, inducing a progressive degenerative process. These edge-specific
changes are part of the life history of the normal retina and form part of the base-
line against which retinal degeneration takes place.

In the final chapter Scott Cousins and colleagues address – in the context of the
scientific information described in the other sections – current clinical research
strategies to provide a concept-based overview of the status of current and future
treatments for AMD. A brief review of key scientific definitions and pathogenic the-
ories is followed by the rationale for current treatments and ongoing trials. Space is
also set aside for a bit of “educated speculation” about the potential future directions
of clinical research based upon scientific discoveries described in other chapters.
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macular region which is outlined by the superi-
or and inferior temporal branches of the cen-
tral retinal artery and vein (Fig. 1.1). The fovea
lies on the visual axis of the eye such that a
beam of light passing perpendicularly through
the center of the lens will fall on the fovea. The
fovea has long been recognized as the site of
maximal visual acuity (Helmholz 1924). Al-
though the fovea only occupies 0.02% of the to-
tal retinal area and contains 0.3% of the total
cones, it contains 25% of the ganglion cells
(Curcio and Allen 1990; Curcio et al. 1990), il-
lustrating its importance in primate vision. A
large portion of the central visual centers is de-
voted to processing foveal information. For in-
stance, 40% of the primary visual cortex pro-
cesses the central 5° of the visual field which is
approximately the retinal area of the foveal pit
(Tootell et al. 1988; Curcio et al. 1990). A major
function of the superior colliculus, pretectum,
cranial nerve nuclei of III, IV, and VI and asso-
ciated centers is to integrate cortical informa-
tion and retinal input so that eye movements
keep a point in space focused on the fovea of
both eyes to facilitate binocular high-acuity vi-
sion (Goldberg 2000).

The macular region contains a yellow pig-
ment which is particularly intense around the
fovea (Delori et al. 2001). The fovea also is iden-
tified by the foveal pit which indents the vitreal
surface of the retina (Fig. 1.2). This pit and the
concentration of yellow pigment around it
(“yellow spot” or “macula lutea”) were recog-
nized in human and monkey retina by anato-
mists such as Buzzi, Soemmerring, and Frago-
nard in the late eighteenth century (cited in
Polyak 1941). Although Ramon y Cajal made
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1.1
Anatomy of the Human Fovea

1.1.1
General Anatomy

The fovea centralis is a characteristic feature of
all primate retinas except the nocturnal New
World owl monkey Aotes. It lies on the temporal
side of the optic disc within the area centralis or



significant advances in our understanding of
general retinal cellular anatomy and connectiv-
ity using the Golgi impregnation method (Cajal
1892), it was the work of Stefan Polyak (1941)
and Brian Boycott and John Dowling (1969), al-
so using Golgi impregnation, which revealed

the intricate relationships of primate retinal
neurons, including those forming the fovea.
The high-resolution anatomical relationship
between neurons and glia within the human
and monkey fovea also has been described us-
ing electron microscopy (Dowling 1965; Missot-
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Fig. 1.1.
The central human retina or macu-
la, with an idealized view of its
blood vessels. The optic disc (OD) is
to the left. The macula is subdivi-
ded into the central-most foveola,
which is surrounded in turn by the
fovea, parafovea and wider perifo-
vea. Each is indicated by concentric
circles. Blood vessels form a ring
outlining the foveal avascular zone,
which marks the inner limits of the
foveal pit

Fig. 1.2. Modification of a drawing of the macaque mon-
key foveola and foveal slope from Polyak (1941). A cone
with an outer and inner segment in the foveola is filled
in to show the length of the cone axon and displacement
of the synaptic pedicle (P) from the cell body. The arrow

on the right indicates the capillaries forming the wider
inner portion of the foveal avascular zone and the arrow
on the left the narrower outer ring of capillaries of the
foveal avascular zone. The markings on the lower scale
each indicate 100 µm



ten 1965, 1974; Yamada 1969; Borwein et al. 1980;
Schein 1988; Krebs and Krebs 1991).

In the adult human eye (Fig. 1.1), the fovea
centralis lies 4 mm temporal and 0.8 mm inferi-
or to the center of the optic disc (Hogan et al.
1971). The human foveal pit generally is round,
approximately 1000 µm at its widest, and
200–240 µm deep (Fig. 1.2). This is about half
the thickness of adjacent retina, as can be seen
in Fig. 1.3A. All of these dimensions can vary
slightly between individuals (Polyak 1941) and
also are subject to the methods used to preserve
and examine the fovea. A study of many species
of New World monkeys finds that, despite a
fivefold variation in eye size and retinal area,
the dimensions of the fovea remain constant
(Franco et al. 2000). This strongly suggests that
the same basic mechanism(s) must operate in
all primates to create this stable structure.

The central retina or macula is divided into
four concentric zones (Fig. 1.1), with the foveola
in the center surrounded in turn by the fovea,
parafovea, and perifovea. The centralmost re-
gion of the pit is called the foveola (Figs. 1.2,
1.3A,B,G). Here the center of the pit is slightly
flattened and is overlain by the highest cone
density in the retina. The foveola is 250–350 µm
in diameter and represents the central 1° 20b of
the visual field.At its thinnest point, the cellular
portion of the foveola is slightly more than
100 µm thick and is formed only by cone cell
bodies surrounded by Müller glial cell process-
es (Yamada 1969; Burris et al. 2002). However
the foveola has the longest outer and inner seg-
ments in the retina and these indent the cellular
layers, forming an inward curve called the fovea
externa (Fig. 1.3A,G). The inner retinal layers of
the foveola, including the outer plexiform layer,
are moved laterally onto the foveal slope, al-
though occasional neurons are found on the fo-
veal floor (Röhrenbeck et al. 1989; Curcio and
Allen 1990). The fovea (Figs. 1.1, 1.2, 1.3C,F) in-
cludes the adjacent 750 µm around the foveola,
making it 1.85 mm wide or 5.5° of the central
visual field. The fovea contains all of the layers
of the retina, including the thickest part, which
is called the foveal slope. This region is charac-
terized histologically by having a layer of gan-
glion cells up to eight deep and a very thick out-
er plexiform layer. Most of this layer is made up

by the elongated cone axons called the fibers of
Henle, but it also contains the synaptic pedicles
of the foveolar cones (Figs. 1.2, 1.3C,F). Rods
first appear in the fovea and also have elongat-
ed axons (Fig. 1.3D,E). These long photorecep-
tor axons are diagrammatically shown for a sin-
gle foveolar cone in Fig. 1.2 and indicated by ar-
rows in Fig. 1.3E. They are formed during pit de-
velopment to allow foveal photoreceptors to re-
tain their synaptic connections to bipolar and
horizontal cells during the peripheral-ward dis-
placement of inner retinal neurons and the cen-
tral-ward displacement of photoreceptors
(Hendrickson 1992; Provis et al. 1998). Capillar-
ies are present in the inner retina up to the fo-
veal slope, where they form a foveal avascular
zone (FAZ, see Fig. 1.4A) about 400–500 µm
wide (Figs. 1.1, 1.2, 1.4). Two more peripheral
zones are identified around the fovea but these
do not have sharp boundaries. The region next
to the fovea is the parafovea, a zone about
500 µm wide (Figs. 1.1, 1.3D). It also has a thick
outer plexiform layer and rods are more nu-
merous. The ganglion cell layer is still eight
cells thick near the fovea but decreases to four
cells thick at the peripheral edge of the parafo-
vea. The remainder of the central retina is
called the perifovea, which is 1.5 mm wide with
the peripheral perifoveal edge close to the nasal
side of the optic disc (Figs. 1.1, 1.3E). The perifo-
vea ganglion cell layer decreases to one cell
thick at its peripheral edge. The perifovea con-
tains many more rods than cones in its outer
nuclear layer.

1.1.2
Photoreceptor Distribution, Types,
and Numbers in the Human Retina

The fovea is the center of photoreceptor topog-
raphy in the primate retina. The first quantita-
tive analysis of the human photoreceptor layer
was done by Osterberg (1935), using sections
from a single celloidin-embedded 16-year-old
eye. The advantages of immunocytochemical
labeling of specific photoreceptor types com-
bined with recent advances in optical imaging
and computerized counting of retinal whole-
mounts have been used by Curcio and col-
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leagues (Curcio et al. 1990, 1991) to considerably
extend that pioneering effort.

The mean number of photoreceptors per eye
based on a sample of seven human retinas
between 27 and 44 years old (Curcio et al. 1990)
is 4.6 million cones and 92 million rods, which
is slightly lower than the 6 million cones found

by Osterberg (1935). Cones can be differentiated
from rods on the basis of size, allowing the
creation of color-coded computer-generated
maps for cone (Fig. 1.5A) and rod (Fig. 1.5B) dis-
tribution in human retina. Different types of
photoreceptors have been identified using im-
munocytochemical labels. Each photoreceptor
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type has a characteristic opsin protein which,
combined with 11-cis-retinal forms a unique
phototransduction molecule in the outer seg-
ment. The amino acid sequence of each opsin
determines the basis of wavelength selectivity
of the three cone types and the single rod type
(Nathans et al. 1986; Jacobs 1998; Sharpe et al.
1999). The human retina contains a mixture of
short- (S), medium- (M), and long-wavelength

(L) selective cones and rods. S, M, and L cones
also are called blue, green, and red cones, re-
spectively, for the color perception which they
support. The amino acid sequence in S opsin
and rod opsin are sufficiently different from
each other and from the amino acid sequences
of M and L opsins so that both riboprobes and
antibodies have been generated which specifi-
cally label rods, S cones, and M/L cones in histo-
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Fig. 1.3A–G. Photomicrographs of human central retina:
A, F, G are from a 72-year-old retina and B–E, a 13-year-
old retina, as seen in semithin plastic sections of glutar-
aldehyde-fixed retina. (PE pigment epithelium; OS outer
segments; IS inner segments; C cone; R rod; ONL outer
nuclear layer; P synaptic pedicle; OPL outer plexiform
layer; INL inner nuclear layer, IPL inner plexiform layer,
GCL ganglion cell layer.) A A low-power view of the fo-
vea and foveal slope. The foveola (fov) is the thinnest
part of this region, but has the longest OS. The outer fo-
veola is indented in this region, forming the fovea exter-
na. Layers are marked on the left side of D for B–D.
B This 13-year-old foveola contains tightly-packed cone
cell bodies, long and very thin IS and OS, as well as Mül-
ler glial processes. C The inner foveal slope has all reti-
nal layers, although the GCL is still thinner than its ma-
ximum on the peak of the slope (not shown). The OPL is

formed mainly of long fibers of Henle and foveolar cone
P are first found at this location. The first R cell bodies
also are seen at the bottom of the ONL. The increase in
thickness of cone IS is obvious. D The parafovea has the
thickest GCL. R cell bodies have increased sharply in
number in the ONL, but C cell bodies still form a single
uniform layer at the outer edge of the ONL. E The peri-
fovea is thinner overall, due to shorter OS and a much
thinner GCL. R are now the predominant cell in the
ONL. The fiber of Henle cone axon (arrows) can be tra-
ced from the cone cell body into the OPL. F, G The fovea
(F) and foveola (G) of this 72-year-old retina have lon-
ger and thinner cone IS and OS than the young retina
shown in B, but the GCL is thinner throughout. Note
that the foveola (G) contains only long thin OS and IS,
some cone cell bodies (CB) surrounded by pale Müller
cell processes. Scale bar in G for B–G

Fig. 1.4A, B. Confocal micrographs of the foveal avascu-
lar zone (FAZ) in a retinal wholemount from a young
adult macaque monkey (modified from Provis et al.
2000). The endothelial cells are immunocytochemically
labeled with antibodies to CD31 and Von Wildebrand’s
factor. A shows the outer FAZ at the level of the outer

plexiform layer and B the inner wider FAZ at the level of
the ganglion cells. Apparent blunt endings of some ves-
sels actually are anastomoses between the two layers of
capillaries which form a cone around the inner walls of
the foveal slope. Scale bar 200 µm
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logical preparations such as retinal whole-
mounts. A map of S cones determined by these
methods is shown in Fig. 1.5E. However, M and
L opsins differ by only a few amino acids so
thus far it is not possible to generate riboprobes
or antibodies which can distinguish between M
and L cones (reviewed in Bumsted et al. 1997;
Xiao and Hendrickson 2000). Recently in vivo
studies in humans using adaptive optics (Roor-
da and Williams 1999; Roorda et al. 2001) or
electroretinographic flicker photometry (Car-
roll et al. 2002) has made it possible to directly
observe living cones to determine M and L ra-
tios. It also is possible to determine the ratio of
L to M cones in vivo (Carroll et al. 2002) or in
vitro (Hagstrom et al. 1998) using quantitative
Rt-PCR molecular techniques.

Cone density in the human periphery is
2000–4000/mm2 (Fig. 1.5A). M and L cones
form the majority, with S cones only being
6–12% of total cones (Curcio et al. 1991). Cone
density remains higher along the nasal hori-
zontal meridian so that the same eccentricity in
the nasal retina will have 2–3 times as many
cones as the eccentricity in temporal retina. In-
dividual S cones are typically separated from
one another by intervening photoreceptors,
forming a mosaic in the peripheral retina.
Analysis of this mosaic indicates that it is ran-
domly arranged (Curcio et al. 1991; Martin et al.
2000; Roorda et al. 2001). Although direct visu-
alization has not been done for peripheral M
and L cones (see above), their arrangement in
more central retina suggests that M and L cones
each form small clusters which also are ran-
domly arranged (Roorda et al. 2001). Quantita-
tive PCR finds that the majority of human reti-
nas show a decrease in M cones with increasing
eccentricity, with many human retinas having
very few M cones in the far periphery (Hag-
strom et al. 1998). Rods are the predominant

photoreceptor outside the fovea (Fig. 1.5B), out-
numbering cones 20:1 on average (Curcio and
Hendrickson 1991). Rod density is relatively
uniform across most of the retina, but it is high-
est in a ring at approximately 20° (Osterberg
1935; Curcio et al. 1990). The highest rod density
is found superior to the optic disc in most reti-
nas, where this rod “hot spot” contains 176,000
rods/mm2 (Fig. 1.5B).

In the macula, cone density rises (Figs. 1.5C,
1.6A) and rod density drops (Figs. 1.5D, 1.6A),
until, within the central 500–600 µm of the fo-
vea, photoreceptor topography changes radi-
cally.At 500 µm, the ratio of cones to rods is 1 : 1,
with an equal density of 40,000/mm2 (Fig.
1.6A,E). The last significant number of rods is
found at 300 µm (Figs. 1.5D, 1.6A), with a few as
close to the foveolar center as 100 µm. S cones
continue in significant numbers up to 100 µm,
but are absent from the central foveola (Figs.
1.5E, 1.9C,D). This S cone-free region often is
not centered on the spot of highest cone den-
sity, and its shape, size, and the number of S
cones adjacent to the foveola varies between in-
dividuals (Curcio et al. 1991; Bumsted and Hen-
drickson 1999). Peak S cone density is 5100/
mm2 near the foveola, where S cones constitute
only ~3% of all cones. Because S cone density
drops more slowly than M and L cone density
in the fovea, S cone percentage actually rises to
6–7% in the parafovea. The central 100 µm of
the foveola (Figs. 1.5C, 1.6A–C) is centered over
the deepest part of the foveal pit and contains
only M and L cones. Direct visualization of nor-
mal adult foveal and perifoveal human cone
populations using adaptive optics has shown a
remarkable range of M-to-L ratios in the fovea.
The average is 2L:1M, but individuals with nor-
mal color vision can range between 8M:1L and
8L:1M (Roorda and Williams 1999; Carroll et al.
2002). The central foveola contains the highest
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Fig. 1.5A–F. Computer-generated color-coded maps of
photoreceptor density (A–E) and ganglion cell density
(F) in the human retina. These maps display the left eye
with the nasal retina to the left. A, B, F The entire retina
from fovea in the center to the ora serrata at the edge,
with the black oval representing the optic disc. Lines of
isoeccentricity are spaced at 5.94 mm. C–E only Foveal

photoreceptor densities. Lines of isoeccentricity are
spaced at 0.4 mm. Color-coded scales indicating cell
density _1000/mm2 are located below each map with the
highest density in each scale to the right. (A–D from
Curcio et al. 1990; E from Curcio et al. 1991; F from Cur-
cio and Allen 1990)
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cone density in the retina (Figs. 1.5C, 1.6A–C)
which ranges in normal young adults between
99,000–324,000/mm2, with a mean of 199,000/
mm2 (Curcio et al. 1991) or 208,000/mm2 (Cur-
cio and Allen 1990). However, the actual num-
ber of cones forming this high density is a small
fraction of the total, with only 7,000–10,000 in
the centralmost 300 µm and 90,000 in the cen-
tral 2 mm of human retina (Curcio et al. 1990;
Wässle et al. 1990). Therefore our highest visual
acuity depends on the functional integrity of
less than 100,000 cones out of almost 5 million,
emphasizing how critical optimal health of the
fovea is for good vision throughout life.

Foveal cone diameter changes dramatically
over the central 5 mm, which is well illustrated
in Fig. 1.6B–G. Foveolar cones are the longest
and thinnest in the retina, as well as being the
most tightly packed (Figs. 1.2, 1.3B,G, 1.6B,C).
Their outer segments lie in the foveola, but
their cell bodies are displaced into more lateral
fovea. Foveolar cones have a very long axon or
fiber of Henle which extends to the synaptic
pedicle, well into the fovea. This axon is formed
during pit development to retain synaptic con-
tact with inner retinal neurons as these are dis-
placed more peripherally (Hendrickson 1992;
Provis et al. 1998). The overall total length of fo-
veal cones is 500–700 µm. Adult foveal cones
measured in plastic sections have outer seg-
ments 1.2 µm wide and 40–50 µm long, while
the slightly tapered inner segments are 3 µm at
the outer limiting membrane, 2 µm at their tip,
and 30–35 µm long (Yuodelis and Hendrickson
1986). Cone length decreases and cone diame-
ter increases rapidly with increasing distance
from the foveal center. For instance, 400 µm

outside the foveola center, inner segments are
6 µm wide and 24 µm long, while outer-seg-
ment width is the same but length has de-
creased to 27 µm (Yuodelis and Hendrickson
1986). This change in size also is reflected in the
drop in cone density from 200,000mm2 at the
foveola (Fig. 1.6B,C) to 100,000/mm2 just
150 µm away (Fig. 1.6D) and 15,000/mm2 at
1.5 mm (Fig. 1.6F).

These studies show that human foveal photo-
receptor topography is a series of narrow con-
centric rings. Only M and L cones form the
highest cone-packing density in the center. The
next ring starts at 100 µm, where S cones are
added and finally rods are added at 300 µm.
Throughout these rings, M, L, and S cone den-
sity drops and rod density increases so that a
rod-to-cone ratio of 1:1 is reached at 500 µm.
During foveal development, a similar arrange-
ment of concentric rings can be identified at fe-
tal week 15–16, when all photoreceptor opsins
are expressed (Bumsted and Hendrickson 1999;
Xiao and Hendrickson 2000).Almost nothing is
known about the molecular controls underlying
the development of this complex topography.

1.1.3
Inner Retinal Neurons Associated 
with Cones in Central Primate Retina

There are almost no inner retinal neurons in
the foveola, because they have been moved pe-
ripherally during development (Fig. 1.2) to
form the foveal pit. Given the high density of fo-
veal cones, there must be a similar high density
of bipolar and ganglion cells to transmit infor-
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Fig. 1.6A–G. Changes in the rod-to-cone ratios across
the central human retina. A This graph shows the rapid
decrease in cone density (open squares) and rapid in-
crease in rod density (solid squares) across the foveola
and fovea. A 1 : 1 ratio is reached at 500 µm from the fo-
veolar center. Below the graph are DIC images of human
photoreceptors in a retinal wholemount. This type of
image was used to calculate the color-coded computer
graphs in Fig. 1.5, and the densities in the graph above.
B, C The difference between normal young individuals
in peak cone-packing in the center of the foveola. D In-

crease in cone diameter and drop in packing density
just 125 µm from the foveolar center. Although a few
rods are present at this eccentricity, none are shown.
E From 660 µm eccentricity where the rod (R)-to cone-
(C) ratio is slightly more than 1 : 1, and cone diameter
has increased markedly. F At 1.4 mm or the outer edge of
the parafovea where the rod-to-cone ratio is 6 : 1. Note
that cones are now well separated by intervening rods.
G From 5 mm, where the peak density of rods is found.
(Modified from Curcio et al. 1990)



mation received by each individual cone. The
combination of high inner-neuron density and
pit formation creates the characteristic foveal
slope which has the thickest ganglion cell layer
in the retina and also contains the synaptic
pedicles of the foveolar cones (Figs. 1.2, 1.3C,F).
Each photoreceptor type has a specific subset
of inner retinal neurons associated with it
which forms the M or L cone, S cone, or rod cir-
cuits. Although a detailed description of these
circuits is beyond the scope of this chapter (see
Boycott and Dowling 1969; Schein 1988; Wässle
and Boycott 1991; Dacey 1999), a brief discus-
sion will help understand why the fovea sup-
ports our highest visual acuity.

Polyak (1941) has pointed out that there are
classes of bipolar and ganglion cells around the

fovea which have very tiny dendritic fields, and
he infers that they receive synapses from a sin-
gle cone or bipolar. These cells are termed the
midget system (Fig. 1.7A), and form the basis of
subsequent work that shows that individual fo-
veal cones have a “private line” synaptic circuit
(Kolb 1970). Foveal M and L cones have a large
synaptic pedicle 7–9 µm in diameter, and each
pedicle contains 21 basal membrane infoldings
marked by a synaptic ribbon structure (Chun
et al. 1996; Haverkamp et al. 2000). Each infold-
ing is presynaptic to two main cell types, a cen-
tral dendritic process from an invaginating
midget bipolar cell and two lateral processes
from horizontal cells (Fig. 1.7A, midget bipolar,
MBp, on right). On the base of the pedicle, more
conventional synapses are made onto the flat-

10 Anita Hendrickson

Fig. 1.7A–D. The L and M cone and S cone circuits found
in primate central retina. A Individual L and M cones
are synaptically connected in the outer plexiform layer
(OPL) to an invaginating ON midget bipolar (MBp) on
the right and a flat OFF MBp on the left. Each MBp only
receives input from a single cone. In the inner plexiform
layer (IPL), each MBp in turn provides all of the bipolar
synaptic input to a midget OFF (left) and midget ON
(right) ganglion cell. Note that this input is stratified,
with the OFF bipolar/ganglion cell synapses in the outer
portion, and the ON in the inner portion. B S cones ha-

ve a blue ON bipolar (BBp) which provides invaginating
dendrites to two to four S cones, so several S cones sha-
re a single blue bipolar. The BBp synapses on a small, bi-
stratified ganglion cell in the inner part of the IPL. This
same ganglion cell receives mixed L and M cone input to
its dendrites in the outer IPL. C, D Midget human gang-
lion cells at the same scale near the fovea and in the pe-
ripheral retina. Note that the peripheral midget gangli-
on cell has a much larger dendritic tree and receives
synaptic input from four midget bipolar cells



tened dendritic tips of a flat midget bipolar cell
(Fig. 1.7A, MBp on left). Each midget BP type
provides dendrites to a single cone and each
cone contacts one of each midget type (Kolb
1970). The axon of the invaginating midget bi-
polar terminates deep in the inner plexiform
layer, while the flat midget bipolar terminates
in the outer part of the inner plexiform layer.
The invaginating bipolar provides almost all of
the bipolar synaptic input to the tiny dendritic
tree of a single midget ganglion cell which lies
in the inner part of the inner plexiform layer.
The flat midget bipolar has the same relation-
ship, but terminates on a tiny dendritic tree in
the outer part of the inner plexiform layer. The
pioneering work of Kolb and colleagues (re-
viewed in Kolb 1994) has shown that this strat-
ification reflects processing of circuits stimu-
lated when light goes on in a point in space (in-
ner part of inner plexiform layer) and when
light goes off (outer part of inner plexiform
layer). Thus a more modern view of the foveal
midget system is that it conveys both on and off
information from a single cone through two
different midget bipolar cells, each of which
synapse onto two different midget ganglion
cells (Schein 1988; Wässle and Boycott 1991; Da-
cey 1999). This 1:2:2 circuit provides a faithful
capture of visual information in a spot the size
of a foveal cone, which underlies the high visu-
al acuity of the primate fovea. Because each
cone driving this circuit contains only M or L
opsin, current anatomical and electrophysio-
logical evidence also indicates that the midget
system transmits color vision for red and green
(Dacey 1999). Acuity declines with eccentricity
because cones are larger and spaced farther
apart, and midget ganglion cell dendritic fields
receive input from more than one midget bipo-
lar which further increases the effective capture
area (compare Fig. 1.7C with D).

S cones are absent from the central 100 µm
but then rise to their highest density in the par-
afovea (Curcio et al. 1991). S cone pedicles are
smaller than L or M cones (Ahnelt et al. 1990)
but show the same basic synaptic structures.
However, S cones have their own specialized
circuit (Fig. 1.7B) which transmits blue color in-
formation (reviewed in Martin 1998; Dacey
1999; Calkins 2001). The invaginating or “on”

“blue” bipolar is a specialized type that is post-
synaptic only to S cones (Fig. 1.7B, BBp). Even
near the fovea these blue bipolars contact more
than a single S cone, which reduces visual acu-
ity in the blue system. The blue bipolars syn-
apse in the inner part of the inner plexiform
layer with the inner dendrites of a specialized
blue bistratified ganglion cell. Its dendrites in
the outer part of the inner plexiform layer re-
ceive mixed M and L input from other types of
cone bipolars.

The retinal ganglion cell is the output cell of
the retina.Young human retinas contain a mean
of 1.07 million ganglion cells with a range of
710,000–1.54 million (Curcio and Allen 1990).
This range appears to be due to individual vari-
ation in absolute ganglion cell number and ret-
inal area. The distribution of ganglion cells
across human retina is shown in Fig. 1.5F, where
it can be seen that it fairly closely matches cone
distribution (Fig. 1.5A). The thickness of the
ganglion cell layer helps define the zones in
central retina (Polyak 1941; Hogan et al. 1971).
The thickest ganglion cell layer begins on the
peak of the foveal slope where it is up to eight
cells deep, and this thick region continues into
the parafovea (Fig. 1.3C). The peak density of
35,000/mm2 occurs about 1 mm from the foveal
center (Curcio and Allen 1990). In the perifovea
(Fig. 1.3D) the ganglion cell layer drops from
four thick at the central edge to one thick at the
peripheral edge.At this point ganglion cell den-
sity has dropped to >3000/mm2 at the nasal
and >2000/mm2 at the temporal perifoveal
edge, reflecting the higher cone density in nasal
retina.About 50% of all ganglion cells are found
within 4.5 mm of the foveal center, which ac-
counts for the large amount of central visual
centers devoted to foveal processing.

There has been considerable quantitative
work done to test the hypothesis that foveal
acuity depends on a 1 : 2 : 2 midget system. If this
is true, then there has to be a minimum of two
ganglion cells for every foveal cone. Counts
comparing cone and ganglion cell density in
human retina (Curcio and Allen 1990) find that
a 1:2 ratio is certainly supported, and a ratio of
1:3 is possible for the fovea. This would allow
additional foveal cone output to other types of
ganglion cells. Counts in Macaca (Schein 1988;
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Wässle et al. 1990) and marmoset retina (Wild-
er et al. 1996) also support a 1:3 ratio out to the
perifovea.

1.1.4
Vascular and Glial Specializations 
of the Fovea

The primate fovea is characterized by the ab-
sence of blood vessels in its center, forming the
foveal avascular zone (FAZ). The FAZ outlines
the foveal slope (Figs. 1.1, 1.2, 1.4) and is
500–600 µm in diameter in humans (Mansour
et al. 1993) and monkeys (Weinhaus et al. 1995;
Provis et al. 2000). The blood vessels on the fo-
veal slope are mainly capillaries, and they form
a cone around the foveal pit (Snodderly et al.
1992; Provis et al. 2000, also see Fig. 1.4). Most of
the primate central retina contains four main
laminar plexuses (Iwasaki and Inomata 1986;
Snodderly and Weinhaus 1990; Snodderly et al.
1992; Gariano et al. 1994; Provis 2001). Starting
from the vitreal surface of the retina, the inner-
most plexus lies within the nerve fiber layer
and the next within the ganglion cell layer. The
two outer plexuses are found at the inner and
outer borders of the inner nuclear layer. The
outer nuclear layer is avascular across the reti-
na. Near the foveal slope, there are no capillar-
ies in the nerve fiber or ganglion cell layer; in-
stead these are replaced by a single capillary
plexus at the border of the ganglion cell and in-
ner plexiform layers (Figs. 1.2, 1.4B). This plexus
is the major visible component of the FAZ
(Snodderly et al. 1992; Provis et al. 2000). The
outer capillaries around the fovea are concen-
trated along the outer plexiform layer (Figs. 1.2,
1.4A). Snodderly et al. (1992) show that vascular
coverage or “screening of light” of the photore-
ceptor layer by blood vessels is 0 in the FAZ, but
then rises rapidly to 30% at 1 mm and 45% at
2 mm. One functional reason for the FAZ and
foveal pit may be to provide an optically clear
path to the foveolar cones.

Developmental studies in Macaca monkey
show that the fovea is avascular throughout de-
velopment (Engerman 1976; Gariano et al.
1994), and that the FAZ forms coincident with
initial pit formation (Provis et al. 2000).

Throughout foveal development the FAZ re-
mains at or near adult diameter, suggesting that
it remodels as the foveal pit matures and wid-
ens. Computer modeling of pit development
(Springer and Hendrickson 2003) indicates that
this neurovascular relationship may be crucial
for pit formation (see below).

The adult primate peripheral retina has a
large population of astrocytes which are main-
ly found in the nerve fiber and ganglion cell
layers, where they often are seen adjacent to
ganglion cell axons or blood vessels (Distler et
al. 1993; Gariano et al. 1996a, 1996b). In both fe-
tal and adult retina, astrocytes can be identified
by immunocytochemical labeling for glial fi-
brillary acidic protein (GFAP; Distler et al. 1993;
Gariano et al. 1996a, 1996b). Astrocytes origi-
nate from stem cells near and within the optic
disc (reviewed in Chan-Ling 1994; Provis 2001),
but also proliferate within the fetal retina itself
(Sandercoe et al. 1999). Fetal astrocytes are
closely related to immature blood vessels and,
especially at the front of the vascular advance,
label for the angiogenic factor vascular endo-
thelial growth factor (Provis et al. 1997). Al-
though astrocytes are present throughout vas-
cular development around the fovea (Distler
and Kirby 1996; Provis et al. 2000), they rapidly
disappear after birth. This disappearance does
not seem to involve elevated cell death in the as-
trocyte population, but may reflect a migration
out of the fovea, a downregulation of GFAP, or
the disappearance of astrocyte-promoting fac-
tors (Distler et al. 2000). Given the wide range
of functions now ascribed to astrocytes, this
raises a question as to whether their absence
from the fovea may make this region more vul-
nerable to insults.

Microglia are marrow-derived glial cells
which are present within all layers of the adult
primate retina. Several types are present which
may be associated with neurons or with blood
vessels, and some of these are antigen-present-
ing cells (reviewed in Provis et al. 1996; Penfold
et al. 2001; Provis 2001). Whether or not there is
a unique distribution or population of micro-
glia around the human fovea has not been de-
termined.

Müller cells originate from the same progen-
itor stem cells which give rise to all of the reti-
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nal neurons (reviewed in Fischer and Reh
2003). Muller cells are found throughout the
retina and they are the only cell type which
spans all retinal layers. Their cell bodies form a
single layer in the inner nuclear layer between
the amacrine and bipolar cell bodies. Inner
processes extend like pillars to form the end
feet abutting the internal limiting membrane
and thinner, multiple processes form the outer
limiting membrane made up of complex junc-
tions between Müller cells and photoreceptors
(Polyak 1941; Yamada 1969; Krebs and Krebs
1991; Distler and Dreher 1996). Müller cells have
been implicated in multiple roles including
neurotransmitter recycling, glycogen metab-
olism, K+-ion buffering and growth-factor pro-
duction. Recent evidence indicates that a subset
may be retinal stem cells which can give rise to
neurons during retinal regeneration (Fischer
and Reh 2003).

Müller cells are particularly important in the
fovea because the foveola is formed only by
cones and Müller cell processes (Yamada 1969).
Quantitative EM finds that the number of fo-
veal cones is matched 1:1 by Müller cell trunks
(Burris et al. 2002), suggesting that the fovea
could be especially vulnerable to Müller cell in-
jury. Processes from several Müller cells form a
glial basket around each cone pedicle which
channels glutamate, the cone neurotransmitter,
toward the synaptic contacts at its base and al-
so effectively isolates each pedicle from gluta-
mate released from neighboring cones. Müller
cells in peripheral retina lose GFAP labeling by
birth and only regain it under pathological or
stressful conditions (Milam et al. 1998). In con-
trast, Müller cell processes within the fovea re-
tain some GFAP immunogenicity throughout
life (Gariano et al. 1996b; Distler et al. 2000;
Provis et al. 2000), suggesting that their cellular
environment is different.

1.1.5
Pigment Epithelium Numerical Relationships
with Foveal Photoreceptors

The pigment epithelium (PE) over the fovea
does not differ obviously from that of the more
peripheral retina. It is a single layer of cuboidal

cells which contain melanin pigment granules.
EM reconstructions (Borwein et al. 1980) show
that cone outer segments do not reach the PE.
Instead, PE microvilli lacking pigment granules
surround the outer third of the outer segment
while its inner portion is covered by microvilli
from the cone inner segment and from sur-
rounding Müller cells. This close relationship
facilities the phagocytosis of cone outer seg-
ments by the PE, recycling of visual pigments,
inactivation of free radicals produced during
phototransduction, and bidirectional transport
of metabolites (Bird 2003; Thompson and Gal
2003). There is some evidence that the complex
interphotoreceptor matrix between photore-
ceptors and PE has a different molecular com-
position in the fovea and peripheral retina
(Hollyfield et al. 2001).

Several studies have determined the numer-
ical relationship between foveal photoreceptors
and the overlying PE. It has been noted (Street-
en 1969; Robb 1985) that central PE cells tended
to get smaller and more closely packed during
human retinal development, similar to the
packing pattern found in foveal cones during
development (Yuodelis and Hendrickson 1986).
A striking change in the cone/PE relationship
over time has been confirmed in a quantitative
developmental study in macaque monkeys
(Robinson and Hendrickson 1995) which
counted both PE and the underlying photore-
ceptor density. These authors have found that
in general PE cell density over the fovea rises,
while peripheral PE density falls during devel-
opment. For instance, foveal PE cell densities
rise from around 2500/mm2 at midgestation to
over 5500/mm2 in the adult. At midgestation,
one perifoveal PE cell and one foveal PE cell
each covers 5 cones. After birth the number of
cones/PE cell changes rapidly, so that in the
adult fovea each foveal PE cell covers 30–35
cones, a PE cell in the perifovea still covers
about 5 cones, and one in the periphery covers
1–2 cones.A recent study (Snodderly et al. 2002)
which counted PE cell density but not photore-
ceptors, estimates that each foveal PE cell cov-
ers 20 cones, while peripheral cells cover 1.5
cones. A study in humans which counted both
PE and photoreceptors (Panda-Jones et al.
1996) has found a similar foveal 1:20 ratio, al-
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though it should be noted that their earlier
photoreceptor counts for human fovea are sig-
nificantly lower than Curcio et al. (1991) or Os-
terberg (1935). All of these studies indicate that
each adult foveal PE cell has to support a much
higher number of metabolically active cones
than does an individual peripheral PE cell.
However, if the cones + rods per PEcell are con-
sidered, perifoveal PE cells also have a total of
35 photoreceptors, mainly rods. This may pro-
duce differential stresses on the PE which vary
with the regional differences in photoreceptor
ratio.

1.2
Anatomy of the Old 
and New World Monkey Fovea:
What Are the Differences 
with Human Foveas?

Experimental approaches to find a cure for hu-
man blinding eye diseases such as adult macu-
lar dystrophy require a model for preliminary
testing of new therapeutic approaches. The Old
World macaque (Macaca) monkey has long
been used as a model for human retina (Polyak
1941; Boycott and Dowling 1969; Wässle and
Boycott 1991; Dacey 1999), while others have
suggested that the New World marmoset is also
appropriate (Troilo et al. 1993; Wilder et al. 1996;
Jacobs 1998; Martin 1998). The fovea of a young
adult Macaca monkey is shown in Fig. 1.8A and
the fovea of a young adult marmoset in Fig. 1.8B.

A major difference between New and Old
World monkeys is that most New World mon-
keys, including marmosets, only have one type
of M or L cone combined with S cones, making
them dichromats. Similar to humans, all known
Old World monkeys have both M and L cones
combined with S cones, giving them trichro-
matic vision (Jacobs 1998). However, this differ-
ence does not seem to have affected foveal anat-
omy in any obvious manner as shown in Fig.
1.8A,B. This marked similarity in foveal organ-
ization between monkeys strongly argues that
the fovea had evolved for high visual acuity well
before New and Old World monkeys were sep-
arated 30 million years ago. This also argues
that the presence of one or two M/L genes does

not affect foveal formation, because this separ-
ation occurred well before Old World monkeys
developed trichromatic color vision 10–15 mil-
lion years ago (Jacobs 1998; Kremers et al. 1999;
Ahnelt and Kolb 2000). However, detailed anal-
ysis using cell-specific markers and cell counts
show that there are subtle differences between
these three primate groups. Peak cone density
averages around 200,000/mm2 in Macaca
(Packer et al. 1989; Wikler and Rakic 1990; Rob-
inson and Hendrickson 1995) and marmoset
(Troilo et al. 1993; Wilder et al. 1996), as well as
human (Curcio et al. 1990), but marmoset has a
much higher peripheral cone density than ei-
ther (Martin and Grünert 1999). A few rods are
present within 50 µm of the foveal center in
Macaca (Packer et al. 1989), which has not been
seen in normal humans. No detailed foveal
studies have been reported for the great apes.

The most striking difference in both periph-
eral and foveal retina between primate species
is for S cone distribution. Humans, Macaca
monkey and New World Cebus monkey have an
S cone mosaic in which single S cones are con-
sistently separated by other photoreceptors
(Szél et al. 1988; Wikler and Rakic 1990; Curcio
et al. 1991; Bumsted et al. 1997; Martin and Gru-
nert 1999; Calkins 2001). Statistical measures of
whether this mosaic is ordered or not have
shown that the Macaca monkey S cone mosaic
is somewhat ordered, while that in the human is
random (Curcio et al. 1991; Martin et al. 2000;
Roorda et al. 2001). On the other hand, the mar-
moset monkey has a clustered pattern of S cone
distribution in which S cones can be immediate
neighbors and the clusters have random order
(Martin et al. 2000). Humans consistently lack a
significant number of S cones within the cen-
tral 100 µm of the foveola (Figs. 1.5E, 1.9C,D),
although the size and shape of the S-cone-free
region varies between individuals (Curcio et al.
1991; Bumsted and Hendrickson 1999). Prelimi-
nary studies in our laboratory find that chim-
panzees and orangutans have a small S cone-
free zone, similar to humans. In New World
monkeys, the Cebus monkey also has an S-
cone-free foveolar center, while the same study
found that marmoset has S cones across the fo-
vea (Martin and Grünert 1999). Several groups
have studied Macaca monkey foveas with
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slightly different results. Using immunocyto-
chemical labeling with different antibodies to S
opsin, Szél et al. (1988) and Wikler and Rakic
(1990) report that a few S cones are missing

from the foveal center but do not give a dimen-
sion; while Martin and Grunert (1999) report a
50-µm-wide S-cone-free zone which is similar
to the rod-free zone (Packer et al. 1989). Bum-
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Fig. 1.8A–C. Comparison of primate foveal morphology
in young adult primates. A is a semithin plastic section
from a glutaraldehyde-fixed Old World Macaca mon-
key. B is a paraffin section from a Carnoy-fixed New
World marmoset monkey. C is a semithin plastic section
from a glutaraldehyde-fixed tarsier retina. The retinal
layers are indicated on the right in A. The first rod cell

bodies (R) in the Macaca fovea (A) are found at the sa-
me point where the foveal slope begins. Arrows in A and
B indicate neurons in the floor of the foveola in both
monkeys. Note that the tarsier fovea in C has relatively
little packing of the outer nuclear layer over the deepest
part of the pit and the OPL is thin. The tarsier GCL is no
more than three deep on the slope, its thickest point



sted and Hendrickson (1999) have used both
immunocytochemistry and in situ hybridiza-
tion and find no S-cone-free zone in either fetal
or adult Macaca monkeys compared with hu-
mans (Fig. 1.9A,B). All of these authors agree
that the highest density of S cones is found ad-
jacent to the fovea in both humans and ma-
caques, where their percentage ranges between
5 and 15%. The highest S cone density in mar-
mosets is in the foveola, where it reaches
10,000/mm2 (Martin and Grünert 1999).

L and M cones have been identified in sever-
al monkey species by their selective wavelength
absorption in vitro (Mollon and Bowmaker

1992; Packer et al. 1996) and more recently in vi-
vo using adaptive optics (Roorda et al. 2001).
These studies find that M and L cones are clus-
tered in a random pattern, similar to humans.
However, a marked difference in L-to-M ratio
between macaque and human was noted in
these studies, and also in studies using a rtPCR
molecular approach (Deeb et al. 2000; McMa-
hon et al. 2001). Macaca and talapoin Old World
monkeys have a 1M : 1L ratio near the fovea, and
molecular studies of a larger sample of Macaca
and baboon retinas show this is slightly M
biased. A 1:1 ratio is in marked contrast to the
typical 2:1 L-biased human central ratio deter-
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Fig. 1.9A–D. Comparison of S cone distribution in two
different Macaca monkeys (A, B) and human (C, D).Ad-
jacent counting fields 10 × 10 µm were sampled system-
atically across the fovea after the S cones were labeled
with an antibody to S opsin. Each dot represents a field
containing one to three S cones. The star indicates the

point of highest cone density. Note that S cones are
found across the foveal centers of both macaques. Both
humans have a clear S cone-free area around the star,
but the individual on the right has an S cone-free region
which is much less regular than the one on the left.
(Modified from Bumsted and Hendrickson 1999)



mined by the same methods. The other differ-
ence is that this 1 : 1 ratio remains stable across
the Macaca retina (McMahon et al. 2001), while
the human periphery contains mainly L cones
(Hagstrom et al. 1998).

The midget bipolar/ganglion cell system has
been extensively analyzed in marmoset and
Macaca retina using anatomical and electro-
physiological methods (reviewed in Dacey
1999; Martin 1998). Although details are less
well documented for human (Dacey 1999), cur-
rent concepts and the original Golgi analysis of
Polyak (1941) suggest that the midget system
synaptic connections are very similar near the
fovea in all three primates.

Detailed histological studies following label-
ing or section of one optic tract find that there
is a slight vertical overlap of visual fields at the
Macaca fovea (Stone et al. 1973; Fukuda et al.
1989). Some of the central nasal ganglion cells
do not cross and some in temporal retina do
cross, while the majority take the opposite
course. This creates overlap of the visual fields
within the central 1°. In recent psychophysical
experiments on humans with visual field de-
fects, a similar overlap was found (Reinhard
and Trauzettel-Klosinski 2003). This probably
is the basis of “macular sparing” described in
human visual field studies.

1.3
What Are the Anatomical Requirements 
to Create a Fovea?

The following anatomical and neuronal aspects
of foveal organization seem to be distinctive for
the primate retina compared with the “area
centralis” of many mammals (Ahnelt and Kolb
2000). Undoubtedly there are molecular mark-
ers which are equally characteristic, and must
underlie the differences between foveal and pe-
ripheral retina, but no molecules unique to the
creation of a fovea have yet been identified.
However, the fact that a fovea with a thick gan-
glion cell layer and a photoreceptor layer free of
rods can be identified in humans at fetal week
11 and in monkeys at fetal day 50 (Hendrickson
1992) strongly suggests that these molecules
must act at a very early stage of development to

establish the characteristic cone-dominated
circuits within the fovea.

It also is significant that foveal dimensions,
peak cone density, and relative position in the
temporal retina remain constant, despite a wide
range of eye and retinal size (Packer at al. 1989;
Curcio and Hendrickson 1991; Martin and
Grünert 1999; Franco et al. 2000). This strongly
suggests that the forces that create a fovea are
localized to a small region. A constant dimen-
sion also suggests that optimal visual acuity is
achieved using a relatively fixed number of
neurons. Given the large amount of visual thal-
amus and cortex that is devoted to existing pri-
mate foveas, having larger foveas may not be
possible without enlarging the brain beyond its
cranial capacity.

1.3.1
Midget Ganglion Cells

This ganglion cell type is generally considered
to be found only in primate retinas (Fig.
1.7A,C,D) and, in its most characteristic form,
only around the fovea where it makes up 80% of
the ganglion cell layer (Boycott and Dowling
1969; Wässle and Boycott 1991; Dacey 1999;
Kremers et al. 1999). In central retina the mid-
get ganglion cell dendritic tree is slightly larger
than a single bipolar axon terminal and it re-
ceives synapses from a single midget bipolar
(Fig. 1.7C). One midget bipolar in turn receives
input from a single M or L cone. This arrange-
ment guarantees that a midget ganglion cell re-
ceives input from a single cone and also that it
can convey the M or L wavelength-selectivity of
that cone. In more peripheral retina (Fig. 1.7D),
the dendritic field is larger and it receives input
from several bipolar axons, but the 1:1 relation-
ship between midget bipolar cell and M or L
cone changes very little until the far periphery
(Kolb 1970). Because of the random nature of M
and L cone distribution (Roorda et al. 2001), a
peripheral midget ganglion cell will receive in-
put from several cones which are both larger
and more widely spaced, and this input will al-
so be a variable mixture of M and L. This degra-
dation of the midget system with increasing ec-
centricity explains both lower visual acuity and
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poorer red/green color vision in the periphery
(Dacey 1999, but see Martin et al. 2001).

In the afoveate owl monkey retina, there are
ganglion cells which fit the description of the
midget type, but even in the most central por-
tion they have a large dendritic field and are
more like peripheral midget ganglion cells
found in macaque or Cebus retina (Silveira et
al. 1994; Kremers et al. 1999). This suggests that
both a true midget ganglion cell as well as a
high central cone density is missing from the
afoveate owl monkey retina. Interestingly, an-
other nocturnal primate, the tarsier, has a fovea
with a relatively high cone density, but a low
ganglion cell density (Fig. 1.8C). This suggests
that the appearance of the midget ganglion cell
may be an essential step in evolution of the pri-
mate fovea.

1.3.2
High Cone Density and Types of Foveal Cones

Most mammalian retinas show an uneven dis-
tribution of cones, with some specialized re-
gion, the “area centralis” containing a peak of
cone density (reviewed in Ahnelt and Kolb
2000). Human (Curcio et al. 1990), macaque
monkey (Packer et al. 1989; Wikler and Rakic
1990), and marmoset monkey (Martin and
Grünert 1999) retinas have a foveal cone peak
density around 200,000/mm2, which is 2 orders
of magnitude higher than peripheral cone den-
sity. However, the actual area that has the high-
est density contains no more than 10,000 cones
out of a total of 4.6 million in a human retina
(Wässle et al. 1990; Curcio et al. 1990). This small
number emphasizes the critical role played by
foveolar cones and that the loss of even a small
number can significantly affect central vision.

The nocturnal tarsier (Tarsius spectrum) has
a fovea with a narrow pit (Fig. 1.8C) and a peak
cone density between 50,000 and 85,000/mm2

(Hendrickson et al. 2000; Hendrickson, unpub-
lished work), the lowest yet found in primate
foveas. The nocturnal owl monkey Aotes lacks a
fovea and has a peak cone density of 7000/mm2

(Wikler and Rakic 1990). It also should be not-
ed that peripheral cone density in all primates
ranges between 2000 and 4000/mm2, which is

little different from many other mammals, in-
cluding mice (Ahnelt and Kolb 2000). It there-
fore appears that a major driving factor toward
a fovea is a drastic increase in cone density con-
fined to a small central region.

Most of the high foveal cone density is
formed by M or L cones, although peak S cone
densities are close to the foveal center as well in
macaque and human and at its center in mar-
moset (Curcio et al. 1991; Martin and Grünert
1999; Calkins 2001). Human foveolas lack S
cones, as does the tarsier (Hendrickson et al.
2000), but monkey foveolas in general have
some to many S cones (Martin and Grunert
1999; Bumsted and Hendrickson 1999). Thus
the presence or absence of S cones does not
seem to affect foveal formation, although it
should be pointed out that the afoveate owl
monkey totally lacks S cones in its retina
(Jacobs 1998). Likewise, both trichromatic
(Fig. 1.8A) and dichromatic (Fig. 1.8B) monkeys
have virtually identical foveas, so the number of
opsins seem irrelevant (Jacobs 1998; Kremers et
al. 1999). However, across primate species, the
greatest pressure to develop the characteristic
high foveal cone density appears to be within
the M and L cone population(s).

1.3.3
Absence of Rods

In all primate retinas in which rod topography
has been described, rods are absent from the
center of the fovea (Fig. 1.5D), although the rod-
free zone is slightly smaller in monkeys than
humans (Packer et al. 1989; Curcio et al. 1990).A
rod-free zone in both monkey and human reti-
nas is present from the earliest stages of devel-
opment in which rods can be identified by mo-
lecular markers (Swain et al. 2001; Bumsted-
O’Brien et al. 2003). In contrast, in human albi-
nos, rods are found throughout the fovea, cones
are large, loosely packed and immature in
shape, and the foveal pit is poorly formed or ab-
sent (Fulton et al. 1978; Mietz et al. 1992). This
suggests that the molecular changes causing al-
binism allow rods to form within the fovea
which could interfere in some unknown way
with foveal pit development. A note of caution
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should be inserted as to whether the presence
of rods directly interferes with pit formation.
The nocturnal tarsier has a very high density of
rods in central retina (Hendrickson et al. 2000;
Hendrickson, unpublished work). Our prelimi-
nary studies of the tarsier fovea show that it has
a narrow but deep foveal pit and minimal evi-
dence of cone-packing into a foveola (Fig. 1.8C).
Although cone density may reach 85,000/mm2

over the pit, rods are still present at significant
density throughout the foveal cone mosaic.

1.3.4
Striate Cortex Expansion

The overall expansion in the area of primary
visual cortex in primates is due in large part to
the amount of cortex devoted to the high den-
sity of ganglion cells around the fovea. A simi-
lar expansion is seen in the lateral geniculate
nucleus, the thalamic relay to striate cortex
(Wässle et al. 1990; Kremers et al. 1999). In hu-
man retinas the peak ganglion cell density of
35,000/mm2 occurs about 1 mm from the foveal
center and 50% of all ganglion cells are found in
the central 4.5 mm (Curcio and Allen 1990). In
macaque monkeys, 40% of V1 contains the rep-
resentation of the central 5°, or the 1.5 mm of
retina surrounding the foveal pit (Tootell et al.
1988). It is possible that other mammals started
to develop foveas but failure of their striate cor-
tex to expand sufficiently to process the input
from this large number of neurons negatively
affected subsequent foveal evolution.

1.3.5
Vascular Specializations

The primate retina shows a unique vascular de-
velopmental pattern (Gariano et al. 1994, 1996a,
1996b; Provis et al. 2000; Provis 2001). As blood
vessels growing across the inner retina from the
optic disc approach the site of the future fovea,
they diverge to surround it, leaving a FAZ
(Figs. 1.1, 1.2, 1.4). It is important to emphasize
that blood vessels invade the foveal region at a
time when it contains all retinal layers and has
not yet started to form a pit (Provis et al. 2000).

The diameter of the fetal FAZ is similar to the
adult FAZ, suggesting that it remodels in a dy-
namic fashion as the foveal pit develops. Be-
cause the adult FAZ outlines the foveal slope,
this also strongly suggests that some mole-
cule(s) within the fetal fovea mark out the fu-
ture foveal zone and repel astrocytes, blood
vessels, and ganglion cell axons from this re-
gion (Provis et al. 2000; Provis 2001). Computer
modeling based on actual histological sections
of developing macaque fovea shows that, be-
cause the FAZ is more elastic than surrounding
vascularized retina, it is more easily deformed
by retinal growth. These models indicate that
unequal deformation within the FAZ combined
with eye growth-induced retinal stretch causes
the foveal pit to form (Springer and Hendrick-
son 2004). If blood vessels fill the fovea, no pit is
formed. In turn, tensile forces generated within
the retinal layers around the developing pit
help pack cones into the foveal center (Springer
1999). These models conclude that the FAZ is a
major factor in foveal pit formation and may al-
so be important for cone packing. All retinas
that have a foveal pit have a FAZ (Wolin and
Massopust 1967). Human albino retinas and hy-
poplastic foveal syndromes have a poorly
formed pit and a low cone-packing density, and
these patients often have aberrant blood vessels
in the fovea (Spedick and Beauchamp 1986; Ol-
iver et al. 1987; Barbosa-Carneiro et al. 2000). If
these vessels were present during foveal devel-
opment, this could account for both the poor
pit formation and low cone density. However,
because these foveas are in the proper position
on the retina but contain inappropriate cells
such as rods, some earlier molecular mecha-
nisms must be disturbed while others are
maintained.

Thus it is likely that no single gene, develop-
mental event, or set of neurons gives rise to a
fovea.A number of genes must work together to
first fix the foveal position on the retina and
then generate a large number of cones with
their specialized inner retinal neurons in this
position. During this phase it is critical that a
large number of midget bipolar and ganglion
cells are generated to create the 1:2:2 high-acu-
ity circuit. Other genes probably cause central
visual centers to generate additional neurons to
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handle foveal processing. Next it is probable
that unknown molecules must remain to ex-
clude astrocytes and blood vessels, and prob-
ably ganglion cell axons, to form the FAZ and
begin pit formation. Finally a combination of
molecular changes within the foveal neurons
and pit formation causes the central cones to
remodel so that they become very thin and el-
ongated, which facilitates packing into the fove-
ola. All of these steps are necessary, but almost
none of them are understood in any molecular
or functional detail. However, a better under-
standing of foveal dynamics might aid in un-
raveling changes in aging which lead to foveal
degeneration.
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toreceptors. It is the very high density of cones
in the macular region, along with their synaptic
relationships with a population of midget gan-
glion cells, which provide the anatomical bases
for our capacity to resolve fine detail (see
Chap. 1). Lesions resulting from AMD are often
small, but have a high impact on vision because
of the number of cells, particularly ganglion
cells, affected. Lesions of the dimensions com-
mon in AMD but occurring in more peripheral
parts of the retina have little, if any, impact on
visual acuity or quality of life, because only a
relatively small number of cells is affected.

Paradoxically, while the macula has the
highest concentration of receptors and neuro-
nal elements in the retina, it has a limited vas-
cular supply. During development, blood ves-
sels are inhibited from entering the incipient
fovea, even though initially no anatomical spe-
cialization is apparent (Provis et al. 2000). The
foveal depression forms within a specified avas-
cular region that blood vessels and astrocytes
do not enter at any stage of development. Re-
duction in vascular density is a specialization
associated with high-acuity areas in other spe-
cies, including the cat (Chan-Ling et al. 1990)
and prosimian primates (Woollard 1927; Rohen
and Castenholtz 1967; Wolin and Massopust
1970), which have an area centralis rather than
the fovea centralis present in most simian pri-
mates including humans (Provis et al. 1998).
Thus it appears that a reduction in vascularity
of the high-acuity area (area or fovea centralis)
is a specialization associated with improved
visual acuity in a variety of species (Provis et al.
2000; Sandercoe et al. 2003). Such a specializa-

Chapter 2

Immunology
and Age-Related 2
Macular Degeneration

Philip L. Penfold, James Wong,
Diana van Driel, Jan M. Provis,
Michele C. Madigan

2.1
Introduction: Why the Macula?

Age-related macular degeneration (AMD) spe-
cifically affects the macular region of the cen-
tral retina, where both ganglion cells and cones
are present at very high densities. At the ap-
proximate centre of the macula is the fovea cen-
tralis – a small depression in the retinal surface
overlying the peak concentration of cone pho-



tion ensures that light reaching the foveal cone
mosaic is not diffracted by vascular structures
lying in the light path, ensuring optimal quality
of the visual information being relayed to the
brain. The high density of cones in the foveal
cone mosaic is the fundamental substrate of
high visual acuity. Amongst primates high cone
density has evolved hand-in-hand with a fovea
centralis, and human foveae have amongst the
highest densities of cones (Packer et al. 1989;
Curcio and Allen 1990). However, photorecep-
tors are oxygen-hungry, and their very high
density within a region where oxygen supply-
lines are reduced is an adaptation with evident
physiological limitations. While such limita-
tions may not be evident in young, healthy indi-
viduals, “…insurance and evolution must each
cope with the fact that risk goes up with time”
(Jones 1999). The price of high-acuity vision
during the early years of life, therefore, may be
the risk of photoreceptor loss later in life or vul-
nerability to degenerative disease.

Macular degeneration occurs in two forms,
an atrophic lesion (dry), originally described by
Nettleship (1884) and Haab (1885), and a neo-
vascular lesion (wet) originally described by
Pagenstecher and Genth (1875). A century later,
Gass (1973) suggested that the atrophic and
neovascular lesions may be manifestations of
the same disease process, although the relation-
ship between their etiologies remains to be es-
tablished. The term “age-related macular de-
generation”, has been adopted to include both
forms. The histological appearance of the nor-
mal macula, incipent forms and end-stage le-
sions are illustrated in Fig. 2.1.

It would appear, therefore, that in the adult
macula there is a critical relationship between
limited blood supply and high metabolic de-
mand (Penfold et al. 2001a, 2001b). Even minor
perturbations of circulation, for example in in-
cipient vascular disease, may lead to metabolic
stress in foveal neurons and/or glia. Such per-
turbations and the resultant stress may gener-
ate signals that induce the neovascular changes
associated with wet AMD (Figs. 2.1E and 2.5).
Chronic failure of choroidal vascular supply at
the macula may result in atrophy or dry AMD
(Figs. 2.1F and 2.7) usually considered to be the
natural end-stage of the disease.

2.2
The Immune Status of the Retina

2.2.1
The Blood-Retinal Barrier

The blood-retinal barrier (BRB) is dependent
upon the integrity of the retinal pigment epi-
thelium (RPE) (Fig. 2.1), the retinal vasculature
and associated glia limitans, a sheath of cellular
processes which restrict direct access of blood
vessels to the neuronal environment (Fig.
2.2A,B,D and E). The BRB exists at two princi-
pal sites: an inner barrier consisting of retinal
vascular endothelial cells, joined by tight junc-
tions (zonulae occludens), and an outer barrier
consisting of the RPE in which adjacent cells
are similarly joined by zonulae occludens.
Present evidence indicates that the glia limitans
is a compound structure in the human retina
comprising contributions from at least five cell
types: astrocytes, microglia and the terminals
of nitric oxide synthase (NOS) and substance P
(SP)-immunoreactive amacrine cells in the in-
ner retina, and Müller cells in the outer retina.
Constituent SP-immunoreactive neuronal ter-
minals may be involved in autoregulation of the
retinal blood supply (Greenwood et al. 2000)
and also have the potential to influence retinal
immunity.

The outer BRB, the RPE, and the retinal vas-
cular endothelium utilise the same receptor-li-
gand pairing to control lymphocyte traffic into
the retina. The outer BRB is a common site for
inflammatory attack, often resulting in break-
down of barrier functions and choroidal neo-
vascularization (Vinores et al. 1994; Devine et
al. 1996). Intercellular adhesion molecule-1
(ICAM-1) is constitutively expressed on RPE
and vascular endothelial cells surfaces and is an
important component of cell-cell interactions
during inflammatory responses, mediating leu-
cocyte adhesion, extravasation and diapedesis.
Immunohistochemistry of excised AMD neo-
vascular membranes has demonstrated the
presence of cell adhesion molecules, including
ICAM-1 (Heidenkummer and Kampik 1995).
Investigation of the role of ICAM-1 in the devel-
opment of choroidal neovascularization sug-
gests a role for leucocyte adhesion to vascular
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endothelium in the development of laser-in-
duced choroidal neovascularization (Sakurai et
al. 2003a, 2003b). Increased serum levels of sol-
uble ICAM-1 are associated with retinal vascu-
litis and compromise BRB integrity (Palmer et

al. 1996). Recently, we have employed an epithe-
lial cell line to further investigate the role of
ICAM-1 in maintaining the integrity of the BRB.
It was shown that triamcinolone acetonide
(TA), an anti-inflammatory glucocorticoid, has
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Fig. 2.1. A Photomicrograph of a toluidine blue-stained
semithin section at the edge of the fovea in normal adult
retina. Arrow indicates inner retinal vessel; the ganglion
cell layer (GCL); the inner nuclear layer (INL) and the
outer nuclear layer (ONL) are separated by a band of fo-
veal cone axons or fibres of Henle (FH); inner and outer
cone segments (IS, OS); retinal pigment epithelium
(RPE) and choriocapillaris (CC) are shown. Bar 50 µm.
B At higher magnification the RPE, Bruch’s membrane
(BM) and the CC are shown. Bar 20 µm. C A number of
drusen (D) are deposited between the RPE and BM, as-
sociated with reduced patency of the choroid (C). Bar

20 µm. D Section through a region of pigmentary dis-
turbance (PD), thickened BM and abnormal CC. Bar
30 µm. E A fibrovascular scar (FVS) is shown overlying
a mass of leucocytes (L) and choroidally derived new
vessels (CNV). The RPE and BM are disorganised. Bar
40 µm. F Section through an atrophic (dry) lesion illus-
trating normal retinal structures associated with resid-
ual RPE. The choroid and CC are significantly reduced
and the overlying retina is atrophied, a band of gliotic
processes (G) has been substituted for the RPE. Bar
30 µm.
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the potential to influence cellular permeability,
including the barrier function of the RPE in
AMD-affected retinae (Penfold et al. 2000).

2.2.2
Microglia

Retinal microglia are derived from haemopoiet-
ic cells which invade from the retinal margin
and optic disc via the ciliary body and retinal
vasculature (Diaz-Araya et al. 1995). In adult hu-
man retina, microglia are resident leucocytes

associated with the vasculature, with the ex-
ception of the fovea (Fig. 2.3A). They comprise
both dendritiform cells and macrophages and
express leucocyte common antigen (CD45)
(Fig. 2.3) (Penfold et al. 1991, 1993; Provis et al.
1995). They occur in three forms: parenchymal
microglia (Fig. 2.2C), paravascular macrophages
associated with vessels (Fig. 2.2D) and perivas-
cular macrophages found within the perivascu-
lar space (Fig. 2.2E) (Penfold et al. 1991; Provis et
al. 1995). In the CNS paravascular macrophages
are referred to as juxtavascular microglia (Grae-
ber 1993) and perivascular microglia are re-
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Fig. 2.2. A Normal adult retinal blood vessel: arrows in-
dicate the glia limitans; a red blood cell (RBC) occupies
the lumen; P indicates the nucleus of a pericyte within
the perivascular space. Bar 5 µm. B A microglial cell tra-
versing the glia limitans (arrows) of a retinal vessel; lu-
men (Lu), perivascular space (PVS). Bar 15 µm. C A reti-
nal parenchymal microglial cell with MHC-class II im-
munogold labelling of the plasma membrane. Bar

10 µm. D A retinal paravascular microglial cell with
MHC-class II immunogold labelling of the cytoplasm;
intravascular lymphocyte (L). Bar 5 µm. E A retinal per-
ivascular macrophage with MHC-class II immunogold
labelling of the plasma membrane. Arrows indicate the
glia limitans. Lumen (Lu), endothelial cell (EC). Bar
5 µm

Fig. 2.3.A Retinal flatmount, normal adult, showing par-
allel chains of CD45-immunolabelled microglia sur-
rounding the fovea (F). Bar 30 µm. B CD45-immunola-
belled parenchymal microglia in retinal flatmount. Bar
15 µm. C A further example of a CD45-immunolabelled
parenchymal microglial cell in retinal flatmount. Bar
15 µm



ferred to as perivascular cells (Graeber 1993;
Provis et al. 1995) (Figs. 2.2 and 2.3).

The expression of Major Histocompatability
Complex Class II (MHC-II) antigens by human
retinal microglia was until recently controver-
sial. Although the functional significance of
MHC-II expression remains to be fully deter-
mined, both in situ and ex situ (Dick et al. 1997)
analyses have shown that constitutive expres-
sion of MHC-II antigens is a consistent feature
of retinal microglia (Fig. 2.2C–E) (Penfold et al.
1993, 1997, 2001a, 2001b; Provis et al. 1995; Dick
et al. 1997; Zhang et al. 1997). In porcine retina
the distribution of immunocompetent cells
largely resembles that observed in the human
retina (Yang et al. 2002). Observations should
not be arbitrarily dismissed as artefact, partic-
ularly in the context of appropriately controlled
studies, merely on the basis that they are de-
rived from postmortem material, whether ani-
mal or human biopsies.

Expression of MHC antigens is convention-
ally associated with antigen presentation and
promotion of immune responses, where MHC-
II antigens are responsible for the presentation
of exogenously derived peptides and MHC-I
antigens for the presentation of endogenously
derived peptides. In most tissues dendritic cells
and macrophages have been found to co-exist,
macrophages apparently acting to suppress the
antigen-presenting functions of the resident
dendritic cells (Holt et al. 1985; Pavli et al. 1993;
Liew et al. 1994).

Constitutive expression of MHC-I and -II
antigens by human retinal microglia, along with
other phenotypic characteristics, illustrates
their potential role as dendritic antigen-pre-
senting cells (Figs. 2.2C–E; 2.3B, C) (Streilein et
al. 1992; Penfold et al. 1993). Human retinal mi-
croglia in vitro also express the accessory mole-
cule CD86 or B7-2 (Diaz et al. 1998); similarly
cultured rat retinal microglia constitutively ex-
press B7-2, macrophage antigens and ICAM-1
(Matsubara et al. 1999). Expression of co-acces-
sory molecules and the functional changes in
antigen expression, after pro-inflammatory
stimulation, support an antigen-presenting ca-
pability of freshly isolated microglia. However,
pro-inflammatory stimulation induces an IL-10-
mediated down-regulation of cell surface anti-

gen expression and loss of migratory and phag-
ocytic activity. Therefore, although equipped to
act as antigen-presenting cells, microglia are
able to modulate their own function and may
have the potential to limit inflammation (Brode-
rick et al. 2000). Recent work has demonstrated
that microglia are kept in a quiescent state in the
intact CNS by local interactions between the mi-
croglia receptor CD200 and its ligand, which is
expressed on neurons (Neumann 2001). In the
retina there is extensive expression of CD200 on
neurons and retinal vascular endothelium (Bro-
derick et al. 2002).

2.3
Immune Mechanisms in AMD

2.3.1
Blood-Retinal Barrier Breakdown

The BRB primarily functions to preserve the
physiological environment of the neural retina;
it limits but does not exclude cell-mediated and
humoral immunity, consequentially influenc-
ing inflammatory responses. Subretinal neovas-
cularisation disrupts the outer BRB, the most
immediate physiological consequence of which
is exudation into the subretinal space and sub-
sequent loss of photoreceptor function. Howev-
er, BRB compromise also exposes sequestered
“self” antigens, which, in the presence of micro-
glia, may generate anti-retinal auto-immunity.
Consistent with this suggestion, both anti-reti-
nal autoantibody formation and cell-mediated
inflammation are associated with RPE distur-
bance and subretinal neovascularisation (Pen-
fold et al. 1990).

2.3.2
Pigmentary Disturbance

Clinically, retinal pigmentary abnormalities,
including hyperpigmentation and hypopig-
mentation, are significant independent risk fac-
tors for the development of wet AMD (Bressler
et al. 1990). Pathophysiologically, pigmentary
disturbance is an indication that the RPE, the
outer aspect of the BRB, is compromised.
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Histopathological examination of pigmen-
tary disturbance reveals (Figs. 2.1, 2.4 and 2.5)
the presence of sub-RPE macrophages and in-
creased numbers of choroidal leucocytes.Addi-
tionally, incipient choroidal neovascular events,
including degradation of Bruch’s membrane
(Fig. 2.5B) and sub-RPE infiltrates (Fig. 2.4B)
are apparent. Pigmentary disturbance is also
associated with increased expression of the leu-
cocyte common antigen (CD45) (see Sect. 2.8,
Leucocyte Common Antigen (CD45) Expres-
sion in AMD ) and the formation of anti-astro-
cyte autoantibodies (Penfold et al. 1990). Taken

together these observations indicate that, both
clinically and histologically, pigmentary distur-
bance represents an early manifestation of wet
AMD and loss of BRB integrity.

2.3.3
Drusen

It has been suggested (Anderson et al. 1999)
that locally derived vitronectin, complement
and immunoglobulin components of drusen
constitute a chronic inflammatory stimulus
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Fig. 2.4.A A light micrograph of a toluidine blue-stained
semithin section of adult retina at the fovea. The gangli-
on cell layer (GCL), the inner nuclear layer (INL) and the
outer nuclear layer (ONL) appear well preserved, the ar-
rangement of the inner and outer cone segments (IS,
OS) is disrupted; a region of gliosis (asterisk) is present
at the centre of the foveal depression, overlying pigmen-
tary disturbance and incipient new vessels, shown at
higher magnification in B. Bar 100 µm. B Both hypo-

and hyperpigmented RPE cells form a region of pig-
mentary disturbance (PD). Incipient new vessels (INV)
are associated with increased numbers of stromal leu-
cocytes (arrowheads) in the choroid. Bar 50 µm. C This
electron micrograph taken in the region of incipient
neovascularisation (A and B above) illustrates the clas-
sic morphology of a macrophage; the arrow indicates a
secondary lysosome, a pseudopodium (P) is closely ap-
posed to Bruch’s membrane (BM). Bar 2.5 µm



which leads to the binding of choroidally ex-
travasated proteins into drusen. A number of
studies have revealed that proteins associated
with inflammation and immune-mediated pro-
cesses are prevalent among drusen-associated
constituents. Transcripts that encode a number
of these molecules have been detected in reti-
nal, RPE, and choroidal cells. The observation
that dendritic cells are intimately associated
with drusen development and that complement
activation occurs both within drusen and along
the RPE-choroid interface supports a direct
role of cell- and immune-mediated processes in
drusen biogenesis (Hageman et al. 2001).

Various plasma proteins have been identi-
fied as molecular components of drusen, in-
cluding acute-phase reactant proteins. Concen-
trations of immunoglobulin G and terminal
C5b-9 complement complexes are also present
in drusen, RPE cells overlying or directly adja-
cent to drusen, as well as some within appar-

ently normal epithelia. Taken together, these re-
sults implicate immune complex deposition as
an initiating event in drusen formation. (John-
son et al. 2000). The finding of a role for local
inflammation in drusen biogenesis suggests
analogous processes to those occuring in other
age-related diseases such as Alzheimer’s dis-
ease and atherosclerosis, where accumulation
of extracellular plaques and deposits elicit a lo-
cal chronic inflammatory response that exacer-
bates the effects of primary pathogenic stimuli
(Anderson et al. 2002).

Data supporting the hypothesis that oxida-
tive injury contributes to the pathogenesis of
AMD and that oxidative protein modifications
and complement components may have a criti-
cal role in drusen formation have recently been
published (Crabb et al. 2002); consistent with
these data is the suggestion that oxidative stress
and inflammation may be interactive pathways.
Figure 2.6 illustrates a variety of histological
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Fig. 2.5. A An electron micrograph illustrating basal
laminar deposits (BLD) between Bruch’s membrane
(BM) and pigmentary disturbance (PD) of the retinal
pigment epithelium. Bar 10 µm. B Loss of the elastic

layer and disorganisation of BM (asterisk), associated
with PD. Bar 10 µm. C Apoptosis of a choriocapillaris
endothelial cell (E). Bar 5 µm



features associated with drusen formation, in-
cluding the frequent association with choroidal
leucocytes.

2.3.4
Cell-Mediated Immunity and Inflammation

2.3.4.1
Choroidal Macrophages

Macrophages have the capability to influence
each phase of the angiogenic process, by releas-
ing growth factors and monokines (Sunderkot-
ter et al. 1994). Excised neovascular membranes
frequently include chronic inflammatory cells,
macrophages, lymphocytes, and plasma cells
(Figs. 2.8 and 2.9) (Lopez et al. 1991). Ultrastruc-
tural features of subretinal neovascularisation
associated with AMD have confirmed the chor-
oidal origin of new vessels and a relationship
between macrophages and neovascular struc-
tures (Penfold et al. 1987). Wide-banded colla-
gen, phagocytosed by macrophages, has been
described associated with AMD lesions both
above and below Bruch’s membrane (Penfold et
al. 1985), and it has been suggested that long-
spacing collagen in AMD eyes may be selective-
ly internalised by macrophages (van der Schaft
et al. 1993). Recently it has been shown that
macrophage depletion reduces size, cellularity
and vascularity of choroidal new vessels, sup-
porting the hypothesis that macrophages con-
tribute to the severity of choroidal neovascular
lesions (Espinosa-Heidmann et al. 2003). More-
over, mice deficient either in monocyte chemo-
attractant protein-1 or its cognate C-C chemo-
kine receptor-2 develop cardinal features of
AMD, implicating macrophage dysfunction in
AMD pathogenesis (Ambati et al. 2003).

Generalized macrophage depletion has been
shown to reduce the size and leakage of laser-
induced choroidal new vessels (CNV) and is as-
sociated with decreased macrophage infiltra-
tion and VEGF protein. Angiogenesis is a com-
plex process involving a variety of growth fac-
tors, most notably VEGF, and it is significant
that macrophage depletion alone almost abol-
ishes CNV (Sakurai et al. 2003a, 2003b). This
suggests, at least in this model, that macrophag-

es and cytokines derived from them are requi-
site in this process and adds to the growing
body of evidence implicating leucocytes in the
initiation of angiogenesis; it also emphasises
the role of the macrophage as a critical compo-
nent in initiating CNV (Figs. 2.8 and 2.9).

2.3.4.2
Microglia

The sources of the signals which provoke chor-
oidal neovascularisation remain to be defined,
although both choroidally derived leucocytes
and retinal microglia are increasingly found to
be involved (Penfold et al. 2001a, 2001b). Immu-
nological responses in neural retinal microglia
are related to early pathogenic changes in RPE
pigmentation and drusen formation. An in-
crease in MHC-II immunoreactivity and mor-
phological changes in microglia, are associated
with incipient AMD (Penfold et al. 1997; Wong
et al. 2001). Activated microglia may also be in-
volved in rod cell death in AMD, retinitis pig-
mentosa and late-onset retinal degeneration. A
recent study has proposed that microglia, acti-
vated by primary rod cell death, migrate to the
outer nuclear layer, remove rod cell debris and
may kill adjacent cone photoreceptors (Gupta
et al. 2003). Figures 2.2 and 2.3 further illustrate
the morphological and phenotypic characteris-
tics of microglia; quantitative measurements of
the role of microglia in the pathogenesis of
AMD are presented in Sect. 2.8, below.

2.3.4.3
Chronic Inflammatory Cells

Giant cells and epithelioid cells are typical fea-
tures of granulomatous inflammation, and a
number of studies suggest that they play a role
in the pathogenesis of AMD. The involvement
of giant cells in the atrophic/dry form of AMD
has been described at the light and electron mi-
croscope level (Fig. 2.7D) (Penfold et al. 1986).
Multinucleated giant cells appear to participate
in the breakdown of Bruch’s membrane and
may provide an angiogenic stimulus for chor-
oidal neovascularisation in AMD (Fig. 2.8C)
(Killingsworth and Sarks 1982; Penfold et al.
2001a, 2001b). Multinucleate giant cells have al-
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so been demonstrated in surgically excised
neovascular AMD membranes (Hutchinson et
al. 1993). The constituent leucocytes of multi-
nucleated giant cells may be derived from both
macrophages and microglia (Dickson 1986).

2.3.5
Humoral Immunity

2.3.5.1
Autoantibodies

Anti-retinal autoantibodies have been reported
in association with a number of ocular pathol-
ogies, including AMD (Tso 1989). The forma-
tion of anti-astrocyte autoantibodies is an early
feature of the pathogenesis of AMD, particular-
ly in patients with pigmentary disturbance
(Penfold et al. 1990). Additionally, antibodies
against retinal proteins of various molecular
weights have been detected by Western immu-
nonblot analysis in AMD patients (Chen et al.
1993). Similarly, antibodies immunoreactive
with normal human retinal proteins have been
detected by Western immunoblot analysis in
sera of patients with AMD (Gurne et al. 1991).
However, it is not clear whether antiretinal au-
toantibodies play a primary causative role in
the aetiology of AMD or represent a secondary
response to retinal damage.

2.3.5.2
Serological factors

An early study suggested relationship between
serum ceruloplasmin and the tissue alterations
associated with macular degeneration (New-
some et al. 1986). Subsequently profiles of a va-
riety of serum constituents, including immuno-
globulins, and alpha and beta globulins, have
been examined in AMD patients. The results in-
dicate a higher incidence of serum abnormal-
ities, particularly involving alpha-2 globulin, in
patients with disturbance of pigmentation of
the RPE (Penfold et al. 1990). Additionally an
association between plasma fibrinogen levels
and late AMD has been reported (Smith et al.
1996). Acute-phase proteins, including cerulo-
plasmin, fibrinogen and C-reactive protein, are
a heterogeneous group of plasma proteins
which alter their blood concentration in associ-
ation with acute and chronic inflammation. An
association with C-reactive protein, implicating
inflammation in the pathogenesis of AMD, has
also recently been reported (Seddon et al.
2004).

Interleukin-6 concentration in plasma can
be a predictor of macular oedema in patients
with diabetic retinopathy (Shimizu et al. 2002).
Peptide and lipid mediators of the acute in-
flammatory response appear to enhance adher-
ence of circulating neutrophils to the microvas-
cular endothelium (Tonnesen et al. 1989). Elim-
ination of high molecular weight proteins and
lipoproteins from the blood of AMD patients
has been shown, in a randomised trial, to im-
prove visual function (Widder et al. 1999). The
deposition of phospholipids also may induce
an inflammatory reaction resulting in choroid-
al neovascularisation (Pauleikhoff 1992).
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Fig. 2.6. A A druse (D) is deposited in continuum with
Bruch’s membrane (BM), shown at higher power in B.
Note increased density of the elastic layer of BM. Bar
6 µm. B The arrow indicates the basement membrane of
the retinal pigment epithelium (RPE), separating the
RPE from the underlying druse (D) and BM. Bar 2 µm.
C Drusen (D) associated with disruption of the RPE and
densification of the elastic layer of BM are situated
between chorio-capillaries (CC). Bar 10 µm. D Melanin
(N) and druse (D) detached from BM. Bar 4 µm. E Tolui-

dine blue semi-thin section illustrating the relationship
between a druse (D) and an accumulation of choroidal
intravascular leucocytes (L). Bar 15 µm. F Two large
drusen (D) and disturbed RPE showing (arrowhead)
regions of reduced density. Note accumulations of
intravascular leucocytes (L) in the choroid. Bar 20 µm.
G Electron micrograph of the region of reduced density
(asterisk) shown in F. Arrows indicate an apparent chan-
nel passing through BM and CC. Bar 4 µm
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Fig. 2.7. A Electron micrograph of an atrophic lesion
showing photoreceptor outer segments (OS) and Müller
glial processes (asterisk) substituting for the RPE above
Bruch’s membrane (BM). A lymphocyte (L) and macro-
phage (M) are apparent below BM. Bar 4 µm. B Apoptot-
ic retinal cell (arrow) in a region of RPE atrophy. Bar

4 µm. C High-power electron micrograph of Müller cell
processes within a gliotic atrophic lesion; arrowheads
indicate immunogold labelled glial fibrillary acidic pro-
tein positive filaments. Mitochondrion (M). Bar 300 nm.
D A giant cell (G) within a region of atrophy associated
with BM and calcium deposits (Ca). Bar 4 µm



2.4
Clinical Significance of Drusen

Two types of drusen are associated with the
pathogenesis of AMD: hard drusen (Figs. 2.1C
and 2.6) appear clinically as small, yellow,
punctate deposits; soft drusen as paler, larger
deposits. The presence of large drusen, bilateral
drusen and numerous drusen are significant
risk factors for developing late-stage AMD.
Hard drusen are more closely associated with
the dry form, while patients with soft drusen
and pigment clumping have an increased risk
of choroidal neovascularisation (Fine et al.
2000). A recent study has defined distinct age-
dependent differences in the fluorescence pat-
tern of drusen. This heterogeneity is suggested
to be due to differential binding of extravasated
fluorescence to the constituents and histologi-
cal site of the drusen deposits (Chang et al.
2003).

Pulse-labelling or tracer experiments in ani-
mal models with macular drusen offer a unique
opportunity to establish the origin of drusen
constituents. The binding of extravasated in-
docyanine green dye to drusen material in cor-
relation with early, middle and late phases of
the clinical angiogram in a monkey model has
been demonstrated histologically (Chang et al.
1998). These observations provide an insight
into the dynamics of transport of lipid and pro-
tein material from the choroid vessels into dru-
sen, and are consistent with a choroidal deriva-
tion of drusen constituents (Fig. 2.6). The con-
clusion that drusen constituents may be de-
rived from the choroid has important implica-
tions for the pathogenesis of AMD and may
suggest that drusen formation exacerbates RPE
degeneration (Penfold et al. 2001a, 2001b).

2.5
Atrophic (“Dry”) Macular Degeneration

Dry AMD occurs independently of the neovas-
cular lesion and is associated with choroidal
atrophy without the occurrence of breaks in
Bruch’s membrane and sub-retinal new vessels
(Figs. 2.1F and 2.7). Clinical studies have dem-
onstrated reduced blood flow in dry AMD and a

decrease in choroidal volume (Grunwald et al.
1998). Reduced choriocapillaris patency and
subsequent degeneration of the RPE is asso-
ciated with involution of the adjacent photore-
ceptors and outer retinal layers (Fig. 2.1F) (Pen-
fold and Provis 1986; Curcio et al. 2000). The
dry form of AMD involves atrophy of the RPE-
barrier in the absence of exudation. It appears
that barrier function is preserved in regions of
RPE atrophy so that the macula remains dry
(Fig. 2.7A, C). Consistent with the preservation
of BRB function, levels of CD45 expression are
lower in dry lesions (see Sect. 2.8, below), indi-
cating reduced involvement of cell-mediated
inflammation; although chronic inflammato-
ry/giant cells and occasional choroidal leucocy-
tes are observed (Fig. 2.7A, D).

2.6
Neovascular (“Wet”) Macular Degeneration

Neovascular (wet) AMD involves invasion of
the retina by new blood vessels derived from
the underlying choroidal vasculature; recurrent
haemorrhage and proliferation of fibrovascular
tissue ultimately lead to the formation of a “dis-
ciform” scar. Wet AMD occurs in two clinical
forms, “classic” and “occult”. Approximately
12% of cases present with classic neovascular-
isation; however, it is estimated that about 50%
of all wet AMD cases will develop classic lesions
as the disease progresses. Histopathological
studies have shown that in the classical form
new vessels and exudation directly penetrate
Bruch’s membrane (Figs. 2.8A, B and 2.9), the
RPE and neural retina; while in the occult form
neovascularisation occurs between the RPE and
Bruch’s membrane, where loss of integrity of
the RPE barrier results in subretinal oedema
(Penfold et al. 2001a, 2001b).

Classic choroidal neovascularisation (CNV)
occurs as a discrete elevation of the RPE, com-
monly associated with subretinal exudation,
blood and lipid deposition. Fluorescein angio-
graphy reveals a well-defined area of early vas-
cular hyperfluorescence with progressive leak-
age at later phases. The majority, more than
85%, of recently diagnosed cases present, as oc-
cult CNV, with and without serous pigment epi-
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thelial detachment (PED). The clinical appear-
ance of occult CNV reflects the vascular growth
pattern, the effect of the overlying RPE (LaFaut
et al. 2000) and exudation when present. It is
estimated that between 40% and 60% of all wet
AMD cases will develop predominantly classic
lesions as the disease progresses (Freund et al.
1993; Yannuzzi et al. 2001).

Eyes with occult CNV secondary to AMD can
be classified by the presence or absence of an
associated serous PED. Patients with unilateral
occult CNV have a significant risk of occult
CNV developing in the second eye, and the type
of occult disease in the first eye is highly predic-
tive of the type of neovascularized disease in
the second eye (Chang et al. 1995).

2.7
Involvement of the Retinal Vasculature 
in AMD

The retinal vasculature, along with the choroid,
is increasingly recognised to be involved in
pathological neovascularisation associated
with AMD. Morphological perturbations in
neural vascular elements, including astrocytes,
related to early are pathogenic changes in RPE
pigmentation and drusen formation (Penfold
et al. 1997; Wong et al. 2001).

Why do new vessels arise predominantly
from the choroid rather than the retinal vascu-
lature in AMD? It would appear that a number
of anatomical and functional considerations
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Fig. 2.8. A A choroidal new vessel (CNV), containing
intravascular leucocytes (L), penetrating a break in
Bruch’s membrane (BM); endothelial cell nucleus (E).
Bar 5 µm. B A further section from the same specimen

shown in A, showing a larger break in BM. Bar 5 µm.
C Epithelioid cells (Ep) – precursors of giant cell forma-
tion – adherent to the retinal aspect of BM; choroidal
macrophage (M). Bar 5 µm



are involved. Developmentally, the outer retina,
particularly at the fovea, is primarily dependent
on the choroid for supply of nutrients; the de-
mand arising in the outer retinal elements and
cones. Physiological stress at the macula may
generate neovascular signals, leading to new
vessels from the most immediate source of vas-
cular supply, the choroid. In some cases, these
new vessels erode the RPE, infiltrate the neural
retina, and communicate with the retinal circu-
lation in what has been referred to as a retinal-
choroidal anastomosis. However, the reverse al-
so occurs in some cases, when new vessels orig-
inating from the retina extend posteriorly into
the subretinal space, eventually communicating
with choroidal new vessels. This form of neo-
vascularisation can be confused with choroid-
ally derived vessels and appears to be a distinct
subgroup of wet AMD (Slakter et al. 2000; Yan-

nuzzi et al. 2001). In a foveal photocoagulation
study, a pattern was described as “loculated
fluid”, consisting of a well-demarcated area of
late hyperfluorescence that appeared to repre-
sent pooling of fluorescein in a compartmen-
talized space, within the retina, anterior to the
choroidal neovascular leakage. This pattern
was unrelated to the extent of choroidal neo-
vascularization and serous detachment or tear
of the RPE. One third of baseline angiograms
show this unusual pattern of hyperfluorescence
(Bressler et al. 1991).
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Fig. 2.9. A This electron micrograph, from the same
specimen shown in Fig. 2.1E, shows accumulations of
leucocytes in the choroid associated with degraded
Bruch’s membrane (BM) and retinal pigment epitheli-
um. Bar 10 µm. B An accumulation of extravascular

lymphocytes(L) is juxtaposed to a choroidal new vessel
(CNV). Bar 10 µm. C A classic macrophage within a fi-
brovascular scar (same specimen as Fig. 2.1E). Bar 2 µm.
D Leucocytes (L) surrounding a CNV (same specimen
as Fig. 2.1E). Bar 10 µm



2.8
Leucocyte Common Antigen (CD45) 
Expression in AMD: A Measure 
of Inflammation

CD45 is one of the most abundant leucocyte cell
surface glycoproteins, established to be a criti-
cal component of the signal transduction ma-
chinery of lymphocytes; it is expressed exclu-
sively by cells of the hematopoietic system. Evi-
dence from genetic experiments indicates that
CD45 plays a pivotal role in antigen-stimulated
proliferation of T lymphocytes and in thymic
development (Trowbridge and Thomas 1994).
We have previously reported that microglia can
be specifically labelled using monoclonal anti-
sera against the CD45 antigen, establishing
their leucocyte lineage (Fig. 2.3A–C) (Penfold et
al. 1991). The exclusivity and specificity of CD45
to leucocyte lineage cells, including microglia,
together with image-analysis technology, pro-
vides a practical and theoretical basis for the
measurement of the inflammatory cell content
of retinal tissue.

This approach has been used to quantify ex-
pression of CD45 on retinal microglia and cho-
reoidal leucocytes in retinas associated with
AMD compared with age-matched normal and
young adult retinas. Adult eyes (n=45) were
classified histopathologically into normal and
AMD-associated groups. Indirect fluorescence
immunohistochemical examination of retinal
flatmounts and full-thickness frozen sections
was used to estimate immunoreactivity of
CD45 antigen. The intensity and distribution of
labelling was assessed by scanning laser confo-
cal microscopy and quantified by digital image
analysis and masked manual counts.

Image analysis results were calibrated
against manual counts to produce a correlation
ratio. Increased CD45 microglial immunoreac-
tivity was observed in age-matched retina com-
pared with that seen in normal young retina
(Fig. 2.10A).An increase in microglial CD45 was
also observed in retinal flatmounts with the ex-
udative form of AMD compared with the age-
matched group (Fig. 2.10A). A significant in-
crease (P<0.05) in counts of CD45-labeled
choroidal leucocytes was also observed in fro-
zen sections of exudative AMD specimens, es-

pecially the incipient form (Fig. 2.10B). Hyper-
trophy of retinal microglia and other morpho-
logical signs of activation were also observed in
AMD retina compared with young and age-
matched specimens. CD45 expression is signifi-
cantly modulated in AMD-affected tissue. The
methodology of fluorescence confocal micros-
copy and quantitative image analysis consis-
tently correlated with manual counts (Wong et
al. 2001).

The significant increase in CD45-labeled
leucocytes found in both pigmentary distur-
bance and disciform AMD specimens is consis-
tent with the earlier suggestion that pigmen-
tary disturbance often occurs as a prelude to
subretinal neovascularisation (Bressler et al.
1990). It further correlates with a body of evi-
dence indicating that the pathogenesis of wet
AMD in particular involves immunity.
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Fig. 2.10A,B. Histograms showing fluorescence intensity
of CD45 immunoreactivity in retinal flatmounts, and
leucocyte counts in choroidal sections, from control and
AMD-affected eyes (Sakurai et al. 2003a, 2003b). (YC
young controls; AC age-matched controls; AMD all
AMD groups; DS disciform scar – neovascular AMD; GA
geographic atrophy – dry AMD; DRU drusen; BLD basal
laminar deposit; PD pigmentary disturbance)



2.9
Conclusion

This chapter has reviewed recent advances in
understanding the role of immunity in the
pathogenesis of AMD. Previously, considerable
circumstantial evidence derived from histolog-
ical and clinical observations aroused conjec-
ture as to the possible “primary or secondary”
role of immunity in the aetiology of AMD. Evi-
dence for the involvement of the complement
system in drusen formation and the primary
role of macrophages in choroidal neovascular-
isation has now emerged with the availability of
new proteome analysis techniques and animal
models. Taken together, with the measurement
of inflammation in AMD described in this
chapter, the evidence that AMD involves immu-
nity in both an exacerbatory and primary caus-
ative capacity becomes compelling.
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can be either focal (drusen) or diffuse (basal
linear deposits). A diffuse lesion between the
RPE and its basal lamina is basal laminar de-
posit (Fig. 3.1C). Together, basal laminar and ba-
sal linear deposits constitute basal deposits.
Late ARM is characterized by severe vision loss
associated with extensive RPE atrophy, with or
without the sequelae of choroidal neovascular-
ization, that is, in-growth of choroidal vessels
through Bruch’s membrane and under the RPE
in the plane of drusen and basal linear deposits
(see Curcio and Millican 1999 for references).

ARM is a multifactorial process, involving a
complex interplay of genetic and environmen-
tal factors.As described in Chapter 5 recent prog-
ress has been made in understanding demo-
graphics and natural history of ARM (Klein et
al. 1997, 2002), identifying smoking and hyper-
tension as major preventable risk factors (Hy-
man et al. 2000; Smith et al. 2001), determining
the biochemical composition of drusen (Crabb
et al. 2002; Malek et al. 2003), and excluding ge-
netic mutations causing some early-onset mac-
ular degenerations as risk factors (Stone et al.
2001). Recent studies suggest that statin use
(McGwin et al. 2003) and maintaining a healthy
body mass index (AREDS 2000; Klein et al. 2001;
Seddon et al. 2003) may reduce the risk of the
incidence or progression of ARM. Substantial
progress has been made in developing mecha-
nisms, animal models, and treatments for chor-
oidal neovascularization (Bressler and Bressler
2000; Campochiaro 2000; Ambati et al. 2003).

The current standards of care include laser
photocoagulation of the aberrant vessels or
photodynamic therapy, treatments for which
only a subset of patients with existing neovas-

Chapter 3

Photoreceptor 
Degeneration in Aging 3
and Age-Related 
Maculopathy

Gregory R. Jackson, Christine A. Curcio,
Kenneth R. Sloan, Cynthia Owsley

3.1
Introduction to Age-Related Maculopathy

Age-related maculopathy (ARM) is the major
cause of new, untreatable vision loss in the eld-
erly of the industrialized world. In the USA late
ARM accounts for 22% of monocular blindness
and 75% of legal blindness in adults over age 50
(Klein et al. 1995). As the population ages, ARM
will become the largest cause of vision loss
among adults (Council 1998).

ARM is a heterogeneous disorder affecting
the retinal pigment epithelium (RPE), Bruch’s
membrane, and choriocapillaris (the RPE/
Bruch’s membrane complex; Sarks 1976; Green
and Enger 1993; Fig. 3.1A) and secondarily the
photoreceptors. Early ARM is characterized by
minor to moderate acuity loss associated with
characteristic extracellular lesions and changes
in RPE pigmentation. Lesions between the RPE
basal lamina and Bruch’s membrane (Fig. 3.1B)



cularization qualify (Macular Photocoagula-
tion Study Group 1991; Bressler and Bressler
2000). Another potential treatment approach is
to prevent or delay late ARM, which causes the
vast majority of legal blindness. Because lesions
in Bruch’s membrane associated with early
ARM (Spraul et al. 1996) precede neovascular-

ization, a successful treatment approach may be
to arrest the progression of the disease before
the onset of late ARM and maintain visual func-
tion rather than manage the neovascularization
and rescue visual function. The Age-related Eye
Disease Study (AREDS) indicated that intake of
several antioxidant compounds was beneficial
in preventing neovascularization in ARM pa-
tients with bilateral drusen (AREDS 2001).
However, evaluation of the nutritional inter-
vention was limited for the normal elderly
adults and early ARM groups, because very few
of these patients progressed to advanced (late)
ARM during the course of the trial. Because of
the low rate of progression for patients with
mild disease, the effectiveness of the treatment
for these groups was inconclusive. To increase
the feasibility of clinical trials, better methods
are needed to select early ARM patients with
high risk of progressing to late ARM. A central
idea in this review is that development of better
diagnostic tests and treatments should be facil-
itated by and based upon improved under-
standing of the pathobiology of the earliest dis-
ease stages (Ciulla et al. 1998).

Although the most prominent clinical and
histopathologic lesions of ARM involve the RPE
and Bruch’s membrane, it is the degeneration,
dysfunction, and death of photoreceptors,
through an atrophic process or a neovascular
event and its consequences, that accounts for
the vision loss associated with ARM. Because
the most common clinical endpoint is a loss of
acuity, impairment of visual functions mediat-
ed by foveal cones has been well characterized
in ARM (Brown et al. 1986; Eisner et al. 1987;
Sunness et al. 1989; Birch et al. 1992; Mayer et al.
1994; Tolentino et al. 1994; Holopigian et al.
1997; Midena et al. 1997; Huang et al. 2000;
Remky et al. 2001; Jurklies et al. 2002; Phipps et
al. 2003). Many of the observed visual function
changes in ARM could be explained by photo-
receptor loss associated with visible lesions.
However, alterations in photoreceptor function
during the earliest stages of the disease may
provide valuable information on clinically in-
visible changes. Important constituents in the
RPE/ Bruch’s membrane complex such as basal
linear deposit may not be revealed by standard
imaging techniques such as fundus photogra-
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Fig. 3.1A–C. RPE/Bruch’s membrane complex and ARM-
associated lesions (from Curcio and Millican 1999).
A Normal eye, 63-year-old donor. Arrows delimit Bruch’s
membrane. (ChC Choriocapillaris, OS outer segments of
photoreceptors, IS inner segments of photoreceptors,
RPE retinal pigment epithelium.) B Drusen (Dr) and ba-
sal linear deposit (between arrowheads); 60-year-old
donor. C Basal laminar deposits (between arrows); 69-
year-old donor



phy and fluorescein angiography until late in
ARM or not at all (Bressler et al. 1994; Curcio
and Millican 1999). Therefore, the functional
status of photoreceptors may serve as a bioas-
say of the significance of these changes.

It is important to determine which photore-
ceptors are most affected by aging and ARM,
not only to target potential interventions to the
most affected cells, but also to target mechanis-
tic studies toward investigating the earliest dis-
ease-related changes. The rate of rod and cone
degeneration is a fundamental characteristic of
any disorder affecting photoreceptors (LaVail
1981; Jacobson et al. 1986). Because rods and
cones have distinctly different biology, the rates
at which they die provide important clues to the
events initiating their demise. In order to deter-
mine the relative rate of degeneration, however,
one must obtain comparable information for
both rods and cones at matched locations in the
same well-characterized study of eyes rather
than try to calibrate findings between studies
using fundus appearance. Ideally, outcome
measurements should be quantifiable and at-
tributable to a specific cell class. Examples of
suitable endpoints are cell numbers and cone-
mediated and rod-mediated visual sensitivity.

3.2
Photoreceptor Loss

Based on this approach, we characterized the
topography of macular photoreceptors in reti-
nal aging and ARM. The macula, defined ana-
tomically as the area with one or more layers of
retinal ganglion cells (Polyak 1941) and epi-
demiologically as the area within the Wisconsin
Age-related Maculopathy Grading System grid
(Klein et al. 1991), is approximately 6 mm in
diameter and centered on the fovea (see Chap-
ter 1). The macula contains two subregions with
distinctly different photoreceptor content: a
small cone-dominated fovea, 0.8 mm (2.75° of
visual angle) in diameter, and a surrounding
rod-dominated parafovea. Figure 3.2A–D shows
small-cone inner segments in the fovea and
large cones with numerous small rods in the
parafovea. Figure 3.2E shows that the peak den-
sity of cones in the foveal center is high (mean

200,000/mm2) and declines precipitously (ten-
fold) within 1 mm (3.5°). Rods are absent in the
foveal center and rise sharply to a maximum at
2–4 mm eccentricity. In young adults, rods out-
number cones in the macula by 9:1, so the ma-
cula is cone-enriched, compared with the eye as
a whole (20:1), but it is not cone-dominated (-
Østerberg 1935; Curcio et al. 1990).

In flat-mounted retinas from eyes with ma-
culas lacking grossly visible drusen and pig-
mentary change, the total number of cones
within the 0.8-mm-diameter cone-dominated
fovea was remarkably stable throughout adult-
hood at about 32,000 (Curcio et al. 1993). Other
studies did not detect an age-related change in
peak foveal cone density (Gao et al. 1990), but
the possibility of foveal cone loss at very ad-
vanced ages remains open (Feeney-Burns et al.
1990). In contrast, the number of rods in the
parafovea of the same eyes decreased by 30%
(Curcio et al. 1993), consistent with other results
(Panda-Jonas et al. 1995). Within the macula,
age-related rod loss was not spatially uniform.
Comparison of rod topography in younger and
older eyes using difference maps suggests that
rod loss is deepest near the fovea and widens
toward the periphery over time (Fig. 3.3D–F). In
contrast, cone topography changed little with
age (Fig. 3.3C–E). The location of age-related
rod loss differs from the site of maximal rod
density (2–4 mm from the fovea; Østerberg
1935; Curcio et al. 1990) and from the site of cell
loss associated with typical retinitis pigmento-
sa (8–10 mm from the fovea; Heckenlively
1988). The relative rate of rod and cone loss in
extramacular retina is uncertain (Gao et al.
1990; Curcio et al. 1993; Panda-Jonas et al. 1995).

Analysis of photoreceptor topography in
eyes from 12 ARM donors provided evidence
that rods are preferentially affected in ARM as
well (Curcio et al. 1996; see Curcio 2001, for re-
view; Medeiros and Curcio 2001). Despite the
presence of drusen and thick deposits, the fo-
veal cone mosaic of nonexudative ARM eyes
appeared remarkably normal, and the total
number of foveal cones fell within the normal
range. In contrast, the parafovea was distinctly
abnormal, with few rods, broadened cone inner
segments, and gaps in the mosaic of inner seg-
ments. Figure 3.4 shows premortem fundus ap-
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pearance, fluorescein angiography, and topog-
raphy of cone and rod loss in an eye with pig-
ment clumping superior to the fovea (case 2
from Curcio et al. 1996). In this eye, photorecep-
tor loss occurs in relation to funduscopically
visible pigment change, the area of loss extends
beyond what is visible in the fundus, loss affects
both cones and rods, and rod loss is deeper and
more extensive in area than cone loss. The oth-
er eye of this patient had progressed to neovas-
cular ARM, so the eye in Fig. 3.4 would be con-

sidered high risk (Macular Photocoagulation
Study Group 1997). In eyes with disciform de-
generation and geographic RPE atrophy (see
Curcio 2001 for review), many histochemically
verified cones survived in pockets of subretinal
space enclosed externally by fibrovascular scar.
Furthermore, peripheral to the geographic RPE
atrophy associated with disciform scars was a
transitional zone of thick deposits, degenerat-
ing RPE, and a marked decrease in the number
of rods. Rod loss was greater than cone loss at
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Fig. 3.2A-E. Photoreceptor mosaic and distribution.
A Foveal cone inner and outer segments, longitudinal
section. B Foveal cone inner segments in a flat-mounted
retina of a 34-year-old donor; Nomarski differential
interference contrast optics and video. C Nonfoveal
cone and rod inner segments, longitudinal section.
D Cone inner segments (large) and rod inner segments

(small) in the same eye. E Number of cones and rods per
square millimeter of retinal surface in nasal and tempo-
ral retina, as a function of distance from the foveal cen-
ter in degrees of visual angle (bottom) and millimeters
(top). Hatched bar, optic disc. Dashed lines show macu-
lar boundaries. (From Curcio et al. 1990)



comparable locations in three-quarters of ARM
eyes examined. In summary, although the ma-
cula is cone-enriched, rods show the earliest
signs of degeneration in most ARM eyes, and
the last surviving photoreceptors, appear to be
cones. Photoreceptor loss in aging and ARM

occurs by apoptosis, and most apoptotic photo-
receptors in eyes with geographic atrophy are
rods (Xu et al. 1996; Lambooij et al. 2000; Du-
naief et al. 2002). In addition to cell loss, photo-
receptors suffer sublethal metabolic insults.
Outer segments overlying drusen are short-
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Fig. 3.3A–F. Topography of cones and rods in aging hu-
man retina, shown as a fundus of a left eye. Black oval is
the optic disc, and the ring delimits the 6-mm-diameter
macula. In C and F, warm colors mean that the older
group has higher mean density than the young group,
and cool colors mean that the older group has lower
mean density than the young group.A yellow-green map
means that differences between groups are small. A
Cones, 27- to 36-year-old donors. B Cones, 82 to 90-year-

old donors. C Log mean difference in cone density
between younger adults and older adults is small and
inconsistent. D Rods, 27 to 36-year-old donors. E Rods,
82 to 90-year-old donors. F Log mean difference in rod
density between younger adults and older adults is
greatest at 0.5–3 mm from fovea. Purple signifies that
the log mean difference (aged–young) was less than
–0.16 log units, i.e., that aged eyes had 31% fewer cells
than young eyes. (From Curcio et al. 1993)
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Fig. 3.4A–D. Clinical imaging and topography of cone
and rod loss in an eye at risk for late ARM. Eighty-one-
year-old donor. Clinical images and topographic maps
are not at the same spatial scale. In the difference maps
(C, D), warm colors mean that ARM eye has higher mean
density than age-matched controls, and cool colors
mean that the ARM eye has lower mean density than
age-matched controls (see Fig. 3B, E). Purple signifies
that the log mean difference (ARM-control) was less

than –0.20 log units, i.e., that the ARM eye had 37% few-
er cells than age-matched control eyes. A Red-free fun-
dus showing pigment hypertrophy with surrounding
pigment atrophy in an arc superior to the fovea. B Fluo-
rescein angiogram showing late hyperfluorescence at
775 s. C Difference in number of cones per square milli-
meter, relative to age-matched controls. D Difference in
the number of rods per square millimeter, relative to
age-matched controls. (Data from Curcio et al. 1996)



ened and misoriented, and opsin translocates
from the outer segment to the plasma mem-
brane in rod photoreceptors, typical of other
degenerations (Johnson et al. 2003).

3.3
Photoreceptor Dysfunction

Functional studies have supported the histolog-
ical evidence for preferential vulnerability of
rods in aging and ARM (Jackson and Owsley
2000; Owsley et al. 2000). These functional
studies measured photopic and scotopic sensi-
tivity at matched retinal locations in the same
cohort of well-characterized eyes. The studies
had large samples, involving 106 normal sub-
jects from seven decades of adulthood and 80
early-onset ARM patients. Significantly, macu-
lar health was ascertained objectively in all sub-

jects by grading fundus photographs, and the
effect of lens density, which reduces retinal illu-
minance in older persons, was accounted for on
an individual basis in interpreting thresholds.
These studies demonstrated reduced rod-me-
diated light sensitivity in older adults in good
retinal health, the magnitude of which was sim-
ilar throughout the parafovea (Jackson et al.
1998; Jackson and Owsley 2000). Scotopic im-
pairment was greater than photopic impair-
ment in 80% of older adults evaluated, and,
furthermore, scotopic sensitivity declined
throughout adulthood faster than photopic
sensitivity declined (Fig. 3.5). With respect to
ARM patients, mean scotopic sensitivity within
18° of fixation was significantly lower in early
ARM patients as a group than in age-matched
controls without ARM (Fig. 3.6). The pattern of
scotopic versus photopic sensitivity loss in the
central 36° of the visual field varied consider-
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Fig. 3.5. For patients in good retinal health, mean sco-
topic sensitivity impairment is plotted as a function of
mean photopic sensitivity impairment. Impairment for
each individual was defined as the subject’s average sen-
sitivity across the test field (central 18° radius visual
field) subtracted from the average of adults in their
twenties. Data are corrected for preretinal absorption.
The dashed diagonal line represents equal impairment
in photopic and scotopic sensitivity under our test con-
ditions. Numbers represent the age of each subject: 2,
20’s, 3, 30’s, 4, 40’s, 5, 50’s, 6, 60’s, 7, 70’s, 8, 80’s. (Used with
permission, Jackson and Owsley 2000)

Fig. 3.6. For ARM patients, mean scotopic sensitivity im-
pairment is plotted as a function of mean photopic sen-
sitivity impairment. Impairment for each individual
was defined as the subject’s average sensitivity across
the test field (central 18 radius visual field) subtracted
from the average of elderly normal adults. Data are cor-
rected for preretinal absorption. The dashed diagonal
line represents equal impairment in photopic and sco-
topic sensitivity under our test conditions



ably among individual patients with early
ARM. Of the patients with reduced light sensi-
tivity in this region, 59% showed reduced sco-
topic sensitivity, 27% showed both reduced sco-
topic and photopic sensitivity, and 14% had re-
duced photopic sensitivity only. In almost all
(87%) of these patients, the magnitude of mean
scotopic sensitivity loss exceeded the magni-
tude of mean photopic sensitivity loss.

It is important to note that age-related
changes in night vision are not confined to la-
boratory settings but also impact on daily ac-
tivities of older adults. One of the most perva-
sive visual observations reported by older
adults, even those free of retinal disease, is a
problem seeing under dim illumination (Kos-
nik et al. 1988), especially problems with night
driving (Ball et al. 1998). It is interesting that
patients in the earliest phases of ARM report
night driving problems, which are associated
with their impaired scotopic sensitivity as
measured in the laboratory (Scilley et al. 2002).

3.3.1
Topography of Loss and Dysfunction

The topography of photoreceptor loss and dys-
function, which is spatially heterogeneous
across the macula, may provide important in-
formation about the signals leading to photore-
ceptor demise. Figure 3.7A, B shows that the
scotopic sensitivity loss and the loss of rod
photoreceptors in early ARM patients is great-
est near the foveal center and declines marked-
ly to the edge of the macula, reminiscent of the
deepening and widening of photoreceptor loss
around the fovea shown in Fig. 3.2 (Curcio et al.
1996; Owsley et al. 2000; Medeiros and Curcio
2001). In contrast, photopic sensitivity loss and
the loss of cone photoreceptors are roughly
constant over the same distance (Fig. 3.7A).
This heterogeneity can be used to assess the
plausibility of potential mechanisms underly-
ing photoreceptor loss and dysfunction, under
the assumption that causally related events
should exhibit a similar topography. This ap-
proach is valuable, because the close proximity
and physiological interdependence of photore-
ceptors, RPE, and Bruch’s membrane make it

difficult to disentangle the relative contribu-
tions of these distinctive layers to the patho-
genesis of ARM. In the absence of multipara-
metric data from many individual eyes, we ad-
dressed this question by comparing the best
topographic data available from patient-orient-
ed and laboratory studies.

In Fig. 3.7C, D we examine the topography of
two features of the normal macula that are fre-
quently mentioned in the context of ARM pa-
thobiology. Lipofuscin is a prominent autofluo-
rescent age-pigment in the RPE that is thought
to represent irreducible end-products of outer-
segment breakdown. The striking prominence
of lipofuscin in adult human macula (Feeney-
Burns et al. 1984), its enhanced autofluores-
cence in areas of incipient RPE atrophy in ARM
patients (Holz et al. 2001), its decreased autoflu-
orescence associated with drusen (Delori et al.
2000), and the identification and isolation of a
major constituent (A2E; Parish et al. 1998) has
lead to several proposed roles in the pathogen-
esis of ARM. These include inhibition of lysoso-
mal function (Holz et al. 1999), promotion of
apoptosis (Suter et al. 2000), enhancement of
photo-oxidative injury (Schutt et al. 2000), and
detergent-like disruption of the plasma mem-
brane (Eldred 1998). Figure 3.6B shows that
funduscopically visible autofluorescence due to
lipofuscin follows closely the normal distribu-
tion of rods (Delori et al. 1995; von Rückmann
et al. 1997), that is, low in the foveal center and
high at 2–4 mm.

Macular pigment, comprised of lutein and
zeaxanthin, is thought to protect the retina
against ARM because it can act as an antioxi-
dant (Beatty et al. 1999). Modulation of macular
pigment has attracted attention as a therapeu-
tic route, because factors associated with low
macular pigment are also associated with in-
creased risk for ARM, retinal content can be en-
hanced by dietary supplementation, and pig-
ment is detectable noninvasively in patients
(Snodderly 1995; Landrum et al. 1997; Geller-
mann et al. 2002). Figure 3.7D shows that the
macular pigment is highly concentrated at the
foveal center, sharply declining within 2 mm.
Figure 3.7A–C indicates that the distinctive spa-
tial profiles of ARM-related rod dysfunction/
loss, lipofuscin accumulation, and macular pig-
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ment are not related in a straightforward man-
ner. A reasonable expectation is that dysfunc-
tion and loss should be greater where deleteri-
ous factors (lipofuscin) are abundant and/or
beneficial factors (macular pigment) are scarce.
In fact, the opposite is the case. If lipofuscin and
macular pigment are theorized to have a pri-
mary role in ARM pathogenesis, the theory
must account for the unexpected distribution

of these factors in relation to other markers of
the disease. The roles of lipofuscin and macular
pigment in specific aspects of ARM pathobiolo-
gy (e.g., RPE cell death) are not excluded by this
analysis. However, it should be noted that net
RPE cell loss in the aging macula has been dif-
ficult to establish (Tso and Friedman 1968;
Streeten 1969; Watzke et al. 1993; Harman et al.
1997; Del Priore et al. 2002), possibly due to me-
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Fig. 3.7A–D. Sensitivity loss in ARM eyes (A), photore-
ceptor loss in ARM eyes (B), funduscopically visible au-
tofluorescence and macular pigment in normal eyes
(C), and lesions in ARM eyes (D), plotted as a function
of distance from the foveal center. A Dark-adapted (sco-
topic) and light-adapted (photopic) sensitivity loss for
patients with early ARM, with adjustment for preretinal
absorption (Owsley et al. 2000); averaged across test lo-
ci on the horizontal, nasal and oblique meridians. Sensi-
tivity loss is referenced against old adults in good reti-
nal health with no signs of ARM. B Loss of rods and
cones is averaged across four meridians. ARM-related
loss is the log of the mean pair-wise differences between
early ARM eyes and age-matched controls (Medeiros
and Curcio 2001). C Mean autofluorescence due to lipo-
fuscin along the horizontal temporal meridian is nor-

malized to the maximum in three observers (Delori et
al. 1995; von Rückmann et al. 1997). The optical density
of macular pigment was measured in a normal adult, 23
years old (Werner et al. 1987). D The prevalence of right
eyes with soft indistinct drusen and/or RPE hypo- and
hyperpigmentation in specific macular regions. Bars in-
dicate the area-weighted prevalence for 247 participants
with early ARM in the Beaver Dam Eye Study (Wang et
al. 1996) for lesions in regions 0–0.5 mm, 0.5–1.5 mm,
and 1.5–3.0 mm, respectively, from the foveal center.
These regions correspond to the central subfield, the
ring of four inner subfields, and the ring of four outer
subfields, respectively, of the Wisconsin Age-related
Maculopathy Grading System grading grid (Klein et al.
1991). Arrowhead indicates outer limit of macula



thodological issues, but also possibly because
the RPE cell population is conserved in vivo de-
spite prominent age-related lipofuscin accumu-
lation.

Next we examined the topography of Bruch’s
membrane pathology. Characteristic debris ac-
cumulates within Bruch’s membrane through-
out adulthood (Feeney-Burns and Ellersieck
1985), accompanied by reduced collagen solu-
bility (Karwatowski et al. 1995), accumulation of
advanced glycation end-products (Handa et al.
1999), and deposition of neutral lipids includ-
ing cholesterol (Pauleikhoff et al. 1990; Curcio
et al. 2001; Haimovici et al. 2001). A layer just
external to the RPE basal lamina is almost com-
pletely occupied by esterified cholesterol-rich
droplets (Curcio et al. 2001; Ruberti et al. 2003).
Additional material (basal laminar deposit) ac-
cumulates between the RPE and Bruch’s mem-
brane in older adults and in ARM patients
(Sarks 1976; Green and Enger 1993; Spraul and
Grossniklaus 1997; Curcio and Millican 1999).
Because Bruch’s membrane and basal deposits
are not directly visible in the fundus (Bressler et
al. 1994; Curcio and Millican 1999), we used the
distribution of soft drusen and RPE changes
visible in the fundus of ARM patients as a sur-
rogate for the invisible pathology, with the ca-
veat that the lateral extent of pathology is likely
to be underestimated. Figure 3.7D shows the lo-
cation of soft drusen and RPE in participants
with early ARM in the population-based Beaver
Dam Eye Study (Wang et al. 1996). Lesions were
localized to defined macular subfields using a
validated, semiquantitative grading system of
clinical fundus photographs. Soft drusen and
RPE changes cluster within the central 1 mm of
the macula. Although rod function over focal
deposits (drusen) remains to be directly dem-
onstrated, the overall topographic correspon-
dence of RPE/Bruch’s membrane pathology
and rod dysfunction is striking.

3.4
Photoreceptor Function as a Bioassay 
of RPE and Bruch’s Membrane Health

The photoreceptor layer consists of two inter-
mixed cell types that share a common support

system (RPE, Bruch’s membrane, and choroid)
and environmental exposure to light. Here we
consider mechanisms pertaining to the support
system, because its age- and disease-related
changes are remarkable, and because the role of
chronic light exposure in aging and ARM has
been difficult to establish. In addition to inves-
tigating rod- or cone-specific mechanisms of
cell death (Remé et al. 2003), we propose that
developing a hypothesis to account for the dif-
ferential effect on rod and cone survival in the
setting of an altered RPE/Bruch’s membrane
environment may be instructive. A major func-
tion of the choroidal vascular system, of which
Bruch’s membrane is the inner border, is supply
of essential nutrients and oxygen to the photo-
receptors. The idea that age- and ARM-related
changes in the RPE/Bruch’s membrane com-
plex ultimately impact the integrity of the pho-
toreceptor resupply route, resulting in degener-
ation and death, therefore has intuitive appeal.
Changes at multiple locations along this route –
poor vascular perfusion secondary to chorioca-
pillaris atrophy (Chen et al. 1992; Ramrattan et
al. 1994), impaired translocation of plasma nu-
trients due to Bruch’s membrane thickening
(Moore et al. 1995), or reduced uptake from
plasma or delivery to photoreceptors due to
RPE senescence – could impact photoreceptor
health. Because photoreceptor function is
understood in exquisite detail (Ridge et al.
2003), it may be eventually possible to deduce
the specific essentials that photoreceptors lack
by careful attention to functional deficits.

Dark adaptation is a good candidate for a
test of visual function, because dark adaptation
relies on retinoid cycle components contained
within the same layers where ARM-associated
lesions are located (Lamb et al. 1998; Leibrock
et al. 1998; McBee et al. 2001). The classic dark
adaptation function describes the recovery of
sensitivity following a bright flash of light and
consists of an early portion exclusively mediat-
ed by cones, a transition to rod function (rod-
cone break), and a later portion exclusively me-
diated by rods (Barlow 1972). The retinoid cycle
provides 11-cis-retinal, a metabolite of vitamin
A, to the photoreceptors for photopigment re-
generation (Wald 1935; Hecht and Mandelbaum
1939; Jones et al. 1989). Aging and ARM-related
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changes may retard dark adaptation by a varie-
ty of mechanisms working either independent-
ly or in concert to reduce the pool of 11-cis-reti-
nal available to the photoreceptors. Debris in
Bruch’s membrane may slow the passage of vi-
tamin A from the choroid to the RPE, the RPE
may process retinoids less efficiently due to
age- or disease-related change, transfer of 11-
cis-retinal from the RPE to the photoreceptor’s
outer segment could be due to slowed diffusion
or impaired interphotoreceptor retinoid bind-
ing protein function, and reuptake of all-trans-
retinol to the RPE for recycling into 11-cis-reti-
nal could be compromised. Impairment of any
or all of these processes could slow dark adap-
tation.

In older adults with good macular health, as
assessed by grading of fundus appearance, the
rod-mediated portion of dark adaptation is sig-
nificantly slower than in younger adults (Jack-
son et al. 1999a; Fig. 3.8). During adulthood, the

time constant of the rod-mediated component
of dark adaptation increases by about 8 s per
decade (Jackson et al. 1999a). Rod-mediated
dark adaptation is not correlated with scotopic
sensitivity in these patients, indicating that the
mechanisms underlying these two aspects of
rod vision are not identical (Jackson and Ow-
sley 2000). In early ARM patients, even in those
with normal acuity, rod-mediated dark adapta-
tion is much slower (13 min on average) than in
normal age-matched controls (Owsley et al.
2001; Fig. 3.9). Consistent with the pattern of
scotopic sensitivity loss described above, delays
in rod-mediated dark adaptation are greater
than those for cone-mediated dark adaptation
in ARM (Jackson et al. 1999a). Delayed rod-me-
diated dark adaptation occurs in ARM patients
with normal scotopic sensitivity, whereas the
opposite pattern, normal dark adaptation with
poor scotopic sensitivity, is rare. Rod-mediated
dark adaptation may be more sensitive to the
effects of early ARM than cone-mediated dark
adaptation because of differences in the reti-
noid cycle of the rods and cones (Mata et al.
2002). Cone photopigment regeneration can
occur in the absence of the RPE, whereas rho-
dopsin regeneration (rod photopigment) is re-
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Fig. 3.9. The dark adaptation functions for three pa-
tients with ARM and one older adult in good eye health.
All patients had 20/25 visual acuity or better. (Used with
permission, Owsley et al. 2001)

Fig. 3.8. Dark adaptation as a function of decade in per-
sons with normal retinal health. Individual subject’s
data were grouped by decade and fitted with a four-lin-
ear component model. Data are corrected for preretinal
absorption. The resulting equations from the nonlinear
regression analysis were plotted for illustration purpos-
es. Note that the functions shift to the right with in-
creasing decade, indicating a slowing of the rate of dark
adaptation during aging. (Used with permission, Jack-
son et al. 1999b)



liant on the RPE/ Bruch’s membrane complex
(Goldstein and Wolf 1973; Hood and Hock 1973;
Jones et al. 1989). Recently, new enzymes for re-
tinoid processing, possibly within Müller cells,
have been identified in all-cone retinas (Mata et
al. 2002), raising the possibility that fovea,
which has a high concentration of Müller cells
as well as cones (Yamada 1969), may have addi-
tional sources of retinoids. Thus, if cone-medi-
ated dark adaptation is less dependent on the
RPE than rod-mediated dark adaptation, im-
paired rod-mediated dark adaptation may be a
better marker for the significant changes in
early ARM than measures of cone function.

3.5
Impairment of Transport Between RPE 
and Photoreceptors

It is reasonable to suggest that the extensive
changes found in Bruch’s membrane may affect
photoreceptor health and function. The accu-
mulation of debris, particularly lipids (see
above), are hypothesized to slow the transfer of
fluids, essential nutrients, and large proteins
across Bruch’s membrane. Hydraulic resistivity
increases and diffusion of selected compounds
decreases with donor age in Bruch’s membrane
explants (Moore et al. 1995; Marshall et al. 1998;
Moore and Clover 2001; Hussain et al. 2002).
Thus, lesions in Bruch’s membrane may act as a
barrier to nutrients moving from the choroidal
blood supply to the RPE and ultimately photo-
receptors. The hypothesis that rod-mediated
dark adaptation is impaired because of slowed
translocation of retinoids through Bruch’s
membrane and ARM-associated lesions is sup-
ported by the fact that rod dysfunction and de-
generation occur in various late-onset condi-
tions with diffuse subRPE deposits (Jacobson et
al. 1995; Kim et al. 1997; Curcio et al. 2000; Hay-
ward et al. 2003). It is possible that subRPE de-
posits, which differ ultrastructurally and prob-
ably biochemically among these disorders, act
as nonspecific barriers to the resupply of mole-
cules preferentially essential to rods. The hy-
pothesis is also supported by evidence that
dark adaptation improves following dietary vi-
tamin A supplementation in patients with

Sorsby’s fundus dystrophy, a disorder charac-
terized by thick subRPE deposits (Jacobson et
al. 1995). Presumably, the translocation deficit
was overcome via mass action in this case. Mu-
tations in genes coding for key visual cycle
components also lead to poor night vision
(McBee et al. 2001; see review, Thompson and
Gal 2003). In some animal models, these defi-
cits can be bypassed by orally administered re-
tinoid compounds (Van Hooser et al. 2000). In
mice, vitamin A taken up by RPE is delivered in
a complex with retinol-binding protein (Vogel
et al. 2002). However, the question of whether
perfusion of retinoids through Bruch’s mem-
brane is required for the recovery of visual sen-
sitivity remains to be answered. Further, there
are currently insufficient data to evaluate the
RPE as the site of impaired retinoid transloca-
tion, because little is known about age-related
changes in retinoid processing. The content of
retinyl esters (the storage form) increases with
age in monkey macula but not in periphery or
in whole human eye (Bridges et al. 1982; Crab-
tree et al. 1997). If more retinyl esters are stored
in aging human macula, it is possible that im-
paired transport between the RPE and photore-
ceptor outer segments is responsible for aging-
related impairment in dark adaptation.

Although photoreceptor dysfunction and
death appear to be related topographically to
the lesions in the RPE/Bruch’s membrane com-
plex, rod susceptibility to aging and ARM and
the mechanism of photoreceptor death are un-
known. The results of dark adaptation studies
suggest a deficiency of retinoids available to the
photoreceptors (Brown et al. 1985; Owsley et al.
2001).Vitamin A deprivation leads to outer seg-
ment degeneration and photoreceptor death in
vivo (Dowling and Wald 1958; Katz et al. 1991,
1993) and accelerated degeneration of photore-
ceptors with mutant rhodopsins in vitro (Li et
al. 1998). Lack of vitamin A affects primarily
rods but eventually impacts cones also (Carter-
Dawson et al. 1979; Kemp et al. 1988, 1989). It
should be noted that vitamin A is necessary not
only as the precursor to 11-cis-retinal but also as
the precursor to other compounds potentially
important for RPE and photoreceptor health.
Within tissues, retinol is activated to retinoic
acid, which binds to nuclear receptors to regu-
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late transcription of more than 300 diverse tar-
get genes (Mangelsdorf 1994; Saari 1994) whose
exploration in RPE is only beginning (Samuel
et al. 2001). Studies to determine the nonvisual
effect of retinoids on photoreceptor health
would be informative.

It is important to emphasize that the slowing
of the retinoid cycle may be simply a marker for
another process, such as generalized RPE ill-
health, RPE senescence, or Bruch’s membrane
change, which results in local scarcity of other
molecules essential to photoreceptors. For ex-
ample, lack of oxygen has been implicated in
photoreceptor death subsequent to retinal de-
tachment, as mitochondria-rich inner seg-
ments are displaced from the high oxygen ten-
sion in the choroid (Linsenmeier and Padnick-
Silver 2000). Cone inner segments are larger
and contain more mitochondria than rods
(Hoang et al. 2002) but the relative oxygen re-
quirements of rod and cones are unknown. De-
termining the impact of thickened deposits and
shortened outer segments associated with ARM
to oxygen levels at the level of the inner seg-
ment, the relative usage of oxygen by cones and
rods, and the effects of modulating oxygen
availability on cone and rod survival would be
useful. Another nutrient important for photo-
receptor survival is vitamin E (tocopherol). A
constituent of the AREDS anti-oxidant formu-
lation (AREDS 2000), vitamin E, is normally
delivered to tissues by plasma low density li-
poproteins, (Kayden and Traber 1993) and it
protects unsaturated lipids in membranes and
in vitamin A. Of the four naturally occurring vi-
tamin E isomers, α-tocopherol is abundant in
the RPE/choroid, and within neural retina, it is
highest in the fovea (Crabtree et al. 1996a,
1996b, 1997). Because macular α-tocopherol
concentrations are independent of plasma lev-
els, it is thought that the retina regulates its vi-
tamin E content closely. Vitamin E increases
with age in RPE-choroid in macaque and hu-
mans (Organisciak et al. 1987; Friedrichson et
al. 1995). Systemic vitamin E deficiency in rat
leads to photoreceptor degeneration and loss
but the relative rates of cone and rod loss are
not known (Robison et al. 1980). Interestingly,
the retina may be capable of generating its own
vitamin E. Mutations of the gene coding for α-

tocopherol transfer protein are associated with
pigmentary retinopathy in humans and mice,
and this gene is expressed in retina and brain
(Gotoda et al. 1995; Yokota et al. 1997, 2001; Copp
et al. 1999). Thus, it is possible that the potential
advantage afforded to cones via an intraretinal
retinoid delivery pathway (see above) may rep-
resent a class of local mechanisms that nourish
and protect photoreceptors.

3.6
Summary

In summary, anatomical and functional studies
have converged to demonstrate that photore-
ceptor degeneration and loss occurs before dis-
ease in the RPE/Bruch’s membrane complex
progresses to late ARM. Furthermore, macular
rods are affected earlier and more severely than
cones in aging and ARM. These findings are
significant for both clinical and basic research.
In many patients tests of rod function may per-
mit detection of ARM at earlier stages than do
standard tests of cone function such as visual
acuity. The preferential vulnerability of rods in
aging and ARM is a phenomenon which should
be accounted for by mechanistic theories.
These findings provide a standard against
which the relevance of emerging animal mod-
els (Mata et al. 2001; Rakoczy et al. 2002; Weber
et al. 2002) and other potentially pathogenic
phenomena in the macula should be assessed.
Since rods secrete factors that enhance cone
survival (Mohand-Said et al. 1998), early inter-
ventions that target rod photoreceptors may
have an indirect salutatory effect on cones as
well.

The link between photoreceptor dysfunc-
tion, assessed by vision function studies, and
risk for neovascularization in Bruch’s mem-
brane, alluded to at the beginning of this re-
view, is most plausibly attributable to the com-
mon cause of poor RPE health, long postulated
as central to ARM pathogenesis (Hogan 1972).
Because the RPE is polarized, problems per-
taining to the resupply of photoreceptors on the
apical aspect of the RPE (leading to photore-
ceptor death) should be conceptually separated
from problems pertaining to waste removal on
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the basal aspect of the RPE (leading to Bruch’s
membrane damage and neovascularization), at
least for the purposes of designing mechanistic
experiments. These processes are governed by
different proteins and pathways at the cellular
level and will be reflected by different risk fac-
tors and genetic predispositions at the popula-
tion level. Rigorous test of a nutrient deficiency
hypothesis of ARM-associated photoreceptor
death, awaits more information about normal
nutrient delivery mechanisms across the RPE/
Bruch’s membrane complex, intraretinal con-
tributions to photoreceptor nutrition, changes
in these mechanisms with age and pathology,
and differential effects on rods and cones.

References

Age-Related Eye Disease Study Research (AREDS)
Group (2000) Risk factors associated with age-relat-
ed macular degeneration.A case-control study in the
age-related eye disease study: age-related eye disease
study report number 3. Ophthalmology 107 : 2224–
2232

Age-Related Eye Disease Study Research AREDS Group
(2001) Report No. 8: a randomized, placebo-con-
trolled, clinical trial of high-dose supplementation
with vitamins C and E, beta carotene, and zinc for
age-related macular degeneration and vision loss.
Arch Ophthalmol 119 : 1417–1436

Ambati J, Ambati BK, Yoo SH, Ianchulev S, Adamis AP
(2003) Age-related macular degeneration: etiology,
pathogenesis, and therapeutic strategies. Surv Oph-
thalmol 48 : 257–293

Ball K, Owsley C, Stalvey B, Roenker DL, Graves M (1998)
Driving avoidance and functional impairment in
older drivers. Accident Anal Prevent 30 : 313–322

Barlow H (1972) Dark and light adaptation: psychophys-
ics. In: Hurvich L (ed) Handbook of sensory physiol-
ogy, vol VII. Springer, New York, pp 1–28

Beatty S, Boulton M, Henson D, Koh H-H, Murray IJ
(1999) Macular pigment and age-related macular de-
generation. Br J Ophthalmol 83 : 867–877

Birch DG, Anderson JL, Fish GE, Jost BF (1992) Pattern-
reversal electroretinographic acuity in untreated
eyes with subfoveal neovascular membranes. Invest
Ophthalmol Vis Sci 33 : 2097–2104

Bressler NM, Bressler SB (2000) Photodynamic therapy
with verteporfin (Visudyne): impact on ophthalmol-
ogy and visual sciences. Invest Ophthalmol Vis Sci
41 : 624–628

Bressler NM, Silva JC, Bressler SB, Fine SL, Green WR
(1994) Clinicopathological correlation of drusen and
retinal pigment epithelial abnormalities in age-relat-
ed macular degeneration. Retina 14 : 130–142

Bridges C, Alvarez R, Fong S (1982) Vitamin A in human
eyes: amount, distribution, and composition. Invest
Ophthalmol Vis Sci 22 : 706–714

Brown B, Adams AJ, Coletta NJ, Haegerstrom-Portnoy G
(1985) Dark adaptation in age-related maculopathy.
Ophthalmol Physiol Opt 6 : 81–84

Brown B, Tobin C, Roche N, Wolanowski A (1986) Cone
adaptation in age-related maculopathy. Am J Oph-
thalmol Physiol Opt 63 : 450–454

Campochiaro PA (2000) Retinal and choroidal neovas-
cularization. J Cell Physiol 184 : 301–310

Carter-Dawson L, Kuwabara T, O’Brien P, Bieri J (1979)
Structural and biochemical changes in vitamin A-defi-
cient rat retinas. Invest Ophthalmol Vis Sci 18 :437–446

Chen JC, Fitzke FW, Pauleikhoff D, Bird AC (1992) Func-
tional loss in age-related Bruch’s membrane change
with choroidal perfusion defect. Invest Ophthalmol
Vis Sci 33 : 334–340

Ciulla TA, Danis RP, Harris A (1998) Age-related macu-
lar degeneration: a review of experimental treat-
ments. Surv Ophthalmol 43 : 134–146

Copp RP,Wisniewski T, Hentati F, Larnaout A, Ben Ham-
ida M, Kayden HJ (1999) Localization of alpha-to-
copherol transfer protein in the brains of patients
with ataxia with vitamin E deficiency and other oxi-
dative stress related neurodegenerative disorders.
Brain Res 822 : 80–87

Council NAE (1998) Vision research – a national plan:
1999–2003. Executive summary. National Institutes
of Health, Bethesda, MD

Crabb JW, Miyagi M, Gu X, Shadrach K,West KA, Sakag-
uchi H, Kamei M, Hasan A,Yan L, Rayborn ME, Salo-
mon RG, Hollyfield JG (2002) Drusen proteome
analysis: an approach to the etiology of age-related
macular degeneration. Proc Natl Acad Sci USA 99 :
14682–14687

Crabtree DV, Adler AJ, Snodderly DM (1996a) Radial
distribution of tocopherols in rhesus monkey retina
and retinal pigment epithelium-choroid. Invest
Ophthalmol Vis Sci 37 : 61–76

Crabtree DV, Adler AJ, Snodderly DM (1996b) Vitamin
E, retinyl palmitate, and protein in rhesus monkey
retina and retinal pigment epithelium-choroid. In-
vest Ophthalmol Vis Sci 37 : 47–60

Crabtree D, Snodderly D, Adler A (1997) Retinyl palmi-
tate in macaque retina-retinal pigment epithelium-
choroid: distribution and correlation with age and
vitamin E. Exp Eye Res 64 : 455–463

Curcio CA (2001) Photoreceptor topography in ageing
and age-related maculopathy. Eye 15 : 376–383

Curcio CA, Millican CL (1999) Basal linear deposit and
large drusen are specific for early age-related macu-
lopathy. Arch Opthalmol 117 : 329–339

Curcio CA, Sloan KR, Kalina RE, Hendrickson AE (1990)
Human photoreceptor topography. J Comp Neurol
292 : 497–523

Curcio CA, Millican CL, Allen KA, Kalina RE (1993) Ag-
ing of the human photoreceptor mosaic: evidence
for selective vulnerability of rods in central retina.
Invest Ophthalmol Vis Sci 34 : 3278–3296

58 Gregory R. Jackson, Christine A. Curcio, Kenneth R. Sloan, Cynthia Owsley



Curcio CA, Medeiros NE, Millican CL (1996) Photore-
ceptor loss in age-related macular degeneration. In-
vest Ophthalmol Vis Sci 37 : 1236–1249

Curcio CA, Saunders PL, Younger PW, Malek G (2000)
Peripapillary chorioretinal atrophy: Bruch’s mem-
brane changes and photoreceptor loss. Ophthalmol-
ogy 107 : 334–343

Curcio CA, Millican CL, Bailey T, Kruth HS (2001) Accu-
mulation of cholesterol with age in human Bruch’s
membrane. Invest Ophthalmol Vis Sci 42 : 265–274

Delori FC, Dorey CK, Staurenghi G, Arend O, Goger DG,
Weiter JJ (1995) In vivo fluorescence of the ocular fun-
dus exhibits retinal pigment epithelium lipofuscin
characteristics. Invest Ophthalmol Vis Sci 36 :718–729

Delori FC, Fleckner MR, Goger DG, Weiter JJ, Dorey CK
(2000) Autofluorescence distribution associated
with drusen in age-related macular degeneration.
Invest Ophthalmol Vis Sci 41 : 496–504

Del Priore LV, Kuo Y-H, Tezel TH (2002) Age-related
changes in human RPE cell density and apoptosis
proportion in situ. Invest Ophthalmol Vis Sci 43 :
3312–3318

Dowling J,Wald G (1958) Vitamin A deficiency and night
blindness. Proc Natl Acad Sci USA 44 : 648–661

Dunaief JL, Dentchev T, Ying GS, Milam AH (2002) The
role of apoptosis in age-related macular degenera-
tion. Arch Opthalmol 120 : 1435–1442

Eisner A, Fleming SA, Klein ML, Mauldin WM (1987)
Sensitivities in older eyes with good acuity: eyes
whose fellow eye has exudative AMD. Invest Oph-
thalmol Vis Sci 28 : 1832–1837

Eldred GE (1998) Lipofuscin and other lysosomal stor-
age deposits in the retinal pigment epithelium. In:
Wolfensberger TJ (ed) The retinal pigment epitheli-
um: function and disease. Oxford University Press,
New York, pp 651–668

Feeney-Burns L, Ellersieck MR (1985) Age-related
changes in the ultrastructure of Bruch’s membrane.
Am J Ophthalmol 100 : 686–697

Feeney-Burns L, Hilderbrand E, Eldridge S (1984) Aging
human RPE: morphometric analysis of macular,
equatorial, and peripheral cells. Invest Ophthalmol
Vis Sci 25 : 195–200

Feeney-Burns L, Burns RP, Gao C-L (1990) Age-related
macular changes in humans over 90 years old. Am J
Ophthalmol 109 : 265–278

Friedrichson T, Kalbach HL, Buck P, Kuijk FJGM van
(1995) Vitamin E in macular and peripheral tissues
of the human eye. Curr Eye Res 14 : 693–701

Gao H, Rayborn ME, Meyers KM, Hollyfield JG (1990)
Differential loss of neurons during aging of human
retina. Invest Ophthalmol Vis Sci 31 : 357

Gellermann W, Ermakov IV, Ermakova MR, McClane
RW, Zhao DY, Bernstein PS (2002) In vivo resonant
Raman measurement of macular carotenoid pig-
ments in the young and the aging human retina. J
Opt Soc Am A Opt Image Sci Vis 19 : 1172–1186

Goldstein EB, Wolf BM (1973) Regeneration of the
green-rod pigment in the isolated frog retina.Vision
Res 13 : 527–534

Gotoda T, Arita M, Arai H, Inoue K, Yokota T, Fukuo Y,
Yazaki Y,Yamada N (1995) Adult-onset spinocerebel-
lar dysfunction caused by a mutation in the gene for
the alpha-tocopherol-transfer protein. N Engl J Med
333 : 1313–1318

Green WR, Enger C (1993) Age-related macular degen-
eration histopathologic studies: the 1992 Lorenz E.
Zimmerman Lecture. Ophthalmology 100 : 1519–1535

Macular Photocoagulation Study Group (1991) Subfo-
veal neovascular lesions in age-related macular de-
generation. Guidelines for evaluation and treatment
in the Macular Photocoagulation Study. Arch Oph-
thalmol 109 : 1242–1257

Haimovici R, Gantz DL, Rumelt S, Freddo TF, Small DM
(2001) The lipid composition of drusen, Bruch’s
membrane, and sclera by hot stage polarizing mi-
croscopy. Invest Ophthalmol Vis Sci 42 : 1592–1599

Handa JT, Verzijl N, Matsunaga H, Aotaki-Keen A, Lutty
GA, Koppele JM te, Miyata T, Hjelmeland LM (1999)
Increase in the advanced glycation end product pen-
tosidine in Bruch’s membrane with age. Invest Oph-
thalmol Vis Sci 40 : 775–779

Harman AM, Fleming PA, Hoskins RV, Moore SR (1997)
Development and aging of cell topography in the hu-
man retinal pigment epithelium. Invest Ophthalmol
Vis Sci 38 : 2016–2026

Hayward C, Shu X, Cideciyan AV, Lennon A, Barran P,
Zareparsi S, Sawyer L, Hendry G, Dhillon B, Milam
AH, Luthert PJ, Swaroop A, Hastie ND, Jacobson SG,
Wright AF (2003) Mutation in a short-chain collagen
gene, CTRP5, results in extracellular deposit forma-
tion in late-onset retinal degeneration: a genetic
model for age-related macular degeneration. Hum
Mol Genet 12 : 2657–2667

Hecht S, Mandelbaum J (1939) The relation between vi-
tamin A and dark adaptation. J Am Med Assoc 112 :
1910–1916

Heckenlively JR (1988) Retinitis pigmentosa. Lippincott,
Philadelphia

Hoang Q, Linsenmeier RA, Chung C, Curcio CA (2002)
Photoreceptor inner segments in monkey and hu-
man retina: mitochondrial density, optics, and re-
gional variation.Vis Neurosci 19 : 395–407

Hogan MJ (1972) Role of the retinal pigment epithelium
in macular disease. Trans Am Acad Ophthalmol
Otolaryngol 76 : 64–80

Holopigian K, Seiple W, Greenstein V, Kim D, Carr RE
(1997) Relative effects of aging and age-related mac-
ular degeneration on peripheral visual function. Op-
tom Vis Sci 74 : 152–159

Holz FG, Schütt F, Kopitz J, Eldred GE, Kruse FE,Völcker
HE, Cantz M (1999) Inhibition of lysosomal degrada-
tive functions in RPE cells by a retinoid component
of lipofuscin. Invest Ophthalmol Vis Sci 40 : 737–743

Holz FG, Bellman C, Staudt S, Schutt F, Volcker H (2001)
Fundus autofluorescence and development of geo-
graphic atrophy in age-related macular degenera-
tion. Invest Ophthalmol Vis Sci 42 : 1051–1056

Hood DC, Hock PA (1973) Recovery of cone receptor ac-
tivity in the frog’s isolated retina.Vis Res 13 : 1943–1951

Chapter 3 Photoreceptor Degeneration in Aging and Age-Related Maculopathy 59



Huang S,Wu D, Jiang F, Ma J,Wu L, Liang J, Luo G (2000)
The multifocal electroretinogram in age-related
maculopathies. Doc Ophthalmol 101 : 115–124

Hussain AA, Rowe L, Marshall J (2002) Age-related al-
terations in the diffusional transport of amino acids
across the human Bruchs-choroid complex. J Opt
Soc Am A 19 : 166–172

Hyman L, Schachat AP, He Q, Leske MC (2000) Hyper-
tension, cardiovascular disease, and age-related
macular degeneration. Arch Opthalmol 117 : 351–358

Jackson GR, Owsley C (2000) Scotopic sensitivity dur-
ing adulthood. Vis Res 40 : 2467–2473

Jackson GR, Owsley C, Cordle EP, Finley CD (1998) Ag-
ing and scotopic sensitivity. Vis Res 38 : 3655–3662

Jackson GR, Edwards DJ, McGwin G, Owsley C (1999a)
Changes in dark adaptation in early AMD. Invest
Ophthalmol Vis Sci (Suppl) 40 : 739

Jackson GR, Owsley C, McGwin G (1999b) Aging and
dark adaptation. Vis Res 39 : 3975–3982

Jacobson SG, Voigt WJ, Parel J-M, Apathy PP, Nghiem-
Phu L, Myers SW, Patella VM (1986) Automated light-
and dark-adapted perimetry for evaluating retinitis
pigmentosa. Ophthalmology 93 : 1604–1611

Jacobson SG, Cideciyan AV, Regunath G, Rodriguez FJ,
Vandenburgh K, Sheffield VC, Stone EM (1995) Night
blindness in Sorsby’s fundus dystrophy reversed by
vitamin A. Nat Genet 11 : 27–32

Johnson PT, Lewis GP, Talaga KC, Brown MN, Kappel PJ,
Fisher SK,Anderson DH, Johnson LV (2003) Drusen-
associated degeneration in the retina. Invest Oph-
thalmol Vis Sci 44 : 4481–4488

Jones GJ, Crouch RK, Wiggert B, Cornwall MC, Chader
GJ (1989) Retinoid requirements for recovery of sen-
sitivity after visual-pigment bleaching in isolated
photoreceptors. Proc Natl Acad Sci USA 86 : 9606–
9610

Jurklies B, Weismann M, Husing J, Sutter EE, Bornfeld N
(2002) Monitoring retinal function in neovascular
maculopathy using multifocal electroretinography –
early and long-term correlation with clinical find-
ings. Graefes Arch Clin Exp Ophthalmol 240 : 244–
264

Karwatowski W, Jeffried T, Duance V, Albon J, Bailey A,
Easty D (1995) Preparation of Bruch’s membrane
and analysis of the age-related changes in the struc-
tural collagens. Br J Ophthalmol 79 : 944–952

Katz M, Kutryb M, Norberg M, Gao C, White R, Stark W
(1991) Maintenance of opsin density in photorecep-
tor outer segments of retinoid-deprived rats. Invest
Ophthalmol Vis Sci 32 : 1968–1980

Katz M, Gao C, Stientjes H (1993) Regulation of the
interphotoreceptor retinoid-binding protein content
of the retina by vitamin A. Exp Eye Res 57 : 393–401

Kayden HJ, Traber MG (1993) Absorption, lipoprotein
transport, and regulation of plasma concentrations
of vitamin E in humans. J Lipid Res 34 : 343–358

Kemp C, Jacobson S, Faulkner D, Walt R (1988) Visual
function and rhodopsin levels in humans with vita-
min A deficiency. Exp Eye Res 46 : 185–197

Kemp C, Jacobson S, Borruat F, Chaitin M (1989) Rho-
dopsin levels and retinal function in cats during re-
covery from vitamin A deficiency. Exp Eye Res 49 :
49–65

Kim RY, Faktorovich EG, Kuo CY, Olson JL (1997) Reti-
nal function abnormalities in membranoprolifera-
tive glomerulonephritis type II. Am J Ophthalmol
123 : 619–628

Klein BE, Klein R, Lee KE, Jensen SC (2001) Measures of
obesity and age-related eye diseases. Ophthalmic
Epidemiol 8 : 251–262

Klein R, Davis MD, Magli YL, Segal P, Klein BEK, Hub-
bard L (1991) The Wisconsin Age-Related Maculopa-
thy Grading System. Ophthalmology 98 : 1128–1134

Klein R, Wang Q, Klein BEK, Moss SE, Meuer SM (1995)
The relationship of age-related maculopathy, cata-
ract, and glaucoma to visual acuity. Invest Ophthal-
mol Vis Sci 36 : 182–191

Klein R, Klein BEK, Jensen SC, Meuer SM (1997) The
five-year incidence and progression of age-related
maculopathy. Ophthalmology 104 : 7–21

Klein R, Klein BE, Tomany SC, Meuer SM, Huang GH
(2002) Ten-year incidence and progression of age-
related maculopathy: the Beaver Dam eye study.
Ophthalmology 109 : 1767–1779

Kosnik W, Winslow L, Kline D, Rasinski K, Sekuler R
(1988) Visual changes in daily life throughout adult-
hood. J Gerontol 43 : P63–70

Lamb TD, Cideciyan AV, Jacobson SG, Pugh EN (1998)
Towards a molecular description of human dark ad-
aptation. J Physiol (Lond) 506 : 88

Lambooij AC, Kliffen M, Kuijpers RWAM, Houtsmuller
AB, Broese JJ, Mooy CM (2000) Apoptosis is present
in the primate macula at all ages. Graefes Arch Clin
Exp Ophthalmol 238 : 508–514

Landrum JT, Bone RA, Joa H, Kilburn MD, Moore LL,
Sprague KE (1997) A one year study of the macular
pigment: the effect of 140 days of a lutein supple-
ment. Exp Eye Res 65 : 57–62

LaVail MM (1981) Analysis of neurological mutants with
inherited retinal degeneration. Invest Ophthalmol
Vis Sci 21 : 638–657

Leibrock CS, Reuter T, Lamb TD (1998) Molecular basis
of dark adaptation in rod photoreceptors. Eye 12 :
511–520

Li T, Sandberg MA, Pawlyk BS, Rosner B, Hayes KC, Dry-
ja TP, Berson EL (1998) Effect of vitamin A supple-
mentation on rhodopsin mutants threonine-17
→methionine and proline-347→serine in transgenic
mice and in cell cultures. Proc Natl Acad Sci USA 95 :
11933–11938

Linsenmeier RA, Padnick-Silver L (2000) Metabolic de-
pendence of photoreceptors on the choroid in the
normal and detached retina. Invest Ophthalmol Vis
Sci 41 : 3117–3123

Macular Photocoagulation Study Group (1997) Risk fac-
tors for choroidal neovascularization in the second
eye of patients with juxtafoveal or subfoveal chor-
oidal neovascularization secondary to age-related
macular degeneration.Arch Ophthalmol 115 : 741–747

60 Gregory R. Jackson, Christine A. Curcio, Kenneth R. Sloan, Cynthia Owsley



Malek G, Li C-M, Guidry C, Medeiros NE, Curcio CA
(2003) Apolipoprotein B in cholesterol-containing
drusen and basal deposits in eyes with age-related
maculopathy. Am J Pathol 162 : 413–425

Mangelsdorf DJ (1994) The retinoid receptors. In:
Goodman D (ed) The retinoids: biology, chemistry,
and medicine, 2nd edn. Raven Press, New York,
pp 319–350

Marshall J, Hussain AA, Starita C, Moore DJ, Patmore AL
(1998) Aging and Bruch’s membrane. In: Wolfensber-
ger TJ (ed) The retinal pigment epithelium: function
and disease. Oxford University Press, New York,
pp 669–692

Mata N, Tzekov R, Liu X,Weng J, Birch D, Travis G (2001)
Delayed dark-adaptation and lipofuscin accumula-
tion in abcr+/– mice: implications for involvement
of ABCR in age-related macular degeneration. Invest
Ophthalmol Vis Sci 42 : 1685–1690

Mata N, Radu R, Clemmons R, Travis G (2002) Isomer-
ization and oxidation of vitamin a in cone-dominant
retinas.A novel pathway for visual-pigment regener-
ation in daylight. Neuron 36 : 69

Mayer MJ, Ward B, Klein R, Talcott JB, Dougherty RF,
Glucs A (1994) Flicker sensitivity and fundus ap-
pearance in pre-exudative age-related maculopathy.
Invest Ophthalmol Vis Sci 35 : 1138–1149

McBee JK, Palczewski K, Baehr W, Pepperberg DR (2001)
Confronting complexity: the interlink of photo-
transduction and retinoid metabolism in the verte-
brate retina. Prog Retin Eye Res 20 : 469–529

McGwin GJ, Owsley C, Curcio CA, Crain RJ (2003) The
association between statin use ang age related macu-
lopathy. Br J Ophthalmol 87 : 1–5

Medeiros NE, Curcio CA (2001) Preservation of gangli-
on cell layer neurons in age-related macular degen-
eration. Invest Ophthalmol Vis Sci 42 : 795–803

Midena E, Degli Angeli C, Blarzino MC,Valenti M, Sega-
to T (1997) Macular function impairment in eyes
with early age-related macular degeneration. Invest
Ophthalmol Vis Sci 38 : 469–477

Mohand-Said S, Deudon-Combe A, Hicks D, Simonutti
M, Forster V, Fintz AC, Leveillard T, Dreyfus H, Sahel
JA (1998) Normal retina releases a diffusible factor
stimulating cone survival in the retinal degeneration
mouse. Proc Natl Acad Sci USA 95 : 8357–8362

Moore DJ, Clover GM (2001) The effect of age on the
macromolecular permeability of human Bruch’s
membrane. Invest Ophthalmol Vis Sci 42 : 2970–2975

Moore DJ, Hussain AA, Marshall J (1995) Age-related
variation in the hydraulic conductivity of Bruch’s
membrane. Invest Ophthalmol Vis Sci 36 : 1290–1297

Organisciak DT, Berman ER,Wang HM, Feeney-Burns L
(1987) Vitamin E in human neural retina and retinal
pigment epithelium: effect of age. Curr Eye Res 6 :
1051–1055

Østerberg GA (1935) Topography of the layer of rods
and cones in the human retina. Acta Ophthalmol 13
(Suppl 6) : 1–103

Owsley C, Jackson GR, Cideciyan AV, Huang Y, Fine SL,
Ho AC, Maguire MG, Lolley V, Jacobson SG (2000)

Psychophysical evidence for rod vulnerability in
age-related macular degeneration. Invest Ophthal-
mol Vis Sci 41 : 267–273

Owsley C, Jackson GR, White M, Feist R, Edwards DJ
(2001) Delays in rod-mediated dark adaptation in
early age-related maculopathy. Ophthalmology 108 :
1196–1202

Panda-Jonas S, Jonas JB, Jokobczyk-Zmija (1995) Retinal
photoreceptor density decreases with age. Ophthal-
mology 102 : 1853–1859

Parish CA, Hashimoto M, Nakanishi K, Dillon J, Sparrow
J (1998) Isolation and one-step preparation of A2E
and iso-A2E, fluorophores from human retinal pig-
ment epithelium. Proc Natl Acad Sci USA 95 :
14609–14613

Pauleikhoff D, Harper CA, Marshall J, Bird AC (1990)
Aging changes in Bruch’s membrane: a histochemi-
cal and morphological study. Ophthalmology 97 :
171–178

Phipps JA, Guymer RH, Vingrys AJ (2003) Loss of cone
function in age-related maculopathy. Invest Oph-
thalmol Vis Sci 44 : 2277–2283

Polyak SL (1941) The retina. University of Chicago, Chi-
cago

Rakoczy PE, Zhang D, Robertson T, Barnett NL, Papadi-
mitriou J, Constable IJ, Lai CM (2002) Progressive
age-related changes similar to age-related macular
degeneration in a transgenic mouse model. Am J
Pathol 161 : 1515–1524

Ramrattan RS, Schaft TL van der, Mooy CM, Bruijn WC
de, Mulder PGH, Jong PTVM de (1994) Morphomet-
ric analysis of Bruch’s membrane, the choriocapil-
laris, and the choroid in aging. Invest Ophthalmol
Vis Sci 35 : 2857–2864

Remé CE, Grimm C, Hafezi F, Iseli HP, Wenzel A (2003)
Why study rod cell death in retinal degenerations
and how? Doc Ophthalmol 106 : 25–29

Remky A, Lichtenberg K, Elsner AE, Arend O (2001)
Short wavelength automated perimetry in age relat-
ed maculopathy. Br J Ophthalmol 85 : 1432–1436

Ridge KD, Abdulaev NG, Sousa M, Palczewski K (2003)
Phototransduction: crystal clear. Trends Biochem Sci
28 : 479–487

Robison WG Jr, Kuwabara T, Bieri JG (1980) Deficiencies
of vitamins E and A in the rat. Retinal damage and
lipofuscin accumulation. Invest Ophthalmol Vis Sci
19 : 1030–1037

Ruberti JW, Curcio CA, Millican CL, Menco BPM, Huang
J-D, Johnson M (2003) Quick-freeze/deep-etch visu-
alization of age-related lipid accumulation in Bruch’s
membrane. Invest Ophthalmol Vis Sci 44 : 1753–1759

Rückmann A von, Fitzke FW, Bird AC (1997) Fundus au-
tofluorescence in age-related macular disease im-
aged with a laser scanning ophthalmoscope. Invest
Ophthalmol Vis Sci 38 : 478–486

Saari J (1994) Retinoids in photosensitive systems. In:
Goodman D (ed) The retinoids: biology, chemistry,
and medicine, 2nd edn. Raven Press, New York,
pp 351–385

Chapter 3 Photoreceptor Degeneration in Aging and Age-Related Maculopathy 61



Samuel W, Kutty RK, Nagineni S, Gordon JS, Prouty SM,
Chandraratna RAS, Wiggert B (2001) Regulation of
stearoyl coenzyme A desaturase expression in hu-
man retinal pigment epithelial cells by retinoic acid.
J Biol Chem 276 : 28744–28750

Sarks SH (1976) Ageing and degeneration in the macu-
lar region: a clinico-pathological study. Br J Ophthal-
mol 60 : 324–341

Schutt F, Davies S, Kopitz J, Holz F, Boulton M (2000)
Photodamage to human RPE cells by A2-E, a retinoid
component of lipofuscin. Invest Ophthalmol Vis Sci
41 : 2303–2308

Scilley K, Jackson GR, Cideciyan AV, Maguire MG, Jacob-
son SG, Owsley C (2002) Early age-related maculop-
athy and self-reported visual difficulty in daily life.
Ophthalmology 109(7) : 1235-1242

Seddon JM, Cote J, Davis N, Rosner B (2003) Progression
of age-related macular degeneration: association
with body mass index, waist circumference, and
waist-hip ratio. Arch Opthalmol 121 : 785–792

Smith W,Assink J, Klein R, Mitchell P, Klaver CCW, Klein
BEK, Hofman A, Jensen S, Wang JJ, Jong PTVM de
(2001) Risk factors for age-related macular degener-
ation. Pooled findings from three continents. Oph-
thalmology 108 : 697–704

Snodderly DM (1995) Evidence for protection against
age-related macular degeneration (AMD) by carot-
enoids and antioxidant vitamins. Am J Clin Nutr 62
(Suppl) : 1448S–1461S

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

Spraul CW, Lang GE, Grossniklaus HE (1996) Morpho-
metric analysis of the choroid, Bruch’s membrane,
and retinal pigment epithelium in eyes with age-re-
lated macular degeneration. Invest Ophthalmol Vis
Sci 37 : 2724–2735

Stone E, Sheffield V, Hageman G (2001) Molecular ge-
netics of age-related macular degeneration. Hum
Mol Genet 10 : 2285-2292

Streeten BW (1969) Development of the human retinal
pigment epithelium and the posterior segment.Arch
Opthalmol 81 : 383–394

Sunness J, Massof R, Johnson M, Rubin G, Fine SL (1989)
Dimished foveal sensitivity may predict the develop-
ment of advanced age-related macular degeneration.
Ophthalmology 96 : 375–381

Suter M, Reme C, Grimm C, Wenzel A, Jaattela M, Esser
P, Kociok N, Leist M, Richter C (2000) Age-related
macular degeneration. The lipofusion component N-
retinyl-N-retinylidene ethanolamine detaches pro-
apoptotic proteins from mitochondria and induces
apoptosis in mammalian retinal pigment epithelial
cells. J Biol Chem 275 : 39625–39630

Thompson DA, Gal A (2003) Vitamin A metabolism in
the retinal pigment epithelium : genes, mutations,
and diseases. Prog Retin Eye Res 22 : 683–703

Tolentino MJ, Miller S, Gaudio AR, Sandberg MA (1994)
Visual field deficits in early age-related macular de-
generation. Vis Res 34 : 409–413

Tso MOM, Friedman E (1968) The retinal pigment epi-
thelium. III. Growth and development. Arch Opthal-
mol 80 : 214–216

Van Hooser JP, Aleman TS, He Y-G, Cideciyan AV, Kuksa
V, Pittler SJ, Stone EM, Jacobson SG, Palczewski K
(2000) Rapid restoration of visual pigment and
function with oral retinoid in a mouse model of
childhood blindness. Proc Natl Acad Sci USA 97 :
8623–8628

Vogel S, Piantedosi R, O’Byrne SM, Kako Y, Quadro L,
Gottesman ME, Goldberg IJ, Blaner WS (2002) Retin-
ol-binding protein-deficient mice: biochemical basis
for impaired vision. Biochemistry 41 : 15360–15368

Wald G (1935) Carotenoids and the visual cycle. J Gen
Physiol 19 : 351

Wang Q, Chappell RJ, Klein R, Eisner A, Klein BEK, Jen-
sen SC, Moss SE (1996) Pattern of age-related macu-
lopathy in the macular area. The Beaver Dam eye
study. Invest Ophthalmol Vis Sci 37 : 2234–2242

Watzke RC, Soldevilla JD, Trune DR (1993) Morphomet-
ric analysis of human retinal pigment epithelium:
correlation with age and location. Curr Eye Res 12 :
133–142

Weber BH, Lin B, White K, Kohler K, Soboleva G, Herte-
rich S, Seeliger MW, Jaissle GB, Grimm C, Reme C,
Wenzel A, Asan E, Schrewe H (2002) A mouse model
for Sorsby fundus dystrophy. Invest Ophthalmol Vis
Sci 43 : 2732–2740

Werner JS, Donnelly SK, Kliegl R (1987) Aging and hu-
man macular pigment density. Vis Res 27 : 257–268

Xu GZ, Li WW, Tso MO (1996) Apoptosis in human reti-
nal degenerations. Trans Am Ophthalmol Soc 94 :
411–430; 430–431

Yamada E (1969) Some structural features of the fovea
centralis of the human retina. Arch Opthalmol 82 :
151–159

Yokota T, Shiojiri T, Gotoda T, Arita M, Arai H, Ohga T,
Kanda T, Suzuki J, Imai T, Matsumoto H, Harino S,
Kiyosawa M, Mizusawa H, Inoue K (1997) Friedreich-
like ataxia with retinitis pigmentosa caused by the
His101Gln mutation of the alpha-tocopherol transfer
protein gene. Ann Neurol 41 : 826–832

Yokota T, Igarashi K, Uchihara T, Jishage K-i, Tomita H,
Inaba A, Li Y, Arita M, Suzuki H, Mizusawa H, Arai H
(2001) Delayed-onset ataxia in mice lacking alpha -
tocopherol transfer protein: model for neuronal de-
generation caused by chronic oxidative stress. Proc
Natl Acad Sci USA 98 : 15185–15190

62 Gregory R. Jackson, Christine A. Curcio, Kenneth R. Sloan, Cynthia Owsley



Contents

4.1 Age-Related Macular Degeneration,
a Complex Genetic Disease 63

4.2 Genetic Basis of Disease 64
4.2.1 Family Studies 64
4.2.2 Sibling Studies 64
4.2.3 Twin Studies 65

4.3 Approaches to Genetic Investigation 
of AMD 65

4.3.1 Linkage Analysis 65
4.3.2 Candidate-Gene Screening 67

4.4 Future Directions 73
4.4.1 Single-Nucleotide Polymorphisms 73
4.4.2 Microarrays 73
4.4.3 Proteomics 74

4.5 Conclusions 74

References 75

(The International Human Genome Sequenc-
ing Consortium 2001). Little is known about the
regulatory elements that occur in the noncod-
ing portion of the genome and how they affect
the function of these genes. While the comple-
tion of the HGP is without doubt a huge step
forward towards understanding genetic diseas-
es, genes and their products do not function in-
dependently but interact with other genes
through complex pathways; and for many com-
mon diseases, there is interplay between genet-
ic and nongenetic risk factors (environment)
that dictate susceptibility to disease and treat-
ment response. Deciphering the role of genes in
human disease, given this complexity of inter-
actions, is a formidable task. However, we are
now in an unprecedented positon, with the ad-
vances in genetic techniques and the emer-
gence of the study of genetic epidemiology, to
finally make discoveries about the genetic asso-
ciations with complex genetic diseases such as
age-related macular degeneration (AMD).

The aging population and increasing life ex-
pectancy necessitate urgent answers as to the
causes and risk factors for AMD, and present vi-
sion researchers with a major challenge for the
new millennium. AMD is considered a complex
genetic disease, where environmental risk fac-
tors impact on a genetic background. Finding
the genes that determine susceptibility or mod-
ify the disease process offers possibly the great-
est chance of understanding the underlying
disease processes and the development of pre-
ventative strategies and treatments.

This chapter explores our current knowl-
edge about the genetic influences on AMD and
indicates possible directions for future study.

Chapter 4

Genes and Age-Related 
Macular Degeneration 4
Robyn H. Guymer, Niro Narendran,
Paul N. Baird

4.1
Age-Related Macular Degeneration,
a Complex Genetic Disease

The completion of the Human Genome Project
(HGP), which provided the first high-quality,
comprehensive sequence of the entire human
genome offers a unique and powerful resource
for the elucidation of genes involved in human
disease. Completion of this huge task has, how-
ever, led to more questions than it has an-
swered. It has shown that only 1–2% of the se-
quence encodes for proteins and, of the esti-
mated 30,000 genes in the human genome, on-
ly a small percentage have so far been identified



4.2
Genetic Basis of Disease

The genetic basis to AMD has really only been
established over the last 15–20 years. There is
now an abundance of evidence from family, sib-
ling and twin studies to support a genetic basis
for AMD.

4.2.1
Family Studies

An early report by Gass found that 38 of 200 pa-
tients (19%) with macular drusen reported a
family history (Gass 1973). Later, Hyman et al.
(1983) documented that AMD patients were 3
times more likely to report a positive family
history than age-matched controls, with 21.6%
of 228 AMD patients giving a positive family
history. A practice-based mail survey found
that affected individuals’ reporting of a family
history of AMD was 28.4% of 391 subjects (Ke-
verline et al. 1998). Studies such as these are
subject to the level of knowledge of the individ-
ual. Early-stage disease which is asymptomatic
is not diagnosed without ophthalmic examina-
tion, thus an under-reporting of disease is pos-
sible in both controls and cases. Given the gen-
eral lack of awareness of this disease in the pop-
ulation, individuals diagnosed with AMD may
be more likely to recall information about their
relatives with the same disease than individuals
who do not have a diagnosis of AMD, introduc-
ing another possibility of biased reporting (Ro-
senthal and Thompson 2003).

Studies that perform ophthalmic examina-
tion of families are more reliable and several of
these have been published over the last 10 years.
Examination of 119 AMD patients from oph-
thalmology clinics has revealed a prevalence of
AMD of 23.7% in first-degree relatives com-
pared with 11.6% in first degree relatives of 72
nonaffected cases (Seddon et al. 1997). The dif-
ference is significant in relation to exudative
features, but not atrophic features. Another
study has examined families that were derived
from index cases seen in the population-based
Rotterdam Study (Klaver et al. 1998a, 1998b.
1998c). The families were chosen regardless of

family history and other known risk factors,
and all available siblings and children of the in-
dex cases have been seen. The occurrence of
early- and late-stage AMD is higher in first-de-
gree relatives of late-stage AMD patients than
in relatives of controls. This is independent of
known risk factors such as smoking. The calcu-
lated lifetime absolute risk of developing late-
stage AMD in first-degree relatives of late-stage
AMD index cases is 50% (95%CI=26–73%),
compared with 12% in relatives of controls
(95%CI=2–16%; Klaver et al. 1998a, 1998b.
1998c). Their calculated relative risk for a ge-
netic component to AMD is 23%. There is low
concordance of similarity of clinical features
between members of the same family, except in
relation to stage of disease. In addition the rela-
tives of patients develop AMD features at a
younger age than those relatives of controls.

4.2.2
Sibling Studies

Sib-pairs are easier to recruit than large family
pedigrees of AMD. Segregation analysis per-
formed on sibling data from the Beaver Dam
Eye Study (564 families) has shown significant
sibling correlations where a younger sibling has
an increased likelihood of developing the spe-
cific macular lesion possessed by an older sib-
ling (soft drusen, pigmentary changes and exu-
dative changes) after 5 years. (Heiba et al. 1994;
Klein et al. 2001)

Piguet et al. have compared the drusen char-
acteristics in 53 siblings pairs with 50 long-term
spouse pairs. This type of comparison mini-
mises environmental variation between pairs.
In the sibling pairs, but not the spouse pairs, a
trend has been found towards concordance of
drusen features (number, size and confluence),
suggesting that genetic factors are influential in
the manifestation of retinal disease (Piguet et
al. 1993). In 1994, Silvestri et al. examined 36 in-
dex cases with AMD and identified 20 of 81 of
their siblings to be affected with AMD, com-
pared with 36 unaffected controls who had on-
ly 1 of 78 siblings with AMD. Once again, there
appeared to be segregation of a gene(s) with
disease (Silvestri et al.1994).
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4.2.3
Twin Studies

Monozygotic (MZ) twins share 100% of their
DNA and dizygotic (DZ) twins share 50% of
their DNA, thus diseases that have a large ge-
netic component should manifest more com-
monly in MZ than DZ twins and more com-
monly in both types of twins than in unrelated
individuals. Twins are thus a valuable resource
for investigating genetic tendencies in disease.

The occurrence of choroidal neovascular
membranes (CNVM) in the same eye of a set of
MZ twins was reported for the first time in 1985
(Melrose et al. 1985). Following this, Meyer and
Zachary documented the first occurrence of bi-
lateral CNVM in a set of zygosity-confirmed
monozygotic twins (Meyer and Zachary 1988).
A study involving nine MZ twin pairs has ob-
served concordance of AMD features in all sets
of twins and found that there is a similarity of
features and vision in eight of the nine pairs
(Klein et al. 1994).

Meyer et al. again investigated twins, this
time looking at both MZ and DZ twin pairs.
They have found 100% concordance of clinical
features in 25 MZ twin pairs affected with AMD
and concordance of 42% in 12 DZ twins studied
(Meyer et al. 1995). Another twin study has
found the concordance of AMD features in 50
MZ pairs to be 90%, which is significantly high-
er than a comparison of twins with their spouse
pairs (Gottfredsdottir et al. 1999). All the twin
studies thus far described have used small
numbers, reflecting the difficulty in collecting
appropriate subjects.

The most recently published twin study has
investigated early AMD features in a large num-
ber of MZ (226) and DZ (280) females (Ham-
mond et al. 2002). They confirm a significant
influence of genetic factors and conclude that
the features that appear to be most heritable are
large drusen (more than or equal to 125 µm)
and more than or equal to 20 hard drusen, and
calculate the heritability of these features as
45% (95%CI=35–53%). The authors suggest that
the lower concordance found in this study com-
pared with previous studies could be explained
by the use of a population-based approach
rather than selection of twin pairs.

Twin, sibling and family studies strongly
suggest a genetic tendency in AMD. However, it
is not known how many genes are involved,
what sort of inheritance pattern the disease
has, nor whether the genetic influence has a
causative or modifying effort.

4.3
Approaches to Genetic Investigation 
of AMD

Identifying the gene(s) involved in AMD is a
high priority and currently involves a large
number of international groups and collabora-
tions. Success in genetic investigation is, to a
large degree, dependent upon the sample type
and analysis used. Family studies are usually
preferred, if available, followed by twins/sib-
lings and then population-based studies. With
regard toAMD, the main techniques employed
to investigate the genetic influences have thus
far been linkage analysis and candidate-gene
screening.

4.3.1
Linkage Analysis

Linkage is the study of the co-segregation of
markers at different, but close genetic loci, on
the basis of phenotypic observations. It relies
on the fact that the pedigree relationship and
preferably the inheritance of the disease to be
studied are known. It also assumes that the
gene for the disease being studied lies close to a
marker under test and that these are inherited
and segregate with the disease phenotype.

Measurement of the LOD score (logarithm of
the odds) determines the likelihood that the
marker studied segregates with disease. A sig-
nificant LOD score is considered to be 3.00, rep-
resenting a P-value of 0.001, which means that
there is only a 1:1000 chance that the segrega-
tion could have occurred as a chance event.
Once a disease locus has been identified, the
genes that lie within it need to be identified and
analysed in order to locate the putative causa-
tive gene.
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4.3.1.1
Difficulties with Linkage Analysis in AMD

Optimal linkage analysis occurs if a disease
gene segregates with disease over several gen-
erations and multiple individuals are affected.
However, in AMD there is a paucity of large
families due to the late onset of the disease, the
lack of living parents, and the young age of off-
spring where manifestation of disease may not
yet have occurred. Even with a positive history
in the parents’ generation, the absence of medi-
cal documentation, which is often the case,
means that the mode of inheritance cannot be
reliably ascertained.

Definition of clinical phenotypes is critical
for linkage analysis. In the case of AMD, this is
difficult due to the great variation in clinical
picture and similarity with other macular dis-
ease phenotypes. Clinical heterogeneity is com-
mon even within the same family. Whether
these are all indeed the same disease is still un-
clear and may have implications for the accura-
cy of linkage results (De La Paz et al. 1997a,
1997b). Given the well-established rise in preva-
lence with increasing age, the assignment of an
“unaffected status” is difficult, as it is not
known whether that individual will develop
disease later in life. In addition, the strong evi-
dence for an environmental component and the
possibility that AMD is a multigene disease fur-
ther complicates linkage analysis.

4.3.1.2
Results of Linkage Studies in AMD

4.3.1.2.1
Family Studies

A significant LOD score for AMD has only been
demonstrated for one large family in the pub-
lished literature. Klein et al. describe a large
family (ten affected members) spanning 3 gen-
erations with predominantly atrophic AMD in-
herited in an autosomal dominant fashion.
Linkage analysis reveals that the likely disease
locus maps to chromosome 1q25-q31 with a sig-
nificant LOD score of 3.00 (Klein et al. 1998). Se-
quencing of many genes in this region has re-
vealed that the AMD phenotype seen in this

family is associated with a Gln5345Arg change
in the Fibulin 6 (FIBL-6) gene (Schultz et al.
2003a, 2003b). This change is also found in
some affected members of other AMD families
and in a sporadic case of AMD. Interestingly it
has also been identified in some unaffected
members of AMD families and two control sub-
jects (Schultz et al. 2003a, 2003b). Given the fact
that the change was found in controls and unaf-
fected family members, and is present in only
one family so far, this base change may be a
polymorphism rather than a disease-associated
mutation. Clearly further studies are required
to clarify the involvement of this gene in AMD.

4.3.1.2.2
Genome-Wide Scans

Genome-wide scans have typically involved the
collection of large numbers of affected families,
with the majority of collected individuals con-
sisting of affected sib pairs. Several hundred
microsatellite markers spread at regular inter-
vals across the genome have been used to geno-
type individuals and genetic linkage analysis
has been performed to identify potential dis-
ease-containing regions.

Some studies undertaking genome-wide
scans have concentrated on late (end-stage)
disease, while others have looked at additional
phenotypic features such as drusen and degree
of pigmentation (Weeks et al. 2000, 2001; Ma-
jewski et al. 2003; Schick et al. 2003). The first
genome-wide scan of 222 families, reported by
Weeks et al., resulted in regions of interest on
chromosomes 5, 9, 10 and 12 being found (LOD
score <1.69; Weeks et al. 2000). Increasing the
study to include 364 families has resulted in
consistent linkage being found for chromo-
some 10, with a LOD score of 1.42 (Weeks et al.
2000). Using a second cohort of 391 families,
chromosomal regions at 1q31, 9p13, 10q26 and
17q25 have been found, with LOD scores of
greater than 2.0, region 17q25 having a maxi-
mum LOD score of 3.16 (Weeks et al. 2001). Ad-
ditional loci on chromosomes 2 and 12 were al-
so identified when the LOD score threshold was
reduced to 1.5. On the other hand, Majewski et
al. have undertaken a genome-wide scan using
70 families that consist of between 3 and 14 af-
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fected individuals with late-stage disease. Sev-
eral regions with LOD scores greater than 2.0
have been identified at chromosomal regions
1q31, 3p13, 9q33 and 10q26, with the latter region
presenting with the highest LOD score of 3.06
(Majewski et al. 2003). Stratification of AMD
into atrophic or neovascular disease has uncov-
ered an additional locus at chromosome 4q32
in individuals with atrophic disease (Majewski
et al. 2003). Genome-wide scan analysis has al-
so been performed by Schick et al. using 102
families collected through the Beaver Dam Eye
Study, with initial linkage and subsequent fine
mapping giving the strongest indication for
linkage on chromosome 12, while 3 other re-
gions on chromosomes 5, 6 and 15 are also
linked (Schick et al. 2003).

The results of the genome scans, performed
on AMD, have all identified a number of puta-
tive chromosomal regions of interest. However,
none have so far reached a significance level of
a LOD score of 3.6, recommended for allele-
sharing methods based on sib pairs (Lander
and Kruglyak 1995). The strong candidates are
the loci that can be reproduced in new studies.
Several regions have now been reproduced,
such as the regions reported in chromosomes
1q and 10q (Weeks et al. 2001; Majewski et al.
2003) and chromosome 12 (Weeks et al. 2000;
Schick et al. 2003). The studies showing linkage
to chromosome 1q overlap with the locus origi-
nally described by Klein et al. in a large AMD
family (Klein et al. 1998). However, problems re-
lating to clinical heterogeneity and mode of in-
heritance of AMD make it difficult to “pin
down” and replicate regions with convincing
LOD scores through the use of genome-wide
scans until a better understanding of the geno-
type-phenotype relationship exists in this dis-
ease. The studies conducted so far have provid-
ed several potential regions that can be fol-
lowed up in subsequent studies. In relation to
linkage analysis, replication of results in differ-
ent studies using different populations pro-
vides valuable evidence that a chromosomal re-
gion is indeed involved in disease. It remains to
be seen how many of these regions will stand
the test of replication or will achieve statistical
significance.

4.3.2
Candidate-Gene Screening

Given the difficulty of finding large AMD fami-
lies and a wide range of suggestive chromoso-
mal linkages, an alternative means of genetic in-
vestigation is to screen genes that have already
been identified as playing a role in diseases that
are clinically similar to AMD (Fig. 4.1).

4.3.2.1
Genes Associated with Other Early-Onset 
Maculopathies

In the case of AMD, there are a number of phe-
notypically similar, yet distinctly different,
maculopathies that have an early-disease onset
and established Mendelian inheritance (Table
4.1). Screening the genes that cause these dis-
eases, in AMD patients, could yield clues to the
genetic background of disease. Several genes
identified from the early-onset maculopathies
have already been explored in AMD.

4.3.2.1.1
RDS/Peripherin Gene 
and Macular Pattern Dystrophies

The RDS, or ‘retinal degeneration slow’ gene
was initally identified as causing a photorecep-
tor disease of the same name in mice (Travis et
al. 1989). Later, human mutations in the RDS
gene were found to be involved in macular pat-
tern dystrophies. Pattern dystrophy describe
the phenotypic appearance of bilateral macular
pigmentary changes, which can take many
forms. Butterfly macular dystrophy was the first
to be described, caused by a G-to-A transition
in codon 167 of the RDS gene (Nichols et al.
1993). Wells et al. discovered that other muta-
tions in the same gene can cause both macular
dystrophy (arginine to tryptophan substitution
at codon 172) and retinitis pigmentosa (cys-
teine deletion at codon 118/119; Wells et al. 1993).
In the same year, a report was published de-
scribing retinitis pigmentosa, pattern dystro-
phy and fundus flavimaculatus in the same
family, all caused by the same 3-bp deletion of
codon 153 or 154 in the RDS gene (Weleber et al.
1993).
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Other mutations in the RDS gene are respon-
sible for another retinal phenotype, adult vitel-
liform macular dystrophy, an autosomal domi-
nant condition, with bilateral yellow foveal de-
posits similar to those seen in Best disease
(Sect. 4.3.2). The disease manifests in the fourth

or fifth decade and is thus also known as adult
Best disease (Felbor et al. 1997).

Atrophic AMD-like phenotypes, sometimes
with drusen, can also result from mutations in
the RDS gene, including the Arg172Trp muta-
tion and a proline-to-arginine mutation in co-
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Fig. 4.1A–F. Inherited maculopathies that resemble
AMD. The genes causing these diseases provide possible
candidates genes for AMD. A Pattern dystrophy; B Star-
gardt’s disease; C Best disease; D Sorsby’s fundus dys-

trophy; E Malattia Leventinese syndrome (arrow shows
the radial distribution of the drusen); F Doyne’s honey-
comb retinal dystrophy (arrow shows drusen surround-
ing the nerve head)



don 210 (Wroblewski et al. 1994; Gorin et al.
1995). The end stage results in marked loss of
vision and clinically resembles the geographic
atrophy of AMD.

RDS represents an interesting example of a
single gene, with different mutations, being re-
sponsible for a number of different retinal phe-
notypes ranging from macular-specific disease
to more widespread retinal disease. The RDS
gene is also an early illustration of digenic in-
heritance, a phenomenon occurring when mu-
tations in two different and unlinked genes are
required to produce a phenotype. Three families
have been described with mutations in both the
RDS gene on chromosome 6 and in the ROM1
gene on chromosome 11 (both coding for photo-
receptor genes) which produce the phenotype
of retinitis pigmentosa (Kajiwara et al. 1994).

With regard to AMD, Shastry and Trese have
concluded that there is no involvement of RDS
mutations in two unrelated families with AMD
(Shastry and Trese 1999). Stone et al., in a re-
view of the literature regarding the genetics of
AMD, describe their unpublished findings that
sequence variations in the RDS gene are not
found in 182 AMD patients (Stone et al. 2001).
Screening of the RDS gene in 293 AMD patients
in our laboratory also does not reveal any in-
volvement (personal communication).

4.3.2.1.2
ABCA4 Gene and Stargardt’s Disease

Stargardt’s disease is an autosomal recessive
condition characterised by early-onset “pisci-

form” flecks in the posterior pole at the level of
the retinal pigment epithelium (RPE). Later
macular atrophy develops. It is the commonest
inherited macular dystrophy and occurs in 1 in
10,000 individuals (Duker 1998). Like AMD, it is
associated with abnormal accumulation of lip-
ofuschin pigment in the RPE (Petrukhin et al.
1998).

Allikmets et al. identified the ABCA4 gene as
being associated with Stargardt’s disease in
1997, when 19 different mutations were identi-
fied (Allikmets et al. 1997a). The photoreceptor
cell-specific ATP-binding transporter gene
(ABCA4 or, previously, ABCR) is located on
chromosome 1p and is expressed only in the
retina (Kaplan et al. 1993). The ABCA4 gene is
very polymorphic, with 213 different variations
in the ABCA4 gene being reported in 374 index
cases with Stargardt’s disease (Webster et al.
2001). Not all DNA changes are thought to be
disease-causing. Like the RDS gene described
above, the ABCA4 gene has been found to har-
bour several mutations responsible for a varie-
ty of different conditions, including cone-rod
dystrophy and retinitis pigmentosa (Martinez-
Mir et al. 1998; Cremers et al. 1998).

The role ABCA4 plays in AMD is controver-
sial. Allikmets et al. initially claimed that muta-
tions in this gene were responsible for 16% of
167 AMD cases examined (Allikmets et al.
1997b). Stone et al., however, did not find any
association of the ABCA4 gene in 182 patients
with AMD (Stone et al. 1998). Later, Allikmets
and the International ABCR Screening Consor-
tium reported that two of the most frequently
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Table 4.1. Early-onset macular degenerations and their causative genes

Phenotype Inheritance Genomic locus Gene

Pattern dystrophy (butterfly macular dystrophy) AD 6p21.2 RDS

“Macular” dystrophy with Geographic Atrophy AD 6p21.2-cen RDS

Adult vitelliform macular dystrophy AD 6p21.2-cen RDS

Stargardt disease AR 1p22 ABCA4

Stargardt-like fundus dystrophy AD 6q11-q15 ELOVL4

Best disease AD 11q13 VMD2

Sorsby fundus dystrophy AD 22q13-qter TIMP3

Doyne honeycomb retinal dystrophy/Malattia Leventinese AD 2p16 EFEMP1



AMD-associated variants (G1961E and D2177N)
were indeed significantly associated with a
large number (n=1218) of patients with AMD
from Europe and the USA (Allikmets and the
International ABCR Screening Consortium
2000). However, these findings have been de-
bated widely in the literature (Klaver et al.
1998c; Stone et al. 1998; De la Paz MA et al.
1999). Allikmets et al. have revised down their
estimate of the role of ABCA4 in AMD to about
3% (Allikmets et al.1997b).

Importantly, Guymer et al. have reported the
G1961E is in significantly high proportions of
individuals of Somalian descent who do not
have AMD, showing it to be a normal allelic var-
iant rather than a disease-causing mutation
(Guymer et al. 2001). This example highlights
the importance of obtaining normal controls
from the same population as the cases. Guymer
et al. have also reported that there is no signifi-
cant association of the G1961E and D2177N var-
iant in individuals with AMD (Guymer et al.
2001).

Thus far, the ABCA4 gene has not been
shown to have a convincing role in AMD. The
high frequency of allelic changes makes it diffi-
cult to know whether any change is a true dis-
ease-causing mutation or a nondisease-asso-
ciated variant. What role, if any, the ABCA4
gene plays in AMD needs further clarification.

4.3.2.1.3
ELOVL4 and Autosomal Dominant 
Stargardt-Like Disease

Autosomal dominant Stargardt-like disease, as
the name suggests, is similar to Stargardt dis-
ease but has an autosomal dominant inheri-
tance in contrast to the expected autosomal re-
cessive inheritance.The responsible gene codes
for a photoreceptor cell-specific factor that is
involved in the elongation of very long fatty ac-
ids (ELOVL4; Zhang et al. 2001). No significant
association of the gene with AMD susceptibility
has been found in a study of 778 patients (Ayy-
agari et al. 2001).

4.3.2.1.4
VMD2/Bestrophin Gene and Best Disease

Best disease is a rare, bilateral dominantly in-
herited macular dystrophy that usually appears
in childhood. Like Stargardt disease it shares a
similarity with AMD because it is associated
with an abnormal accumulation of lipofuschin
in RPE cells (Petrukhin et al. 1998). Clinically, a
yellow lesion appears first in the central macu-
la. This is termed the vitelliform stage owing to
the resemblance to an egg yolk. This lesion is
subsequently disrupted and results in macular
scarring (Duker 1998). The vitelliform macular
dystrophy 2 (VMD2) gene, lying on chromo-
some 11q13, is responsible for Best disease and
codes for a 585-amino acid protein, bestrophin
(Petrukhin et al. 1998).

In a study of 321 AMD patients, the frequen-
cy of mutations in the VMD2 gene is the same
as the control population (1.5%), and thus it is
concluded that this gene is unlikely to be signif-
icantly involved in AMD (Lotery et al. 2000).

4.3.2.1.5
TIMP3 Gene and Sorsby Fundus Dystrophy

Sorsby fundus dystrophy, another autosomal
dominant dystrophy, resembles AMD. Patients
present with fine drusen at a young age, pro-
gressing to severe exudative disease in the
fourth decade (Duker 1998). Mutations in the
TIMP3 gene (which maps to 22q13-qter) are the
cause of Sorsby fundus dystrophy (Weber et al.
1994). The protein product belongs to a family
of enzymes involved in extracellular matrix
modelling.A study of 38 families with AMD has
found no linkage or association of the TIMP3
gene in these families (De La Paz et al. 1997b).

4.3.2.1.6
EFEMP1 Gene and the Fibulin Family

The presence of drusen as a hallmark feature of
AMD has led investigators to aggressively study
early-onset dominant drusen phenotypes in or-
der to gain a better understanding of the aetio-
logy and pathogenesis of AMD. In fact Gass has
suggested that “familial drusen” and “senile
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macular degeneration” may be part of the same
disease spectrum, differing only in age of onset
(Gass 1973).

An early description of a dominant drusen
phenotype came from Robert W. Doyne in 1899,
when he described the appearance of macular
drusen with concurrent drusen around the op-
tic nerve head, particularly nasally. (Doyne
1899). This appearance was termed Doyne hon-
eycomb retinal dystrophy (DHRD), and it was
subsequently thought to be due to a dominant-
ly inherited gene (Pearce 1968).

Other phenotypic patterns of dominant dru-
sen have been described and given different
names. Examples include Malattia Leventinese
(ML), where the classic pattern is radial drusen
in the macular region (Klainguti 1932), Hutch-
inson-Tay choroiditis (Hutchinson and Tay
1875) and “dominant drusen of Bruch’s mem-
brane” (Deutman and Jansen 1970). It was an-
ticipated that the genes involved in these domi-
nant drusen phenotypes could play a role in the
more complex genetic condition of AMD. Thus
the hunt for a causative genes was pursued vig-
orously and the result eagerly anticipated.

Although dominant drusen can take a num-
ber of phenotypic forms and have been given a
number of different names, further genetic in-
vestigation has revealed that the locus for some
classic patterns is the same. Malattia Leventi-
nese and Doyne honeycomb retinal dystrophy
are both localised to chromosome 2p16–21
(Gregory et al. 1996, Heon et al. 1996).A detailed
phenotypic study of DHRD has found some in-
dividuals with a minor degree of radial drusen,
a feature more commonly associated with ML
(Evans et al. 1997). In 1998 a clinical and genetic
study of a large family with ML confirmed the
linkage to chromosome 2p16–21 (maximum
LOD score of 3.72) and described a variable
phenotypic picture in affected members, from
numerous radial drusen to a single parapapil-
lary drusen (Edwards et al. 1998). These two
studies illustrate some overlap in clinical fea-
tures between DHRD and ML (Piguet et al.
1995).

Further refinement of the chromosome 2 lo-
cus has identified a mutation in the epidermal
growth factor (EGF)-containing fibrillin-like
extracellular matrix protein-1 (EFEMP1) gene

in DHRD and ML patients (Stone et al. 1999).
The mutation, a single C>T base change in co-
don 345, results in an arginine-to-tryptophan
substitution (Arg345Trp mutation). To date it
accounts for all cases of ML and DHRD where
the mutation is known. More recently, cases are
being reported where the typical phenotype is
present without the accompanying genotype
(Toto et al. 2002 )

EFEMP1 has been found to accumulate with-
in and beneath RPE cells in areas of drusen in
ML and AMD. It does not accumulate in other-
wise normal eyes, in areas of drusen formation
(RPE, Bruch’s membrane, choroid), or in parts
of the retina without pathological change (Mar-
morstein et al. 2002). The EFEMP1 gene shows
homology with the family of extracellular ma-
trix proteins called fibrillins. The protein prod-
uct of the EFEMP1 gene was identified in 1995
but its function remains unknown (Lecka-
Czernik et al. 1995).

Disappointingly, after the anticipation that a
gene causing dominant drusen may be involved
in AMD, no mutations in the EFEMP1 gene have
been found to be associated with disease in 494
typical AMD patients (Stone et al. 1999). In ad-
dition, the Arg345Trp mutation has not been
found to be involved in 54 familial AMD pa-
tients (Guymer et al. 2002).

A gene with similarities to EFEMP1 was dis-
covered in 2000 and given the name EFEMP2
(Katsanis et al. 2000). This gene occurs on chro-
mosome 11q13, where other retinal disorders
have been mapped, and thus the authors sug-
gest that EFEMP2 may be a candidate gene
worth studying.

The Fibulin family is of further interest in
the search for an AMD-causing gene. As men-
tioned previously a familial AMD phenotype
has been associated with a Gln5345Arg change
in the Fibulin 6 (FBLN-6) gene, suggesting that
the mutation may be responsible for a number
of cases of AMD (Schultz et al. 2003b). Similar-
ly, results of genome-wide scans also identify
the same region as being of interest. (Weeks et
al. 2000, Majewski et al. 2003) This gene may be
worthy of further investigation in relation to
AMD. Recently Stone et al. have reported mis-
sense variations in the fibulin 5 gene in a small
percent of AMD cases (Stone et al. 2004).
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4.3.2.2
Genes Involved in Other Diseases

Investigations have also been carried out on
genes that play a role in other degenerative dis-
eases that share similarities with AMD. One ex-
ample is the investigation of the APOE gene,
which has been associated with diseases such
as cardiovascular diseases and Alzheimer’s dis-
ease (Strittmatter et al. 1993; Davignon et al.
1999).

4.3.2.2.1
Apolipoprotein E (APOE)

It is now thought possible that common varia-
tions in the DNA, called single-nucleotide poly-
morphisms (SNPs), may contribute significant-
ly to genetic risk for common diseases. SNPs
are DNA sequence variations that occur when a
single nucleotide is altered, giving alternatives
(alleles) in normal individuals. The APOE4 al-
lele association with common complex diseases
is an important example of these polymor-
phisms. It is thought that the marginal effects of
common variations could account for a sub-
stantial proportion of the population risk for
complex diseases (Amaratunga et al. 1996)

The APOE gene, which lies on chromosome
19q13.2, has three co-dominant alleles, ε2, ε3 and
ε4, producing 3 isoforms E2, E3 and E4, respec-
tively. The allelic changes are due to point mu-
tations causing amino acid substitutions at po-
sitions 112 and 158 on exon 4 of the APOE gene
(Table 4.2). The ε3 allele is the commonest and
is thought to be the ancestral allele, with the ε2
and ε4 alleles being variants.

Possession of the ε4 allele increases the risk
and decreases the age of onset of familial
Alzheimer’s disease, while the ε2 allele decreas-

es the risk and increases the age of onset of fa-
milial and sporadic Alzheimer’s disease (Cor-
der et al. 1993, 1994). The E4 allele has also been
associated with an increased risk of coronary
heart disease (Davignon et al. 1999) and re-
duced longevity (Schachter et al. 1994). APOE
also plays an important role in the regulation of
cholesterol and lipid metabolism (Mahley
1988). APOE is an ideal candidate to study in
AMD due to epidemiological, anatomical and
pathological associations between AMD and
lipids and its similarity to these other degener-
ative diseases.

Studies in AMD have found APOE to be the
first gene consistently associated with disease.
Converse to the situation in cardiovascular dis-
ease and Alzheimer’s disease, three published
studies have indicated that the ε4 allele of the
APOE gene decreases the risk of AMD, suggest-
ing a protective effect. Klaver et al. have shown
a significant decrease in ε4 in 901 controls com-
pared with 88 cases [odds ratio 0.43 (95%CI=
0.21–0.88) (Klaver et al. 1998b]. Souied et al.
have analysed 116 patients with exudative dis-
ease only and found a significant difference in
the ε4 allele frequency (12.1% in the cases com-
pared with 28.6% in the controls; Souied et al.
1998). Schmidt et al. have found the protective
effect of ε4 to be significant in only some famil-
ial cases of AMD under the age of 70 years
(Schmidt et al. 2000). Klaver et al. have also re-
ported that the ε2 allele may increase the risk of
AMD [odds ratio 1.5 (95%CI=0.8–2.82); Klaver
et al. 1998b]. Schmidt et al. used pooled data
from four studies comprising 617 AMD cases
and 1260 controls and confirmed the protective
effect of the ε4 allele (odds ratio for ε4 carriers
0.54, 95% CI=0.41–0.70; Schmidt et al. 2002).
More recently, we have shown a protective ef-
fect for AMD in individuals with the ε3 ε4 gen-
otype of APOE in 322 cases and 123 unrelated
but ethnically matched control subjects, that
was greatest in individuals with atrophic dis-
ease (OR 0.35, 95%CI 0.13, 0.92) (Baird et al.
2004). In addition, we were able to show that in-
dividuals with late AMD and the ε2 ε3 genotype
had a significantly earlier mean age of diagno-
sis of disease (3.4 years, p=0.015) compared to
those with the ε3 v3 genotype and this was most
noticeable in females (3.9 years, p=0.011) and in
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Table 4.2. Allelic changes responsible for amino acid
substitutions in the APOE gene

Allele Amino Acid 112 Amino Acid 158

ε2 Cys Cys

ε3 Cys Arg

ε4 Arg Arg



individuals with neovascular disease (4.7 years,
p=0.003) (Baird et al. 2004).

In a Chinese population the ε4 allele has
been reported to be unlikely to reduce the risk
of AMD (Pang et al. 2000), perhaps highlight-
ing the differences in certain allele frequencies
in populations of varying ethnicity. A more re-
cent report, however, has found no association
of the ε2 or ε4 allele in 56 families and 104 unre-
lated cases of AMD (Schultz et al. 2003a).

It is of interest that APOE is associated with
the RPE and Bruch’s membrane and that APOE
immunoreactivity occurs in most types of dru-
sen regardless of phenotype (Anderson et al.
2001). Further analysis of the APOE gene is
warranted to establish its involvement with the
disease, how the alleles interact with the lipid
pathway to influence AMD development, and
why the influences appear to be opposite to that
in cardiovascular disease and Alzheimer’s dis-
ease.

4.3.2.2.2
Paraoxonase 1 Gene (PON1)

Another gene involved in the cholesterol path-
way has sparked some interest following the
potential association of APOE with AMD. The
PON1 gene on chromosome 7 plays a role in lip-
id metabolism and is involved in cardiovascu-
lar disease. A study of Japanese patients has
found that certain alleles in the PON1 gene are
associated with an increased likelihood of exu-
dative AMD (Ikeda et al. 2001). Baird et al. have
not find any involvement of the PON1 gene in
AMD in an Anglo-Celtic cohort, perhaps re-
flecting differences in the ethnicity of the two
studies (Baird et al. 2003).

4.3.2.3
Other Possible Candidate Genes

Some other genes studied in relation to AMD in
single reports without replication to date are:
angiotensin converting enzyme (ACE; Hamdi
et al. 2002); cystatin C (CST3; Zurdel et al. 2002);
and manganese superoxide dismutase (Kimura
et al. 2000). New reports of possible associa-
tions with candidate genes clearly need to be
reproduced before any credence can be given to

them. Undoubtedly as knowledge is gained
about pathways and proposed pathways that
play a role in AMD pathogenesis, new potential
candidate genes will be identified for further
study.

4.4
Future Directions

4.4.1
Single-Nucleotide Polymorphisms

Single-nucleotide polymorphisms (SNPs) are
DNA sequence variations that occur when a
single nucleotide in the DNA sequence is al-
tered, giving alternatives (alleles) in normal in-
dividuals. As discussed above (Sect. 4.3.2), the
APOE gene has three allelic forms as a result of
SNPs. These small changes in the DNA se-
quence of the APOE gene are thought to influ-
ence an individual’s risk of AMD. It is thought
that the marginal effects of common variations
could account for a substantial proportion of
the population risk for complex diseases such
as cancer and diabetes (Amaratunga et al.
1996).

SNPs are indeed the most abundant source of
genetic variants in the genome, as they occur
approximately once every 300 bp (Lander 1996;
Chakravartic 1999). There is therefore a poten-
tial that they could be used as markers in link-
age studies to establish patterns of linkage dis-
equilbrium across the genome, with the eventu-
al aim of performing large-scale genetic associ-
ation studies. A public collaboration, the Inter-
national HapMap Project, to capture this type of
information, has now been established (http://
www.genome.gov/Pages/Resarch/HapMap).

4.4.2
Microarrays

Microarrays consist of the precise positioning
of DNA fragments (probes) at a high density on
a solid support and have rapidly evolved as a
means of generating large amounts of data in
many areas of biology, including human dis-
ease. Many studies are now looking at the pro-
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files of gene expression or how genes may be
clustered into groups of genes with different
functions or in different biological pathways.
This technology could have a major impact on
the study of AMD. Such studies have already
been underaken to compare gene expression
profiling in young versus elderly retinae to
identify candidate genes in aging-associated
retinal diseases (Yoshida et al. 2002). In this
study, 2400 human genes were arrayed on a
slide and probed using RNA from young
(13–14 years) and elderly (62–74 years) human
retinae. The expression of the majority of these
genes was not altered during aging, but 24
genes did show a difference with age. This and
other studies demonstrate the utility of gene
microarrays in identifying changes in gene ex-
pression across many thousands of retinal
genes.

4.4.3
Proteomics

The ultimate function of a gene resides with its
protein product and it is here that there is a
large amount of diversity. This reflects in part
the changes that can occur to a protein that
range from protein splicing through to structu-
ral changes and post-translational modifica-
tions. In view of this complexity at the protein
level, the study of the sequence, modification
and function of all proteins in a biological
system has been termed proteomics. This is a
young and rapidly changing field; however,
studies have already been undertaken to com-
pare the protein composition of drusen from
normal versus AMD donor eyes (Crabb et
al.2002). Preliminary work from this study has
identified 129 proteins that could be isolated
from drusen, and evidence of oxidative modifi-
cation of proteins has also found. It may be pos-
sible in the future to use the knowledge ac-
quired through proteomics to ultimately piece
together how environmental risk factors (such
as smoking) and changes at the genome level
(such as apoE) can lead to changes typically as-
sociated with AMD.

4.5
Conclusions

It is clear that there is an underlying genetic
tendency to disease in AMD; however, its nature
and extent remain obscure. AMD is likely to be
a complex genetic disease with multiple genetic
loci or susceptibility loci that interact with en-
vironmental factors. For common diseases with
complex inheritance, finding the “guilty” genes
poses a great challenge. The lack of strong link-
age signals indicates that there will probably
not be a single locus that confers a high degree
of risk for AMD. There may be one or many mu-
tations for each clinical subtype of disease. Be-
cause mutations in any single gene are neither
necessary nor sufficient to cause the disease,
the correlation between genotype and pheno-
type is imperfect. Mutations or SNPs contribut-
ing to complex traits may cause subtle altera-
tions of gene function or regulation. They may
be difficult to recognize, as there may not be
major disruptions in the DNA coding sequence.

The elucidation of the genetic basis of AMD
is one of the greatest challenges in ophthalmol-
ogy today. It is imperative that the international
community work together to unify the subclas-
sifation of the disease to obtain homogeneous
phenotypes so that identification of genes con-
tributing to only part of the phenotype can
more easily be achieved. Once genes are known,
it will allow us to identify individuals who have
an increased risk of AMD before they are symp-
tomatic and to understand the pathogenesis of
AMD at the molecular level. This new knowl-
edge will help us develop therapies to minimize
the impact of genetic susceptibility.

Over the next few decades there will be genes
linked to AMD, but genetic evidence alone will
not be sufficient to establish a causative gene.
Ultimate proof will need to be established
through biological, cellular and animal models
of disease. The use of animal and cellular mod-
els will provide information not only about the
function of a particular gene but also the
underlying pathogenesis of AMD and the
mechanisms by which alterations in the gene
bring about the disease.
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tion (AMD) have occurred since the invention
of the ophthalmoscope, an important recent ad-
vance has been the development of systematic
grading schemes (Klein et al. 1991a; Bird et al.
1995). These are based on fundus photography
and grading protocols using plastic grids con-
sisting of concentric circles, 500 µm, 1,500 µm,
and 3,000 µm in radius, to define the macular
area, and standard-sized circles on plastic grids
to measure drusen size and area, and extent
and distribution in the fundus of other AMD le-
sions (Figs. 5.1 and 5.2; Klein et al. 1991a). Use of
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5.1
Prevalence and Incidence 
of Age-Related Macular Degeneration

5.1.1
Introduction

While recognition and description of lesions
characteristic of age-related macular degenera-

Fig. 5.1. Grid used to define subfields in the macula in
the Wisconsin Age-Related Maculopathy Grading
Scheme. (Reprinted from Klein R, Davis MD, Magli YL,
Segal P, Klein BE, Hubbard L 1991, The Wisconsin Age-
Related Maculopathy Grading System. Ophthalmology
98 : 1128–1134, with permission from The American
Academy of Ophthalmology)



these grading systems has permitted compari-
sons of prevalence and incidence of AMD and
its risk factors among different racial/ethnic
groups living in different geographic locations
(Klein et al. 1995b; Smith et al. 2001; Tomany et
al. 2003).

5.1.2
Prevalence of Age-Related 
Macular Degeneration

While the presence of signs of neovascular
AMD (e.g., retinal pigment epithelial, RPE, and
sensory retinal detachment, disciform scar,
subretinal and retinal hemorrhage, hard exu-
date) and geographic atrophy define advanced
or late stages of AMD, there have been few
internationally agreed-upon definitions of ear-
ly AMD, making comparisons among studies
difficult (Bird et al. 1995). For this reason, many
studies that have arbitrarily defined early AMD
as the presence of soft drusen or hard drusen
with pigmentary abnormalities have also re-
ported the prevalence of drusen size and type,
and pigmentary abnormalities that character-
ize early AMD.

The Beaver Dam Eye Study has been de-
scribed in detail elsewhere (Klein R et al. 1996,
1991b, 2001a). In brief, it is a population-based
study of 4,926 Whites 43–86 years of age identi-

fied by a private census in 1987–1988 and exam-
ined in 1988–1990, 1993–1995, 1998–2000, and
2003–2005. The overall prevalence of early, late,
or any AMD in Beaver Dam is presented in Ta-
ble 5.1. The prevalence of early AMD at baseline,
defined as the presence of hard drusen with
pigmentary abnormalities or soft, indistinct
drusen, was 15.6% and it varied from 8.4% to
29.7% in persons 43–54 years old and ≥75 years
old, respectively (Table 5.1; Klein et al. 1992).
The prevalence of late AMD, defined as the
presence of signs of neovascular AMD or geo-
graphic atrophy, was 1.6% and varied from 0.1%
in persons 43–54 years old to 7.1% in persons
≥75 years old (Table 5.1). Based on the Beaver
Dam population, it is estimated that 640,000
Americans of 75–86 years of age have signs of
AMD. Prevalences of AMD and its component
lesions are comparable in the Blue Mountains
Eye Study but higher than found in the Rotter-
dam Eye Study. Both of these population-based
studies used protocols similar to those used in
Beaver Dam for detection of AMD.Variations in
prevalence of AMD among populations may be
due to differences in genetic and environmental
factors among the studies (see below; Klein et
al. 1992; Mitchell et al. 1995; Vingerling et al.
1995b; Smith et al. 2001).

Data from population-based cohort studies
(Beaver Dam Eye Study, Blue Mountains Eye
Study, the Rotterdam Eye Study, the Salisbury
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Fig. 5.2.
Grid used to estimate size of drusen, area
involved by drusen and area involved by
increased retinal pigment in the Wiscon-
sin Age-Related Maculopathy Grading
Scheme. (Reprinted from Klein R, Davis
MD, Magli YL, Segal P, Klein BE, Hubbard
L, 1991, The Wisconsin Age-Related Macu-
lopathy Grading System. Ophthalmology
98 : 1128–1134, with permission from The
American Academy of Ophthalmology)



Eye Evaluation project, and the Melbourne Vi-
sion Impairment Project for Whites; and the
Baltimore Eye Survey, the Barbados Eye Study
and the Salisbury Eye Evaluation project for
Blacks) have recently been pooled to provide
estimates of AMD in the US population (Bress-
ler et al. 1989, Klein et al. 1992; Mitchell et al.
1995; Schachat et al. 1995; Vingerling et al. 1995b;
VanNewKirk et al. 2000; Smith et al. 2001).

5.1.3
Prevalence: Race/Ethnicity

Racial/ethnic differences in the prevalence of
AMD have been found in studies using similar
methodology to grade AMD. In the National
Health and Nutrition Examination Survey
(NHANES) III, a survey from 1988 to 1994 that
involved non-Hispanic Whites, Mexican Amer-
icans, and non-Hispanic Blacks, rates of large
soft drusen, a lesion defining early AMD, were
similar among the three groups 40–65 years of
age (Klein et al. 1995b, 1999c). Late AMD was
rare in persons this age. However, after 65 years
of age, there was significantly higher age-spe-
cific prevalence of signs of late AMD among
non-Hispanic Whites compared with Blacks
and Mexican Americans. Higher prevalence of
late AMD has been found in Whites compared
with Blacks in some population-based studies
(Atherosclerosis Risk in Communities, ARIC,
Klein et al. 1999a; Cardiovascular Health Study,
CHS, Klein et al. 2003a) but not in all (Salisbury
Eye Evaluation, SEE, Bressler et al. 1998).

Population-based data on the prevalence of
AMD in Mexican-Americans in Los Angeles
(the Latino Eye Study, LALES) and in Tucson
and Nogales,Arizona (the Proyecto VER Study)
have shown higher frequency of large soft dru-
sen (>125 µm in diameter) and a lower frequen-
cy of late AMD in Mexican Americans, especial-
ly in persons 40–59 years of age, compared with
Whites (Muñoz et al. 2003; Tong et al. 2003). In
the LALES, the overall prevalence of large soft
drusen was 14.5% (varying from 8.6% in those
40–49 years of age to 45.5% in those aged 80
years and older). For late AMD in the LALES, it
was 0.4%. The estimates of early and late AMD
in the Proyecto VER cohort of Mexican Ameri-
cans in Arizona were similar.

Racial/ethnic differences in AMD prevalence
have been attributed to variations in pigmenta-
tion. Eyes with more pigmentation are thought
to be protected against development of neovas-
cular AMD (Weiter et al. 1985). One proposed
physiologic explanation is that melanin in the
retinal pigment epithelium and choroid pro-
tects the retina from free radicals associated
with photo-oxidation and light absorption
(Jampol and Tielsch 1992). Further support for
a possible role of pigmentation in the patho-
genesis of neovascular macular degeneration
comes from observations in transgenic mice
(Rohan et al. 2000).A higher rate of iris neovas-
cularization and hyphema after implantation of
corneal pellets of bFGF in albino mice
(C57BL/6J-Tyrc-2J and 129/SV mice) compared
with their pigmented relatives (C57BL/6J and
129/SylmJ mice, respectively) has been report-
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Table 5.1. Relation of age to the prevalence and 10-year incidence of AMD in the Beaver Dam Eye Study

Prevalence AMD 10-year incidence

Age No. at risk Early Late No. at risk Early No. at risk Late 
(year) (%) (%) at baseline (%) at baseline (%)

43–54 1504 8.4 0.1 1136 4.7 1250 0.1

55–64 1301 13.8 0.6 856 10.6 1032 1.0

65–74 1249 18.0 1.4 654 21.7 899 4.4

75+ 717 29.7 7.1 185 28.7 315 9.5

Total 4771 15.6 1.6 2831 10.9 3496 2.1



ed. However, caution is needed when evaluating
data from animal models whether genetically
modified or not. There may be limited analogy
to diseases in humans. Also, it is possible that
RPE and choroidal pigmentation may not have
a direct protective effect, but are markers for
those genes associated with AMD.

5.1.4
Incidence of Age-Related Macular Degeneration

Less is known about the long-term incidence
and progression of AMD. Data from Beaver
Dam and other population-based studies show
that the disease is slowly progressive in its ear-
liest stages (Bressler et al. 1995; Klein et al. 1997,
2002a; Sparrow et al. 1997; Klaver et al. 2001;
Mitchell et al. 2002; van Leeuwen et al. 2003;
Wang et al. 2003a). In Beaver Dam, the 10-year
incidence of early AMD was 10.9% and it varied
from 4.7% to 28.7% in persons 43–54 years old
and ≥75+ years old, respectively, at baseline
(Table 5.1; Klein et al. 2002a). The incidence of
late AMD was 2.1% and varied from 0.1% in
persons 43–54 years old to 9.5% in persons
≥75 years old (Table 5.1). Based on the data from
the Beaver Dam Eye Study, it is estimated that
1.9 million people 65–84 years of age will devel-
op signs of late AMD over a 10-year period.

Epidemiological data from Beaver Dam have
also provided some insights regarding when
the disease begins (Klein et al. 2002a). In Beaver
Dam, one or two small hard drusen were found
in 94% of the population and eyes with this
number of small drusen had almost no risk of
progression to late AMD over 10 years of fol-
low-up. Because of this, eyes with these lesions
are not considered to have AMD or to be at risk
of developing the disease (Bressler et al. 1995;
Klein et al. 2002a). However, the 10-year results
from the Beaver Dam Eye Study show that when
large areas of small hard drusen (157,686 µm2)
are present at baseline, there is an approximate
2.5 times increase in the risk of developing soft,
indistinct drusen, a 3.3 times increase in the
risk of developing pigmentary abnormalities,
and a 2.7 times increase in the risk of develop-
ing large soft drusen (125 µm in diameter) com-
pared with eyes with smaller areas of small

hard drusen. In the Chesapeake Bay Waterman
Study, larger numbers of small hard drusen
were associated with a twofold increase in the
5-year incidence of larger soft drusen (Bressler
et al. 1995).

Large-sized drusen (≥ 125 µm in diameter),
soft, indistinct drusen, a large area of drusen,
and pigmentary abnormalities have been found
to be predictive of late AMD (Bressler et al.
1995; Klein et al. 1997, 2002a; Age-Related Eye
Disease Study Research Group 2001; Klaver et
al. 2001; Mitchell et al. 2002; van Leeuwen et al.
2003; Wang et al. 2003a). For example, the pres-
ence of large drusen involving an area of
157,683–393,743 µm2 (equivalent to 13–32 dru-
sen, 125 µm in diameter) is associated with a 10-
year cumulative incidence of 14.0% for late
AMD. This is consistent with previous observa-
tions that these lesions increase the risk of end-
stage disease (Gass 1973; Gregor et al. 1977;
Strahlman et al. 1983; Smiddy and Fine 1984;
Bressler et al. 1990; Roy and Kaiser-Kupfer 1990;
Macular Photocoagulation Study Group 1993,
1997; Holz et al. 1994b). These observations, as
well as results of clinicopathologic studies, sug-
gest that these lesions indicate the presence of
early AMD (Sarks SH 1976; Sarks SH et al. 1980;
Sarks JP et al. 1988; Feeney-Burns and Eller-
sieck 1985; Green and Enger 1993). These data,
along with those from other population-based
studies (Klein BEK et al. 1994; Klaver et al. 1998;
AREDS 1999), will facilitate the development of
a severity scale for AMD similar to the Early
Treatment Diabetic Retinopathy Study severity
scale, which will be useful in epidemiological
studies.

5.2
Risk Factors for Age-Related 
Macular Degeneration

5.2.1
Introduction

The only factors that have been consistently
found to be associated with AMD are age and a
family history. The inability to find consistent
associations with other risk factors may be due
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to differences in study design (case-control vs
cohort studies), methods used to measure and
define risk factors, sample-size issues, and oth-
er biases such as selective ascertainment that
are associated with epidemiological studies.
The risk factors for AMD that have been exam-
ined in epidemiological studies include system-
ic diseases such as hypertension, cardiovascu-
lar disease, inflammatory diseases and their
markers, lifestyle behaviors such as smoking,
drinking, and diet, environmental exposures
such as light, and ocular disease such as cata-
ract and cataract surgery. In this section associ-
ations between AMD and these risk factors will
be reviewed, and detailed references will be
provided. The genetics of AMD are presented in
Chap. 4.

5.2.2
Familial Factors

After age, the strongest and most consistent
risk factor for developing late AMD is having a
sibling or parent with this condition. For exam-
ple, in Beaver Dam, the odds of a younger sib-
ling having the same lesion as an older sibling
(e.g., neovascular AMD) over a 5-year period
was 10.3 (Klein R et al. 2001c).

5.2.3
Systemic Factors

5.2.3.1
Age

Every study of AMD has shown a strong rela-
tionship of increasing prevalence and inci-
dence of AMD with increasing age (Leibowitz
et al. 1980; Klein and Klein 1982; Martinez et al.
1982; Gibson et al. 1985; Jonasson and Thordar-
son 1987; Bressler et al. 1989, 1995, 1998; Vinding
1989; Klein et al. 1992, 1995b; 1997, 1999a, 1999c,
2002a, 2003a; Mitchell et al. 1995, 2002; Schachat
et al. 1995; Vingerling et al. 1995b; Hirvela et al.
1996; Cruickshanks et al. 1997; Sparrow et al.
1997; Delcourt et al. 1999; VanNewKirk et al.
2000; Klaver et al. 2001; Muñoz et al. 2003; Tong
et al. 2003; van Leeuwen et al. 2003; Wang et al.

2003a). An issue with AMD has been whether it
is due to biologicalal aging in addition to a spe-
cific disease process. One measure of biological
(rather than chronological) aging is handgrip
strength (Dubina et al. 1984). In two studies, the
Framingham Eye Study (Kahn et al. 1977) and
the case-control study of Hyman et al. (1983),
weaker handgrip strength was associated with
AMD, independent of age. In Beaver Dam,
handgrip strength was marginally related to
AMD (Klein et al., unpublished data). While
controlling for age and sex, there was an 18%
lower prevalence of geographic atrophy and a
12% lower prevalence of neovascular AMD per
5-unit increase in dominant handgrip strength.
A limitation in interpreting these results is the
difficulty of controlling adequately for unmeas-
ured concurrent illness or other confounding
factors that may be associated with AMD.

5.2.3.2
Blood Pressure

Increased blood pressure by virtue of its effect
on the choroidal circulation has been hypothe-
sized to increase the risk of developing AMD
(Kornzweig 1977; Bischoff and Flower 1983;
Pauleikhoff et al. 1990). However, epidemiolog-
ical data have been inconsistent, with some
studies showing a relation (MPS Group 1997;
AREDS 2000; Eye Disease Case-Control Study
Group 1992; Hyman et al. 2000; Klein et al.
2003b) while others have not (Vinding et al.
1992; Vingerling et al. 1996; Klein et al. 2003a).
Persons in Beaver Dam with treated and con-
trolled hypertension at baseline were approxi-
mately twice as likely and persons with treated
uncontrolled hypertension were about thrice as
likely to develop exudative macular degenera-
tion after 10 years of follow-up than persons
who were normotensive (Klein et al. 2003b).
Furthermore, in Beaver Dam an increase in sys-
tolic blood pressure between baseline and the
5-year follow-up was associated with an in-
creased incidence of late AMD at the 10-year
follow-up compared with persons in whom the
systolic blood pressure decreased.

In a case-control study, Hyman et al. (2000)
have reported that persons with neovascular
AMD are more likely than controls to have a di-
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astolic blood pressure greater than 95 mmHg
(OR 4.4; 95% CI 1.4, 14.2). In the Eye Disease
Case-Control Study (EDCCS), a significant as-
sociation has been found between systolic
blood pressure and neovascular AMD (OR 1.7;
95% CI 1.0, 2.8 for systolic blood pressure of
155 mmHg or more compared with systolic
blood pressure of 118 mmHg or less; ESCCS
Group 1992). In the AREDS, persons with hy-
pertension were 1.5 times as likely (95% CI 1.2,
1.8) to have neovascular macular degeneration
compared with persons without hypertension
(AREDS 2000). In a follow-up study of 670 pa-
tients enrolled in the Macular Photocoagula-
tion Study, the presence of definite systemic hy-
pertension at baseline was associated with the
development of subretinal new vessels in unaf-
fected fellow eyes (OR 1.7, 95% CI 1.2, 2.4; MPS
Group 1997).

Epidemiological data have not shown a pro-
tective association of antihypertensive medica-
tions with the incidence of late AMD (van Leeu-
wen et al. 2004). There have been no random-
ized controlled clinical trials to show that low-
ering blood pressure is associated with a reduc-
tion in the incidence and progression of AMD.

In Beaver Dam, while controlling for other
factors including either systolic or diastolic
blood pressure, higher pulse pressure at base-
line was associated with an increase in the 10-
year incidence of RPE depigmentation (RR per
10 mmHg 1.17; 95% CI 1.07, 1.28; P<0.001), in-
creased retinal pigment (RR 1.10; 95% CI 1.01,
1.19; P=.03), neovascular AMD (RR 1.34; 95% CI
1.14, 1.60; P<0.001), and the progression of
AMD (RR 1.08; 95% CI 1.01, 1.17; P=.03; Klein et
al. 2003b). Higher pulse pressure is presumably
related to decreased arterial distensibility, re-
sulting in a greater difference between systolic
and diastolic blood pressures (O’Rourke 1982).
The decrease in distensibility of the large blood
vessels is thought to be due to age-related de-
generative changes in the collagen and elastin.
Similar age-related changes have been found in
Bruchs membrane (Newsome et al. 1987). It is
possible that higher pulse pressure may be a
marker for such degenerative changes in eyes
developing AMD.

5.2.3.3
Atherosclerosis

Atherosclerosis of the choroidal circulation and
lipid deposition in Bruch’s membrane have
been hypothesized to increase the risk of AMD
(Pauleikoff et al. 1990). However, atherosclero-
sis as manifest by clinical cardiovascular dis-
ease is inconsistently associated with AMD
(Kahn et al. 1977; Klein and Klein 1982; Ferris
1983; Hyman et al. 1983, 2000; ESCCS Group
1992; Vingerling et al. 1995a; MPS Group 1997;
Smith et al. 1998, 2001; Klein et al. 1999a, 1993b,
1999c, 2003a; Snow and Seddon 1999; Friedman
2000; Delcourt et al. 2001a, 2001b; Evans 2001;
Tomany et al. 2004a). In Beaver Dam, a history
of neither heart attack nor stroke was related to
the 10-year incidence of AMD (Klein et al.
2003b). On the other hand, data from the Rot-
terdam Study suggests a possible relationship
between subclinical atherosclerotic disease and
AMD. Vingerling et al. (1995a) have reported
that, in participants in that study, those with
plaques at the carotid bifurcation, as measured
by ultrasonography, are 4.7 times as likely to
have late AMD (95% CI 1.8 to 12.2) as those
without plaques. In the same study, greater inti-
ma-media wall thickness of the carotid artery,
another measure of subclinical atherosclerosis,
is associated with an increase in incident AMD.
Similarly, while controlling for age and sex, per-
sons in the Atherosclerosis Risk in Commu-
nities Study with carotid artery plaque are 1.8
times as likely to have RPE depigmentation
present compared with those without (Klein et
al. 1999a).

High serum LDL-cholesterol and total cho-
lesterol, risk factors for atherosclerosis, have
not been found to be related to AMD in most
studies (EDCCS Group 1992; Evans 2001). In
Beaver Dam, high serum HDL-cholesterol was
associated with a higher 10-year incidence of
geographic atrophy (Klein et al. 2003b). In a
case-control study, Hyman et al. (2000) have al-
so reported that eyes with neovascular AMD
have higher serum HDL-cholesterol (OR high-
est quintile vs lowest quintile 2.3; 95% CI 1.1,
4.7). In the Rotterdam Study, higher serum
HDL-cholesterol is directly associated with
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geographic atrophy (OR per mmol/L 2.39; 95%
CI 1.02, 5.59; Vingerling et al. 1995a). However, in
the Blue Mountains Eye Study, serum HDL-cho-
lesterol is not associated with either geograph-
ic atrophy (OR 0.82 per milligrams per decili-
ter; 95% CI 0.19, 3.46) or neovascular macular
degeneration (OR 1.73; 95% CI 0.83, 3.62; Smith
et al. 1998). Consistent with these epidemiolog-
ical data, Dithmar et al. have reported no asso-
ciation of cholesterol in Bruch’s membrane
with plasma cholesterol in animal studies
(Dithmar et al. 2001).

The reason for the HDL-cholesterol associa-
tion with AMD in Beaver Dam and Rotterdam
is not known. It is contrary to what one would
expect if the cholesterol found in normal
Bruch’s membrane and small drusen (Curcio et
al. 2001) arose by direct infusion of plasma LDL
into the extracellular matrix. It is known that
the retinal pigment epithelium has LDL recep-
tor activity in vitro (Hayes et al. 1989), and the
expression of LDL receptors is downregulated
by high levels of plasma cholesterol (Goldstein
et al. 2001). Based on these observations, Malek
et al. have speculated that if the retinal pigment
epithelium contributes LDL-derived choleste-
rol to Bruch’s membrane and drusen, then it is
possible that downregulation of LDL receptors
in the retinal pigment epithelium, subsequent
to high plasma cholesterol, may contribute to
the reduction of risk for AMD (Malek et al.
2003).

In the Rotterdam Study, the frequency of ap-
olipoprotein E allele E4, associated with
Alzheimer’s disease and neuronal repair, is low-
er in subjects with geographic atrophy and neo-
vascular AMD (Poirier et al. 1995; Klaver et al.
1998). This has also been found in other studies
(Souied et al. 1998; Gorin et al. 1999; Schmidt et
al. 2000). Klaver et al. have speculated that this
might be due to linkage disequilibrium with
AMD or it might be a susceptibility factor
(Klaver et al. 1998). However, this association is
not found in other studies (Pang et al. 2000;
Schultz et al. 2003).

Recent data from two-case control studies
showed an inverse association of the lipid-low-
ering statins and age-related maculopathy (Hall
et al. 2001; McCarty et al. 2001). The cholesterol

lowering, antioxidant, and antiendothelial dys-
function effect of statins are hypothesized to
explain why statins might reduce the incidence
and progression of AMD (Beatty et al. 2000;
Curcio et al. 2001; Hall et al. 2001; Lip et al.
2001). In Beaver Dam, statin use has not been
found to be associated with the 5-year inci-
dence of early AMD (age-sex adjusted OR=1.12,
95% CI 0.47, 2.67), progression of age-related
maculopathy (OR=1.22, 95% CI 0.54, 2.76), or
incidence of late AMD (OR=0.41, 95% CI 0.12,
1.45; Klein et al. 2003d). Data from the Patholo-
gies Oculaires Liees a l’Age (POLA) and Rotter-
dam studies also do not show a relationship of
statins with AMD (Delcourt et al. 2001b; van
Leeuwen et al. 2004). High serum total choleste-
rol has been associated with reduced preva-
lence of advanced AMD (Klein 1999; Klein et al.
2003a). It is possible that the protective rela-
tionship found in the case-control studies may
be due to unmeasured confounding or to a pro-
tective effect of high cholesterol levels (as noted
before) which was incidentally treated with sta-
tins.

5.2.3.4
Pulmonary Disease

There are few epidemiological data regarding
pulmonary disease and AMD (Kahn et al. 1977;
Hymen et al. 1983). In Beaver Dam a history of
emphysema at baseline, independent of smok-
ing history, was associated with the incidence of
retinal pigment epithelial depigmentation (RR
2.84, 95% CI 1.40, 5.78), increased retinal pig-
ment (RR 2.20, 95% CI 1.11, 4.35), and neovascu-
lar AMD (RR 5.12, 95% CI 1.63, 16.06; Klein et al.
2003c). It has been speculated that this may be
due, in part, to the association of emphysema
with inflammatory disease (see below). Howev-
er, it is possible that the associations may be
due to noninflammatory processes such as low
oxygen tensions in persons with emphysema
rather than an inflammatory process. However,
peak flow volume, usually reduced in persons
with emphysema, was not found to be associat-
ed with AMD in the Beaver Dam Eye Study
(Klein R, unpublished data).
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5.2.3.5
Gout

In Beaver Dam, a history of gout was associated
with a higher 10-year incidence of pure geo-
graphic atrophy (RR 3.48, 95% CI 1.27, 9.53;
Klein et al. 2003c). Medications taken for gout
at baseline in that study were also associated
with the incidence of pure geographic atrophy.
It has been speculated that this association may
be due, in part, to inflammation associated with
this disease (see below).

5.2.3.6
Arthritis

The AREDS data has shown a cross-sectional
association of arthritis with large drusen (OR
1.20 95% CI 1.04,1.39) but not with geographic
atrophy or neovascular AMD. This association
was not found prospectively (AREDS 2000). In
Beaver Dam, arthritis at baseline was not sig-
nificantly associated with the incidence of
AMD (R. Klein, unpublished data).

5.2.3.7
Diabetes

Diabetes, through its effect on the normal
structure and functioning of the RPE, Bruch’s
membrane, and the choroidal circulation, has
been hypothesized to increase the risk of AMD
(Hidayat and Fine 1985; Fryczkowski et al. 1988;
Vinores et al. 1988; Marano and Matchinsky
1989; Chakrabarti et al. 1990; Miceli and New-
some 1991). However, most epidemiological
studies have not shown an association of dia-
betes with AMD.

5.2.3.8
Obesity

Obesity has not been consistently associated
with AMD (AREDS 2000). In a prospective co-
hort study in a hospital-based retinal practice,
those who were obese (body mass index of at
least 30 kg/m2) were at increased risk of devel-
oping late AMD (RR 2.35, 95% CI 1.27, 4.34)
compared with those with a body mass index of

<25 kg/m2 (Seddon et al. 2003). Higher waist-
hip circumference was also found to be asso-
ciated with AMD in that study. Others have
speculated that excessive caloric intake might
increase the risk of AMD because of an in-
creased risk of oxidative damage, a hypothe-
sized pathogenetic factor, in obese persons
(Hirvela et al. 1996). It is also possible that obes-
ity and increased waist circumference are asso-
ciated with increased inflammation, another
possible pathogenetic factor for AMD (see be-
low). In Beaver Dam, greater body mass was as-
sociated with the prevalence of early but not
late AMD; there was no association with the in-
cidence of AMD (Klein et al. 1993b, 2003b).

Lean body mass has also been reported to be
associated with the incidence of “dry” AMD
(OR lean vs normal body mass 1.43, 95% CI 1.01,
2.04; Schaumberg et al. 2001). In Beaver Dam,
those who were lean at baseline were more like-
ly to develop geographic atrophy (Klein et al.
2003b). The reason for this finding in these
studies is not known.

5.2.3.9
Inflammation and Its Markers

Inflammation has been hypothesized to have a
role in the pathogenesis of AMD (Sarks 1976;
Penfold et al. 1986, 2001). Hageman et al. (2001)
have shown that drusen contain proteins asso-
ciated with immune-mediated processes and
inflammation. Chronic inflammatory cells have
also been observed on the outer surface of
Bruch’s membrane in eyes with neovascular
macular degeneration (Penfold et al. 2001). The
presence of these cells may cause microvascular
injury by the direct release of long-acting oxi-
dants, toxic oxygen compounds, and proteolyt-
ic enzymes that may result in damage to Bruch’s
membrane (Ernst et al. 1987). It is also possible
that the inflammatory cells are chemotactically
attracted to the site due to injury in Bruch’s
membrane and do not play a role in the patho-
genesis of AMD.

Few epidemiological studies to date have
shown a relationship of systemic inflammatory
disease and markers of inflammation with
AMD (AREDS 2000; Blumenkranz et al. 1986;
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EDCCS 1992; Klein et al. 1995b, 1999a, 2003a,
2003c; Smith et al. 1998; Klein 1999; Snow and
Seddon 1999; Vingerling et al. 1995a). In Beaver
Dam, higher white blood cell count at baseline,
independent of smoking, was associated with
the 10-year incidence of drusen larger than
125 µm in diameter (risk ratio, RR, per kilogram
per microliter, 1.10, 95% confidence interval, CI,
1.03, 1.17), retinal pigment epithelial depigmen-
tation (RR 2.08, 95% CI 1.01, 1.16), and progres-
sion of age-related maculopathy (RR 1.09, 95%
CI 1.03, 1.15; Klein et al. 2003c). This association
has also been found in a small case-control
study (n=14) but not in other populations stud-
ied (Klein et al. 1995b, 1999a, 2003a).

In Beaver Dam, serum albumin, another
marker of systemic inflammation (and debili-
tating conditions), was found to be associated
with higher incidence of exudative macular de-
generation (RR per milligram per deciliter, 3.22,
95% CI 1.32, 7.69; Klein et al. 2003c). Another
marker of systemic inflammation, high plasma
fibrinogen levels, is associated with prevalent
late but not early AMD in the Blue Mountains
Eye Study (Smith et al. 1998) and with exudative
macular degeneration in the NHANES III
(Klein et al. 1995b). However, plasma fibrinogen
levels are not associated with AMD in three
other studies (Friedman 2000) and there is no
association of C-reactive protein with AMD in
one study (Klein et al. 2003a).

Two diseases associated with inflammation,
emphysema and gout, have also been found to
be associated with late AMD (see above). There
is a release of cytokines, such as interleukin-1
and interleukin-8, and an increase in circulat-
ing levels of tumor necrosis factor-α (TNF-α)
in these conditions, two factors hypothesized to
play a role in the pathogenesis of exudative
macular degeneration (Barnes 2000; Ghezzi et
al. 1991; Hachicha et al. 1995). Anti-inflammato-
ry drug use has not been associated with AMD
(Christen et al. 2001; Gilles et al. 2001; Klein et
al. 2001c).

5.2.4
Lifestyle Behavior

5.2.4.1
Smoking

Cigarette smoking has been found to be related
to late AMD in some (Paetkau et al. 1978; Hy-
man et al. 1983; EDCCS 1992; Klein et al. 1993a;
Christen et al. 1996; Seddon et al. 1996; Smith et
al. 1996, 2001; Vingerling et al. 1996; Delcourt et
al. 1998; AREDS 2000), but not all, epidemiolog-
ical studies (Maltzman et al. 1979; Blumenkranz
et al. 1986; Vinding 1989; Klein et al. 1998a,
2002b). Smoking is known to depress serum
antioxidant levels and RPE drug-detoxification
pathways, alter choroidal blood flow, and re-
duce macular carotenoid pigments, all pathog-
enetic mechanisms thought to be associated
with AMD (Bettman et al. 1958; Friedman 1970;
Pryor et al. 1983; Stryker et al. 1988; Hammond
et al. 1996). In Beaver Dam, smoking was asso-
ciated with the 10-year incidence of large soft
drusen and pigmentary abnormalities, signs of
early AMD, but not with the incidence of late
AMD (Klein et al. 2002b). The reason for the in-
consistency between cross-sectional and pros-
pective associations in Beaver Dam is not
understood.

5.2.4.2
Alcohol

Of the many epidemiological studies that have
examined the association of alcohol consump-
tion with AMD (Maltzman et al. 1979; EDCCS
1992; Ritter et al. 1995; Smith and Mitchell 1996;
Cruickshanks et al. 1997; Moss et al. 1998; Obis-
esan et al. 1998; Ajani et al. 1999; Cho et al. 2000;
Klein et al. 2002b), few have found a relation-
ship (Smith and Mitchell 1996; Klein et al.
2002b). A cross-sectional association of alcohol
consumption with early AMD (RR 1.61, 95% CI
1.07, 2.41) has been reported in the Blue Moun-
tains Eye Study (Smith and Mitchell 1996). In
Beaver Dam, people who reported being heavy
drinkers at baseline were more likely to develop
late AMD (RR 6.94, 95% CI 1.85, 26.1) than peo-
ple who reported never having been heavy
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drinkers (Klein et al. 2002b). The wide confi-
dence intervals in this study, resulting from the
low frequency of both heavy drinking and the
incident late AMD, suggests that this may also
be a chance finding.

Heavy alcohol intake increases oxidant
stress and affects mechanisms that protect
against oxidative damage (Rosenblum et al.
1989; Rikans and Gonzalez 1990). Data from ex-
perimental studies in animals suggest that the
retina is susceptible to oxidative damage and
that this damage may be minimized by the
presence of antioxidant nutrients (Katz et al.
1982). Heavy drinkers have also been found to
have low serum carotene, vitamin E, and zinc,
all factors postulated to protect against the de-
velopment of AMD (Lieber et al. 1979).

In the National Health and Nutrition Exam-
ination Survey I, wine consumption is reported
to be protective (RR 0.66, 95% CI 0.55, 0.79) for
AMD (Obisesan et al. 1998). The authors of this
report speculate that antioxidant phenolic
compounds found in high concentrations in
red wine may explain their finding. In Beaver
Dam, wine consumption was associated with a
reduction in the incidence of early AMD; how-
ever, the association did not reach statistical
significance (Klein et al. 2002b). Neither wine
nor beer have been found to be associated with
AMD in other studies (Smith and Mitchell
1996). Contrary to baseline findings, consump-
tion of beer is not associated with the incidence
of pigmentary abnormalities or exudative mac-
ular degeneration in Beaver Dam (Klein et al.
2002b).

5.2.4.3
Caffeine

Caffeine has been hypothesized to be associat-
ed with AMD through a possible vasoconstric-
tive effect on the retinal and choroidal circula-
tion (Lofti and Grunwald 1991; Grunwald et al.
1998). However, data from the Beaver Dam Eye
Study showed that coffee or overall caffeine in-
take was not associated with the 5-year inci-
dence of early AMD or any of its defining le-
sions (Tomany et al. 2001).

5.2.4.4
Physical Activity

In Beaver Dam, independent of age and other
risk factors, physical activity at baseline was as-
sociated with a protective effect against the
progression of AMD (RR in those who worked
up a sweat five times a week compared with
those who did not, 0.69; 95% CI 0.47, 1.00;
P=0.05) and the incidence of neovascular AMD
(RR 0.12; 95% CI 0.02, 0.91; P=0.04; Klein et al.
2003b). This is consistent with findings from
the Eye Disease Case Control Study in which
neovascular AMD is associated with less physi-
cal activity (EDCCS 1992). This protective rela-
tionship of physical activity may be due to
obesity (see above), which has been found to be
associated with AMD in some studies; however,
in Beaver Dam, the association found was inde-
pendent of body mass index (Klein et al.
2003b).

5.2.4.5
Hormone Replacement Therapy

The loss of the protective effect of estrogens on
Bruch’s membrane in postmenopausal women
has been postulated as a reason for higher inci-
dence of neovascular AMD in older women
compared with men (Klein et al. 1997). Female
gender in older mice and estrogen deficiency in
middle-aged mice is associated with an in-
crease in the severity of sub-RPE deposit for-
mation (Cousins et al. 2003). Cousins et al. have
hypothesized that “estrogen deficiency may in-
crease susceptibility to formation of sub-RPE
deposits by dysregulating turnover of Bruch’s
membrane, contributing to collagenous thick-
ening and endothelial changes (Cousins et al.
2003). However, epidemiological data have not
shown a consistent protective effect of repro-
ductive history or hormone replacement thera-
py on AMD (The Eye Disease Case-Control
Study Group 1992; Klein BEK et al. 1994; Vinger-
ling et al. 1995c; Smith et al. 1997; van Leeuwen
et al. 2004). Data from the Rotterdam Study
have shown that women with early menopause
after an operation removing one or both ovar-
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ies have a significantly increased risk of late
AMD (RR 3.8, 95% CI 1.1 to 12.6) compared with
women who have their menopause at 45 years
of age or older (Vingerling et al. 1995b). In-
creased number of years of menses is also relat-
ed to increased risk of early AMD in the Blue
Mountains Eye Study (Smith et al. 1997). Data
from EDCCS (1992) have shown that the odds
of subretinal AMD are reduced by 70% in wom-
en who were on hormone replacement therapy
(HRT) at the time of the study compared with
those who are not. However, HRT is not asso-
ciated with the 5-year incidence of late AMD in
pooled analyses of the Beaver Dam, Blue Moun-
tains, and Rotterdam Eye Study (Klein BEK et
al. 1994; van Leeuwen et al. 2004).

The Women’s Health Initiative Sight Exam
(WHI-SE) was an ancillary study to one arm of
the Women’s Health Initiative, a randomized
trial of hormonal replacement in postmeno-
pausal women aged 50–79 years of age (Ros-
souw et al. 2002). The purpose of the WHI-SE
was to evaluate whether hormone replacement
therapy in women would prevent or slow the
progression of AMD. The trial was stopped due
to the harmful effect of HRT (increased risk of
coronary heart disease and stroke mortality).
The data from this trial regarding the associa-
tion between HRT and AMD progression are
currently being analyzed.

5.2.4.6
Diet and Vitamin Supplementation

The reader is referred elsewhere to detailed re-
views on the relation of diet to AMD (Christen
1994; Mares-Perlman and Klein 1999). Green
leafy vegetables and antioxidants (from diet
and multivitamins) have been inconsistently
associated with a decreased risk of AMD
(EDCCS 1993; Christen 1994; Seddon et al. 1994;
Mares-Perlman and Klein 1999). In Beaver
Dam, dietary intake of saturated fat was found
to be associated with an 80% increased risk of
AMD (Mares-Perlman et al. 1995; Delcourt et al.
2001b). Caution must be exercised, because it is
difficult to control for other lifestyle choices
that might influence or account for these asso-
ciations.

The AREDS, a large, multicentered random-
ized controlled clinical trial, has involved 3,640
study participants, 60–80 years of age, with ex-
tensive small drusen, intermediate drusen,
large drusen, noncentral geographic atrophy, or
pigmentary abnormalities in one or both eyes,
or advanced AMD or vision loss due to AMD in
one eye (AREDS 1999). Participants were ran-
domly assigned to receive daily tablets contain-
ing antioxidants (500 mg vitamin C; 400 IU vi-
tamin E; and 15 mg beta-carotene); 80 mg zinc
and 2 mg copper; antioxidants plus zinc; or a
placebo. Comparisons with the placebo group
show a significant reduction of incident late
AMD with antioxidants plus zinc (OR 0.72, 95%
CI 0.52–0.98; AREDS 2001). The treatment ef-
fect was more marked in eyes with larger areas
of intermediate-sized drusen, large drusen, or
noncentral geographic atrophy. The authors of
the report conclude that there is no benefit
from the study formulations for persons with
no or minimal AMD. Such multivitamin sup-
plementation does not appear to have an effect
until more advanced stages of early AMD are
apparent.

5.2.5
Environmental Factors

5.2.5.1
Light

Data from animal studies and case reports in
humans have suggested that exposure to in-
tense bright sunlight or ultraviolet (UV) radia-
tion may cause damage to the RPE similar to
that seen in AMD (Borges et al. 1990; Winkler et
al. 1999; Roberts 2001; Augustin et al. 2002; Tay-
lor et al. 1992). However, data from epidemi-
ological studies have only weak association of
light and no association of UV exposure with
AMD (Vinding 1990; Cruickshanks et al. 1993,
2001; Darzins et al. 1997; Mitchell et al. 1998;
Delcourt et al. 2001a; Tomany et al. 2004a,
2004b). This may be due to the difficulty in as-
sessing these relations using questionnaires. It
is difficult to accurately obtain information
about confounding factors such as use of hats
and sunglasses, cataract presence and severity,
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and levels of macular pigment in the eyes that
may affect the relation of UV or sunlight expo-
sure at the retina to the incidence of AMD.

In Beaver Dam there were few significant re-
lationships between environmental exposure to
light and the 10-year incidence and progression
of AMD (Tomany et al. 2004b). Participants ex-
posed to summer sun for more than 5 h a day
during their teens, 30s, and at the baseline ex-
amination were more likely to develop in-
creased retinal pigment (RR 3.17; 95% CI
1.24,8.11) and early AMD (RR 2.14; 95% CI
0.99,4.61) by 10 years than those exposed less
than 2 h per day in the same time periods. In
participants reporting the highest summer sun
exposure levels in their teens and 30s, use of
hats and sunglasses at least half the time in the
same time periods was associated with a de-
creased risk of developing soft, indistinct dru-
sen (RR 0.55; 95% CI 0.33,0.90) and RPE depig-
mentation (RR 0.51; 95% CI 0.29,0.91). In Bea-
ver Dam, UV-B exposure, winter leisure time
spent outdoors, skin sun-sensitivity, or number
of bad sunburns experienced at the baseline ex-
amination were not associated with AMD.

5.2.5.2
X-rays

There are few data regarding relationships
between diagnostic X-rays and AMD. Hyman et
al. (1983) have found no relation between occu-
pational exposures to X-rays and AMD. In Bea-
ver Dam a history of computed tomography
scans of the head or dental X-rays were not re-
lated to the 5-year incidence and progression of
AMD (Klein et al. 2000).

5.2.6
Ocular Factors

5.2.6.1
Refractive Error

The relationship of hyperopia to AMD has been
inconsistent (Maltzman et al. 1979; Ferris 1983;
Hyman et al. 1983; EDCCS 1992; Sandberg et al.
1993; Chaine et al. 1998; AREDS 2000; Wong et

al. 2002). In the NHANES, persons who were
hyperopic were more likely to have AMD than
those who were emmetropic (OR 1.61; 95% CI
1.15–2.25; Goldberg et al. 1988). In EDCCS a re-
fractive error of more than 1+ is associated with
neovascular AMD (OR 1.5; 95% CI 0.9 to 2.4,
P=0.05; The Eye Disease Case-Control Study
Group 1992). In Rotterdam, hyperopia of 1
diopter or more is associated with increased
risk of AMD compared with myopia but was
not associated with neovascular AMD (Klein
1999). In the Blue Mountains Eye Study, early
AMD is more likely in eyes with moderate hy-
peropia (more than 3.00 to 6.00 diopters, OR
1.8, 95% CI 1.1–3.1) and high hyperopia (more
than 6.00D, OR 8.6, 95% CI 2.1 to 35.5) com-
pared with eyes that are emmetropic (–1.00 to
more than +1.00 diopter; Wang et al. 1998). In
Beaver Dam there was no association between
hyperopia (+1.00 Diopter or greater spherical
equivalent) and the 10-year incidence of early
(RR 1.0; 95% CI 0.7–1.1) and late AMD (OR 1.2;
95% CI 0.6–2.3; Wong et al. 2002). Moderate and
high hyperopia, as defined in the Blue Moun-
tains, are not associated with incident or pro-
gressed AMD (Weiter et al. 1985). There is also
no association of myopia with AMD in either
study. Boker et al. (1993) have hypothesized that
the association between hyperopia and AMD
may be related to a reduction in choroidal
blood flow in eyes with shorter axial lengths,
which may predispose these eyes to develop-
ment of choroidal neovascularization. Alterna-
tively, hyperopia and AMD may both be related
to aging (Pierscionek and Weale 1996).

5.2.6.2
Iris Color

Lighter iris pigmentation has been found to be
associated with AMD in some (Ferris 1983;
Weiter et al. 1985; Holz et al. 1994a, 1994b;
Chaine et al. 1998; Mitchell et al. 1998) but not
all studies (Vinding 1990; EDCCS 1992; Klein et
al. 1998a, 1998b; Frank et al. 2000). In Beaver
Dam, people with brown eyes are more likely to
develop soft, indistinct drusen at 10 years than
people with blue eyes (Tomany et al. 2003). This
may be due to an easier detection of such dru-
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sen in a more darkly pigmented fundus in
brown- versus blue-eyed persons. In Beaver
Dam, people with blue eyes were found to have
significantly higher risk of developing in-
creased retinal pigment and RPE depigmenta-
tion. An age interaction was found: the 10-year
incidence of RPE depigmentation was signifi-
cantly lower in participants under the age of
65 years with brown rather than blue eyes, but
not in participants over 65 years. There was no
relationship of iris color with the 10-year-inci-
dence late AMD. In cross-sectional data from
the Blue Mountains Eye Study, persons with
lightly pigmented eyes are found to have a sig-
nificantly higher incidence of early AMD (OR
1.45, 95%CI 1.09–1.92; Mitchell et al. 1998) than
those with darkly pigmented eyes. Holz et al.
(1994b) have shown that the increased risk of
AMD is found only in persons who report hav-
ing light-colored irides in youth (RR 2.4, 95% CI
1.2–4.7) and in those who report having dark-
colored irides in youth that changed to a light
color by adulthood (RR 9.4, 95% CI 2.9–32.0)
compared with persons reporting dark colored
irides that did not change. They postulate that
in some individuals there may be a decrease in
RPE melanin (as indirectly measured by devel-
oping lighter-colored irides with age), as well as
a loss of the protective effect against factors as-
sociated with AMD.

The reasons for the inconsistent relation-
ships of iris color and lesions associated with
AMD are not known. It has been hypothesized
that melanin, found in the tissues of the eye,
may protect the retina from direct sunlight ex-
posure, reducing direct oxidative damage and
thereby reducing the risk of AMD (Jampol and
Tielsch 1992). A study by Menon et al. (1992),
measuring the amount of melanin in brown
and blue eyes, has found no statistically signifi-
cant difference between the type or content of
melanin in the irides of brown and blue eyes.
However, the study has found the RPE-choroid
from brown eyes to have more melanin than
corresponding tissues from blue eyes. It is pos-
sible that this increased melanin protects
against the development of RPE depigmenta-
tion but not of soft, indistinct drusen.

5.2.6.3
Cataract and Cataract Surgery

Data from a number of studies have shown cat-
aract and cataract surgery to be related to de-
veloping AMD (Sperduto and Seigel 1980; Sper-
duto et al. 1981; Liu et al. 1989; Vinding 1989; van
der Schaft et al. 1992; Klein R et al. 1994a; Wang
et al. 1999). In Beaver Dam there was a positive
cross-sectional association between nuclear
sclerosis or cataract surgery and early AMD
(Klein R et al. 1994a). The association with nu-
clear sclerosis is consistent with findings from
the Chesapeake Bay Watermen Study (Bressler
et al. 1989), but not with findings from the
Framingham Eye Study (Sperduto and Seigel
1980; Sperduto et al. 1981) or the Blue Moun-
tains Eye Study (Wang et al. 1999). In Beaver
Dam, while controlling for age, gender, systolic
blood pressure, and history of heavy drinking,
smoking, and vitamin use, cataract at baseline
was associated with the 10-year incidence of
early AMD (RR 1.30; 95% CI 1.04–1.63), soft in-
distinct drusen (RR 1.38; 95% CI 1.08–1.75), in-
creased retinal pigment (RR 1.38; 95% CI
1.07–1.79), and progression of AMD (OR 1.37;
95% CI 1.06–1.77), but not with the incidence of
late AMD (Klein et al. 2002c). This has been
postulated to be due to environmental factors
such as diet (Mares-Perlman and Klein 1999),
light exposure (Cruickshanks et al. 1993, 2001;
Vingerling et al. 1997), or genetic factors (Heiba
et al. 1993, 1994), which may be related to both
cataract and AMD.

Most reports regarding the association of
cataract surgery and AMD have come from
clinical case series, case-control studies, and
cross-sectional studies, and the results have
been inconsistent (Blair and Ferguson 1979;
Sperduto and Seigel 1980; Sperduto et al. 1981;
Lui et al. 1989; Vinding 1989; Klein R et al. 1994a;
Klein BEK 1994; Pollack et al. 1996, 1998; Vin-
gerling et al. 1997; Chaine et al. 1998; Shuttle-
worth et al. 1998; Wang et al. 1999; Armbrecht et
al. 2000). In the National Health and Nutrition
Examination Survey, a significant association
has been found between aphakia and AMD (OR
2.00; 95% CI 1.44, 2.78; Klein et al. 1995b). In a
clinic-based study, Pollack et al. (1998) have re-
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ported a higher risk of progression in eyes with
moderate AMD after cataract surgery. In that
study, exudative macular degeneration devel-
oped during the first postoperative year in 19%
of the eyes that had surgery compared with 4%
in the fellow eyes in patients older than 65 years
of age. These findings are also consistent with a
higher frequency of neovascular AMD found by
histopathologic study of eyes that had implan-
tation of an intraocular lens compared with
phakic eyes (van der Schaft et al. 1994). On the
other hand, the Age-Related Eye Disease Study
has shown that cataract surgery does not sig-
nificantly accelerate progression to advanced
late AMD at 4 years (RR 1.06; 95% CI 0.85, 1.32;
Gensler et al. 2004). In addition, no association
has been found between cataract surgery and
AMD prevalence in the Rotterdam Study (Vin-
gerling et al. 1997).

In the Beaver Dam Eye Study, cataract sur-
gery before baseline was associated with the 10-
year incidence of late AMD (RR 3.81; 95% CI
1.89–7.69), increased retinal pigment (RR 1.89;
95% CI 1.18–3.03), RPE depigmentation (RR
1.95; 95% CI 1.17–3.25), pure geographic atrophy
(RR 3.18; 95% CI 1.33–7.60), neovascular AMD
(RR 4.31; 95% CI 1.71–10.9), and progression of
AMD (RR 1.97; 95% CI 1.29–3.02), but not with
the incidence of early AMD (Klein et al. 2002c).
Similar findings have been reported in the Blue
Mountains Eye Study for the 5-year incidence of
late AMD (Wang et al. 2003b). These findings
have broad clinical implications if the relation-
ship between cataract surgery and AMD is
more than the relationship between nuclear
cataract and AMD. It is possible that eyes that
had undergone cataract surgery prior to base-
line in Beaver Dam and in the Blue Mountains
were ones in which early AMD was progressing
and causing additional visual symptoms to
warrant cataract surgery. The association may
also have been a result of easier visualization
and detection of AMD lesions after cataract
surgery. It is also possible that some of the signs
of AMD in eyes that had undergone cataract
surgery prior to the baseline examination may
be related to photic retinal injuries (increased
retinal pigmentation and RPE depigmentation)
due to the operating microscope (Jaffe 1982;
McDonald and Irvine 1983; Kleinmann et al.

2002). Inflammatory changes, with or without
the development of transient cystoid macular
edema, that may occur in eyes after cataract
surgery may be related to the development of
late AMD (van der Schaft et al. 1994).

5.2.6.4
Other

In Beaver Dam, no relationship has been re-
ported between intraocular pressure, perfusion
pressure, open angle glaucoma, generalized and
focal retinal arteriolar narrowing, retinal arter-
iovenous nicking or retinopathy and the inci-
dence or progression of AMD (Klein R, unpub-
lished data).

5.2.7
Socioeconomic Factors and Work Exposures

Low income and little education are related to
increased morbidity and mortality from a
number of diseases (Marmot et al. 1987). These
associations have been attributed to under use
of healthcare resources, exposure to noxious
work or adverse home environments, high-risk
behaviors, and poor diet. Most observations re-
garding socioeconomic factors and AMD have
been from case-control and cross-sectional
studies (Klein 1999).

In Beaver Dam, education and type of work,
independent of vitamin supplementation and
smoking, were associated with the incidence of
early AMD (Klein R et al. 2001c). Similarly, in
EDCCS, persons with AMD were 30% less likely
to have completed 12 years of school compared
with those without AMD (EDCCS 1992). In the
AREDS, while controlling for age, smoking, and
hypertension status, persons with higher edu-
cation were at lower risk of having large drusen
(OR 0.72), geographic atrophy (OR 0.44), and
neovascular AMD (OR 0.44; AREDS 2000). An
inverse relation of education with AMD has al-
so been found in the Health and Nutrition Ex-
amination Survey (Klein and Klein 1982). On
the other hand, no association of education
with AMD has been found cross-sectionally in
other studies (Kahn et al. 1977; Klein R et al.
1994b, 1999c). The reasons for the differences
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among studies are not known. Education may
be a marker of unknown lifelong exposures not
directly measured in these studies. No relation
of income to incident or progressed AMD was
found in Beaver Dam.

In Beaver Dam there was a higher incidence
of AMD in service workers. The associations re-
mained in waiter/waitresses, cooks, and bar-
tenders after controlling for smoking and
drinking history (Klein et al. 2001c). However,
passive smoking was not measured and might
have accounted for the association found in
these subgroups of service workers.

In one case-control study, men with AMD
had higher odds of 3.8 (95% CI 1.0–14.5) of re-
sponding positively to the question, “Did you
ever work around chemicals which caused your
eyes to burn, on a regular basis?” (Hyman et al.
1983). This association was not found in wom-
en. There was no relationship in this study
between AMD and working around extremely
bright lights, dim lights, X-rays, radioactive ma-
terials, bright flames, radar, or bright sunlight.

5.3
Age-Related Macular Degeneration 
and Survival

Few data are available regarding whether per-
sons with AMD are at higher risk of morbidity
and mortality than persons without AMD.
While controlling for other risk factors, AMD
has not been found to be related to mortality in
population-based studies (Klein et al. 1995a;
Wang et al. 2001; Borger et al. 2003).

5.4
Public Health Issues

Review of epidemiological data provided here-
in suggests inconsistencies in the associations
of all intervenable risk factors and AMD. Cigar-
ette smoking, hypertension, and cataract sur-
gery emerge as factors likely to increase the risk
of progression to late AMD. Cessation of smok-
ing has been advocated by some to prevent pro-
gression to late AMD (Mitchell et al. 1999). Epi-
demiological data suggest that if there is a sig-

nificant cataract requiring cataract surgery and
moderate-to-severe early AMD is present, the
surgeon should discuss the possibility of pro-
gression of the AMD following cataract surgery.
The cataract surgery is indicated when the cat-
aract has reached a stage leading to visual im-
pairment affecting quality of life. There are no
clinical trial data showing that blood pressure
reduction will result in less risk of neovascular
AMD. Thus, unlike for diabetic retinopathy,
there have been no public health approaches
developed for early detection and prevention of
AMD. Only recommendations for care of indi-
vidual patients exist.

5.5
Conclusions

Epidemiologic data have quantified the high
prevalence and incidence of early AMD and its
natural history in the general population. These
data have also been helpful in quantifying the
strong relationship of AMD with age and a fam-
ily history of the disease and the relationships
of other putative risk factors with AMD (Klein
et al. 1999a, 1999b, 1999c; Wang et al. 2001).
However, there are a number of limitations that
make interpretation of the epidemiological
findings difficult. One limitation is that the dis-
ease occurs late in life. This may preclude meas-
urement of exposures (e.g., light) that occur
earlier in life. In addition, persons at risk of late
AMD are often too ill to participate in an epi-
demiological study or die before they can be
studied, limiting the ability to find relation-
ships when they exist. Furthermore, although
the lesions characterizing the disease have been
described, the specific phenotypic expression
of early stages of the disease has yet to be fully
explored. It is possible that what is currently
grouped together as early or late AMD is an ex-
pression of combinations of different genes
that respond differently to different environ-
mental exposures such as light and systemic
conditions such as hypertension and inflam-
mation. It would be of benefit to characterize
persons at risk of the disease prior to the ap-
pearance of the first signs of early AMD, and to
characterize persons with the same phenotypic
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expression of the disease. It is hoped that ad-
vances in genetic epidemiology and the devel-
opment of more sensitive, computer-assisted
noninvasive measurement approaches of dru-
sen, the RPE, Bruch’s membrane, and the chor-
oidal vasculature will help achieve this.
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With the improvement of economic conditions
in China, the most common causes of blindness
such as cataract, corneal diseases, trachoma
and glaucoma have been largely controlled. To-
day, AMD has an increased prevalence, now be-
ing fourth on the list of causes of blindness in
the age group of 60 years and older, and draws
more and more attention from ophthalmolo-
gists, medical researchers, and society (Sun
1999). Epidemiological study of AMD in China
has shown that 6.98% of the people 65 years
and over have AMD (National Bureau of Statis-
tics of China 2000). The rate increases to 17.6%
in persons 70 years or older (Wang and Hu
2001). Considering the large population of Chi-
na, it has been estimated that AMD currently
affects at least 20 million individuals.

According to WHO statistics published in
October 2003, China has a total population of
1.292 billion, of whom 130 million people are
over 60 years of age (WHO 2000). The life ex-
pectancy of Chinese people in 2003 was 69.8
years for men and 72.7 years for women (WHO
2003). Studies also show that the population is
aging, and three stages of the aging of China’s
population have been identified. The first stage,
from 1990 to 2003, is considered as one of
“preaging of the population”; during this peri-
od, the number of persons aged over 60 years in
China increased from 97,190,000 (8.6% of the
population) to 136,000,000 (10.2%). The second
stage is the “developing stage” (from 2003 to
2020). During this period, the proportion of the
population over 60 years will increase from
10.2% to 15.6%. In the third, “peak stage”(from
2020 to 2050), the proportion of people in China

Chapter 6

Prevalence and Risk Factors 
for Age-Related Macular 6
Degeneration in China

Zheng Qin Yin, Meidong Zhu,
Wen Shan Jiang

6.1
Introduction

Racial/ethnic differences in the incidence and
prevalence of age-related macular degenera-
tion (AMD) in China compared with Western
countries have been noted in previous studies
(Gregor and Joffe 1978; Wu 1987; Klein et al.
1999; see also Chap. 5). Despite this, in China
AMD is still considered one of the most impor-
tant causes of blindness in the population older
than 50 years of age (Wu 1987; National Bureau
of Statistics of China 2000; Wang and Hu 2001).



over 60 years will increase to 27.4% and reach
240 million people (Sun 1999; WHO 2003). At
that stage, AMD is expected to be a much more
severe problem in China than at present.

There have been few published studies de-
scribing the incidence and prevalence of AMD
from large population-based cohorts of older
people in China. The purpose of this chapter is
to review and examine the prevalence of AMD
in China for the past 20 years based on popula-
tion-based studies. The investigation covers
eight regions, representing the eastern, west-
ern, northern, southern, and central areas of
China (Fig. 6.1). More than 250 million Orien-
tal/Asian persons, including Tibetans, Mos-
lems, and Hans (Chinese) have been involved in

those studies. The risk factors for AMD and
their impacts in China have also been investi-
gated and analyzed.

6.2
Regional Prevalence and Relationship 
of Morbidity to Age and Gender

The diagnoses of AMD reported below have
been made according to criteria established by
the National Academic Group of Fundus Dis-
ease of China (Table 6.1; National Academic
Group of Fundus Disease of China 1987) com-
bined with the visual criteria of the Framing-
ham Eye Study (Leibowitz et al. 1980).
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Fig. 6.1. The investigated provinces and areas of China



6.2.1
Population-Based Studies

Population-based studies have been carried out
in six provinces/areas of China, including
Guangdong, Hunan, Zhejiang and Gansu prov-
inces, Tibet, and Shunyi – a county of Beijing. In
all cases the examinations were almost identi-
cal. After randomized clustering sampling, all
selected individuals were enumerated accord-
ing to work places or the village residence reg-
ister. Personal and family histories including
nationality, occupation, smoking and drinking
habits, and ocular and systemic diseases were
collected. Visual acuity was measured, and a
comprehensive ophthalmic examination of
eyelid, cornea, lens, and fundus with dilated pu-
pils were also carried out.

6.2.1.1
Guangdong Province

Guangdong province is located in the south-
eastern coastal area of China, with a population
of about 70.5 million. The investigation was
carried out in two different areas, including
Guangzhou (a modern city) and Doumen
County (a rural area). A sample of 6,745 people,

aged from 40 to 93 years old, were investigated
(Wu et al. 1987; Guan et al. 1989; He et al. 1998).

In rural Doumen County, 5,342 people (2,421
men and 2,921 women), 50 years or older were
examined in 1997 (He et al. 1998). The overall
prevalence of AMD in the group is 8.4%, with
prevalence increasing with age; 2.9%, 7.8%, and
12.9% in the age groups 50–59, 60–69, and 70
years or older (respectively). Prevalence is sim-
ilar in men and women (8.5% and 8.4%, respec-
tively). Of the eyes diagnosed with AMD, 5% are
legally blind (visual acuity equal or less than
20/400) and 49% had low vision.

In Guangzhou city, two studies were con-
ducted in 1987 (Guan et al. 1989; Wu et al. 1987).
In the first, 1,091 people, including 666 men and
425 women, were investigated. Participants
were divided into four age groups: 40–49,
50–59, 60–69, and 70–93 years of age. Overall
prevalence in Guangzhou is 4.95% and there is
a steady increase in prevalence with age (0.87%,
5.05%, 7.77%, and 15.33% in the four groups, re-
spectively). Again, the prevalence of AMD in
men and women is similar (4.95% and 4.94%,
respectively; Guan et al. 1987).

In the second study, 312 Guangzhou citizens,
including 224 men and 88 women, were exam-
ined (Wu et al. 1987). Prevalence in this study is
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Table 6.1. The clinical diagnostic criteria of AMD

Nonexudative (dry) type Exudative (wet) type

Age Over age 45 years Over age 45 years

Eye Two eyes affected Two eyes affected, one after another 

Visual acuity Decreases slowly Decreases fast

Fundus findings Earlier period: pigment dispersed and Earlier period: pigment dispersed and 
proliferation throughout the macular; proliferation throughout the macular;
light reflex of the fovea is unclear or light reflex of the fovea is unclear or 
disappeared; discrete drusen are the disappeared; drusen are often fused
most typical features
Late stage: gold foil appearance in Metaphase: serous and/or hemorrhagic detach-
macula, geographic pigment epithelial ment of macula, subretinal hemorrhage, intra-
atrophy, macular cystoid degeneration retinal hemorrhage and vitreous hemorrhage 
or lamellar hole are present can been seen in serious patients

Late stage: scar formation

FFA Transmitted fluorescence or low Subretinal neovascularization in macular area,
fluorescence in macular area, no fluorescence leakage, hemorrhage obstructs 
fluorescence leakage fluorescence 



6.41%, with a slightly higher proportion of
women affected (6.82% women compared with
6.25% men). Prevalence in the age groups
50–59, 60–69, and over 70 years were 5.79%,
5.28%, and 15.00%, respectively.

6.2.1.2
Hunan Province

Hunan province is located in the middle south
area of China with a population of approxi-
mately 63.1 million. The investigation, carried
out in the province from December 1986 to
March 1987, covered five basic sampling units,
including city, lake, hilly land, low mountain,
and mountain areas (Huang et al. 1992). After
randomized clustering 11,182 citizens were
identified; of these 9,902 were examined, of
whom 1,589 subjects were 50 years or older. In
the sample group, the overall prevalence of
AMD is 1.46%. However, in the age groups
50–59, 60–69, and over 70 years, prevalence of
AMD is 4.30%, 11.20%, and 17.63%, respectively.

6.2.1.3
Zhejiang Province

This province is located in the eastern coastal
region of China and has a population of ap-
proximately 42.7 million. The investigation was
carried out in three areas in 1989, and 730 peo-
ple, whose ages ranged from 50 to 92 years, were
examined (Xuan et al. 1994). The sample in-
cludes 342 men and 388 women. The overall
prevalence of AMD is 7.4%, with 8.18% men and
6.70% women affected. Prevalence in the age
groups 50–59, 60–69, 70–79, and 80 years and
over is 3.39%, 6.25%, 13.51%, and 13.64%, respec-
tively.

6.2.1.4
Gansu Province

Gansu Province is located in the northwest of
China with a population of 23.8 million. A total
of 7,563 residents, including 598 Tibetan, 886
Moslem, and 6,079 Han, were investigated in
2001 (Tian et al. 1980). Of these 4,128 are men
and 3,435 women, and ages range between 45
and 89 years. The overall prevalence of AMD is

7.66%; prevalence in men is 8.09% and in wom-
en, 7.13%. Prevalence in the age groups 45–55,
56–65, 66–75, and over 75 is 5.48%, 6.09%,
10.85%, and 18.89%, respectively.

6.2.1.5
Tibet

The capital city of Tibet, Lhasa, is located more
than 3,700 m above sea level. A sample popula-
tion of 186 Tibetans from Lhasa, aged between
50 and 90 years old, were investigated in 1987
(Wu 1987; Wu et al. 1987). Overall prevalence of
AMD in Lhasa Tibetans is 15.59% and increases
from 9.88% in the sixth decade to 13.70%, and
34.38% in the seventh and eighth decades, re-
spectively.

6.2.1.6
Beijing

Shunyi County is located in north area of China
(30 km north of Beijing) with a population of
about 560,000. After randomized clustering
sampling of the whole population, 10,854 citi-
zens were selected and 10,414 people were ex-
amined (Hu et al. 1988). Only 40 subjects, com-
prising 20 men and 20 women, have been diag-
nosed with AMD, an overall prevalence in the
population of 0.38%.

6.2.2
Clinical Review Studies

Clinical review studies have been conducted in
Chongqing city and Anhui province.

6.2.2.1
Chongqing

Chongqing city is located in the southwest of
China and has a population about 30 million
people. The review study was carried out on pa-
tients who were examined using fluorescence
angiography (FFA) in Southwest Eye Hospital
between January 1998 and the end of May 2003
(Meng et al. 2003). During this period 183,274
patients were registered as outpatients of
Southwest Eye Hospital of whom 5,410 had FFA
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examination. Of those, 240 AMD cases have
been diagnosed in 3,361 patients who had FFA
and are 40 years or older. The detected rate of
AMD among the outpatient is 0.13%. The prev-
alence of AMD among FFA-examined patients
is 4.4% and is 7.14% in the patients of 40 years
or more. In the age groups 40–49, 50–59, 60–69,
and 70 or more, the prevalence of AMD is
1.82%, 5.61%, 10.22%, and 18.65%, respectively.

6.2.2.2
Anhui Province

Anhui province is located in the east of China
with a population of about 59.86 million. The
clinical review study was carried out in the De-
partment of Ophthalmology, Fengtai Hospital
(Fang et al. 2000). Between January 1997 and
December 1998, 2,798 patients were registered
in the outpatient clinic. Of these, 158 have been
diagnosed with AMD, according to the diagno-
sis criteria referred to (National Academic
Group of Fundus Disease of China 1987). The
prevalence of AMD in the registered patients is
1.13% and in the age groups 40–49, 50–59,
60–69, and 70 or more is 0.90%, 3.66%, 6.04%,
and 16.23%, respectively.

The prevalence of AMD in the different age
groups in the regions of China discussed is list-
ed in Table 6.2. The data indicate that AMD
morbidity is the highest (15.59%) in the capital
city of Tibet, Lhasa. The average prevalence
over the eight regions is 7.60%.

6.2.3
The Relationship of Morbidity 
to Age and Gender

The data in Table 6.2 also indicate that the prev-
alence of AMD in China is strongly associated
with age. The prevalence reaches from 13.09%
(Guangdong province) to 34.38% (Lhasa city)
in the 70 years or older group. There is no sig-
nificantly statistical difference of prevalence
between men and women. Overall, the findings
are similar to those of the US Beaver Dam Eye
Study and the Australian Blue Mountains Eye
Study (reviewed in Chap. 5). The risk factors in
relation to higher prevalence in different re-
gions of China are discussed below.

6.3
Prevalence of ‘Wet’ and ‘Dry’ AMD

Epidemiological findings of the relative inci-
dence of the ‘wet’ and ‘dry’ forms of AMD are
summarized in Table 6.3 (Wu 1987; Wu et al.
1987; Zhao et al. 1987; Hu et al. 1988; Guan et al.
1989; Huang et al. 1992; Wu et al. 1992; Xuan et
al. 1994; Fang et al. 2000; Tian et al. 2002; Meng
et al. 2003). The data indicate that a higher pro-
portion of patients suffer from atrophic (dry)
AMD than those who suffer from the exudative
(wet) AMD in China. The overall ratio of the
two types in China is 5.33 : 1. In Gansu province
the ratio of dry to wet is the highest (114.8 : 1),
and it is lowest in Chongqing city (1.38 : 1). It is
likely that the low ratio of dry to wet AMD
found in clinical review data-groups (including
Chongqing) is due to patients being selected for
FFA examination, since patients with wet AMD
are more likely to require FFA.

6.4
Visual Acuity in AMD

The AMD visual acuity data are summarized in
Table 6.4. (Wu 1987; Wu et al. 1987; Zhao et al.
1987; Hu et al. 1988; Guan et al. 1989; Wu et al.
1992; He et al. 1998; Fang et al. 2000; Meng et al.
2003). The table shows that 60.76% of AMD pa-
tients have decreased visual acuity (between
20/60 and 20/30). 32.96% of patients are in the
low-vision range and 6.28% patients, legally
blind. It appears that, because of the rather high
prevalence of atrophic AMD in China, the pro-
portion of blindness associated with AMD is
lower in China than in Australia (Blue Moun-
tains Eye Study) and the USA (Beaver Dam
Study).

6.5
Risk Factors of AMD in China

There are a variety of risk factors associated
with AMD. The only factors consistently found
to be associated with AMD are age and a family
history (see Chap. 5). Epidemiological data of
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Table 6.2. Prevalence of AMD in China

Region Age No. of subjects No. of cases Detected rate

Guangdong province 40–49 years 462 4 0.87%
50–59 years 2,017 72 3.57%
60–69 years 2,035 157 7.71%

>70 years 2,231 292 13.09%
Total 6,745 525 7.78%

Hunan province 50–59 years 768 33 4.30%
60–69 years 509 57 11.20%

>70 years 312 55 17.63%
Total 1,589 145 9.13%

Zhejiang province 50–59 years 177 6 3.39%
60–69 years 368 23 6.25%

>70 years 185 25 13.51%
Total 730 54 7.40%

Gansu province 45–55 years 3,614 198 5.48%
56–65 years 2,151 131 6.09%
66–75 years 1,115 121 10.85%

>75 years 683 129 18.89%
Total 7,563 579 7.66%

Capital city of Tibet (Lhasa) 50–59 years 81 8 9.88%
60–69 years 73 10 13.70%

>70 years 32 11 34.38%
Total 186 29 15.59%

Shunyi county of Beijing Natural population 10,414 40 0.38%

Chongqing citya 40–49 years 1,042 19 1.82%
50–59 years 1,052 59 5.61%
60–69 years 881 90 10.22%

>70 years 386 72 18.65%
Total 3,361 240 7.14%

Anhui provincea 45–49 years 666 6 0.90%
50–59 years 819 30 3.66%
60–69 years 894 54 6.04%

>70 years 419 68 16.23%
Total 2,798 158 5.65%

a Clinical review studies

Table 6.3. The incidence/prevalence of two types of AMD in China

Region Dry AMD Wet AMD Total Rate of dry/wet

Guangdong province 72 2 74 36 : 1
Capital city of Tibet 28 1 29 28 : 1
Hunan province 399 54 453 7.39 : 1
Gansu province 574 5 579 114.8 : 1
Chongqing citya 207 150 357 1.38 : 1
Anhui provincea 143 55 198 2.6 : 1
Total 1,423 267 1,690 5.33 : 1

a Clinical review studies



family history of AMD in China were not avail-
able in the cases reviewed here. Other risk fac-
tors which may impact the prevalence of AMD
in China, including race/ethnicity, occupation,
light exposure, smoking, alcohol intake, and
systemic diseases are reviewed below.

6.5.1
Race/Ethnicity

China is a multiracial/ethnic country. Little
published population-based data are available
regarding the prevalence of AMD in different
racial and ethnic groups. Table 6.5 summarizes
data showing the prevalence of AMD in three
racial/ethnic groups (Wu et al. 1987; Tian et al.
2002). The data show a prevalence of 13.39%,
8.01% and 7.07% in Tibetan, Moslem, and Han
ethnic groups, respectively. The prevalence of
AMD in Tibetans is significantly higher than in
Moslem and Han ethnic groups. Although all
three groups are Oriental/Asian, their environ-
ments, dietary intake, and living habits are each
quite different. Tibet has been considered to be
a hypoxic environment, with high levels of
ultraviolet radiation that may contribute the
high prevalence of AMD amongst Tibetans (Wu
1987; Wu et al. 1987).

6.5.2
Light Exposures/Occupation

Guan et al. (1989) and Xuan et al. (1994) have di-
vided occupations of their AMD patients into
two ‘light exposure’ groups: direct and nondi-
rect light exposure. Direct light exposure occu-
pations are defined to include agricultural
workers, fishermen, welders, and other groups
who work outdoors. Nondirect light exposure
occupations include clerks, persons with
household duties, and others working indoors.
Table 6.6 lists the prevalence of AMD in two dif-
ferent sample populations with direct and non-
direct occupations in China. In both sample
populations, the incidence of AMD is higher in
direct light exposure occupations than in non-
direct light exposure occupations. The data im-
ply that the chronic light damage is one of the
important risk factors of AMD.

Wu et al. (1992) have investigated the preva-
lence of AMD in different occupations, includ-
ing miners, agricultural workers, and clerks in
Chenzhou District of Hunan province. The
results (Table 6.7) show light intensities that
workers in different occupations are exposed to
along with the prevalence of AMD. Except in
the cases of miners, the prevalence of AMD cor-
relates positively with intensity of light expo-
sure (regression analysis, P<0.05). The high
prevalence of AMD in miners may be related to
other risk factors which need further investiga-
tion.

Other reports, however, have revealed differ-
ent results. Table 6.8 shows light impact on
prevalence of AMD in Hunan and Anhui prov-
inces (Huang et al. 1992; Fang et al. 2000). The
data show the highest prevalence of AMD asso-
ciated with household duties, while agricultural
populations have the lowest prevalence (signif-
icant, P<0.05). The specific reasons for the re-
sults are unknown.

6.5.3
Smoking

It has been suggested that, in addition to age,
cigarette smoking is a risk factor associated
with AMD and is most pronounced for the dry
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Table 6.4. The visual acuity of AMD patients in China

Visual <20/400 20/400– >20/60– Total
acuity 20/60 20/60

Eyes 156 819 1,510 2,485
Rate 6.28% 32.96% 60.76% 100

Table 6.5. The prevalence of AMD in different ra-
cial/ethnic groups in China

Racial/Ethnic Subjects AMD Detected 
Group (n) cases (n) rate

Tibetans 784 105 13.39%
Moslems 886 71 8.01%
Hans (Chinese) 6,391 452 7.07%



form of AMD (Guan et al. 1989; Klein et al. 1993;
Smith et al. 1996; Mitchell et al. 1999; see also
Chap. 5). Smoking is known to depress serum
antioxidant levels and to reduce choroidal
blood flow. Studies indicate that around 70% of
men and 20–30% of women in China smoke,
and a recent investigation has reported that
there is an increase in female smokers, especial-
ly in the younger age groups. The relationship
between smoking and AMD in China have been
analyzed by Wu (1987) and Guan et al. (1989)
and the results are shown in Table 6.9. In Guan’s
study, the prevalence of AMD in smokers is
higher than in nonsmokers (Guan et al. 1989).
However, the results from Wu et al. (1987) do
not show a difference.

6.5.4
Drinking

Some studies have examined the association of
alcohol consumption with the prevalence of
AMD. It has been reported that heavy drinkers
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Table 6.6. The impact of light exposure to AMD

Guangzhou Zhejiang

AMD Non-AMD Total Detected AMD Non-AMD Total Detected 
rate rate

Direct light exposure 17 163 180 9.44% 22 177 199 11.06%
occupations

Nondirect light exposure 37 874 911 4.06% 32 499 531 6.03%
occupations

P P<0.005 P<0.05

Table 6.7. The prevalence of AMD with intensity of light
(Wu et al. 1992)

Group Intensity Incidence 
of light of AMD

Miners 0–520 lx 7.89%
Agricultural workers 100,000 lx 7.33%
Workers 80–2,600 lx 4.94%
Clerks 80–1,800 lx 2.78%

Table 6.8. Prevalence of AMD with light exposure in Hu-
nan and Anhui provinces

Occupation Subjects Cases Detected 
(n) (n) rate

Workers 2,525 62 2.46%

Agricultural 10,714 105 0.98%
workers 

Clerks 2,721 80 2.94%

Household-duties 997 53 5.32%
workers

Others 3,070 8 0.26%

Table 6.9. The relationship between smoking and AMD

Guan et al. 1989 Wu et al. 1987

AMD Non- AMD Non-
AMD AMD

Smoking Yes 28 362 8 44

No 26 657 20 104

P P<0.05 P>0.05

Table 6.10. The relationship between drinking and AMD

Guan et al. 1989 Wu et al. 1987

AMD Non- AMD Non-
AMD AMD

Drinking Yes 9 113 15 84

No 45 924 12 62

P P>0.05 P>0.05



at baseline are more likely to develop late AMD
than those who have never been heavy drinkers
(Klein et al. 2002; see also Chap. 5), and there
may be an association of alcohol consumption
with early AMD (Smith and Mitchell 1996). It
has also been suggested (Obisesan et al. 1998)
that moderate wine consumption may be pro-
tective for AMD due to the high concentration
of antioxidant phenolic compounds found in
red wine. However, data from population-based
studies in China, (Table 6.10) suggest that
drinking is not a risk factor for AMD in that
population (Wu et al. 1987; Guan et al. 1989).

6.5.5
Systemic Diseases

Guan et al. (1989) have analyzed the relation-
ship between hypertension, heart disease, res-
piratory systemic disease, and AMD in China,
while Xuan et al. (1994) has reported the rela-
tionship between hypertension, chronic bron-
chitis, and AMD. The data indicate (Table 6.11)
that hypertension is significantly correlated
with AMD and that chronic bronchitis might
also be a risk factor for AMD (Guan et al. 1989;
Xuan et al. 1994). These results are similar to the
results observed in other studies (Hyman et al.
2000; Klein et al. 2003; see also Chap. 5).

6.6
Conclusions

Epidemiological studies carried out over the
past 20 years in China show that the prevalence
of AMD is similar in most areas of China, ex-
cept in Lhasa, where prevalence is much higher.
As expected, the prevalence of AMD is found to
increase with age; there are no significant dif-
ferences with gender. Also in China the preva-
lence of ‘dry’ AMD is higher than ‘wet’ AMD.
Chronic light damage, smoking, hypertension,
and chronic bronchitis might also be risk fac-
tors for AMD in China.
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Second,AMD by definition develops in older
persons. Certain pathologic alterations of AMD
are associated with senescence independent of
life-span– and therefore occur in laboratory
animals at a corresponding stage of life– while
other alterations may require cumulative path-
ogenic activity over a number of years too large
to be practical for most species and investiga-
tions.

Creation of in vivo models of AMD is further
complicated by the protean presentations of the
disease. Animal models of AMD typically ex-
hibit one, or at most a few, of the many signs of
human disease. Furthermore, it is uncertain
which findings of AMD are desirable to incor-
porate into an experimental model, because it is
unclear which are essential to progression of
the disease and to vision loss and which are
harmless, secondary, or epiphenomenal (Csaky
2003). Finally, detection of vision loss in ani-
mals is challenging.

Despite these difficulties, experimental sys-
tems that capture selected features of AMD
have contributed greatly to our understanding
of the disease pathogenesis and to assessment
of potential therapeutic interventions. Con-
versely, insights into the etiology of AMD have
directed the search for experimental models in
promising directions.

7.2
Aging

Experimental animals exhibit several aging
changes reminiscent of those found in AMD
eyes. In particular, older rhesus monkeys devel-

Chapter 7

Experimental Models 
of Macular Degeneration 7
Ray F. Gariano

7.1
Introduction

The ideal experimental model of age-related
macular degeneration (AMD) would exhibit in
its early phases features of atrophic degenera-
tion such as drusen and pigment epithelial
changes, in the central retina. Over time, a mi-
nority of animals would develop choroidal neo-
vascularization (CNV) with exudation and de-
creasing vision, culminating in subretinal fi-
brosis. The animal of choice might be the
mouse, because of the ease of genetic manipu-
lation, and the disease would respond to thera-
pies that show partial effectiveness in humans.

Numerous difficulties hinder development
of such an experimental model. First, as out-
lined in Chap. 1, the macula is unique to the pri-
mate retina (see also Hendrickson and Yuodelis
1984). Thus the possible contributions of cellu-
lar and functional specializations of the macula
to the pathogenesis of AMD cannot be assessed
in less expensive and more easily manipulated
and genomically well-defined non-primates.



op RPE alterations such as pigment mottling
and hypopigmentation, and increasing num-
bers of drusen and drusen-like deposits; these
are especially prominent in females (Ulshafer et
al. 1987; Engel et al. 1988; Monaco and Worm-
ington 1990). However, sub-RPE deposits in se-
nescent monkeys are biochemically distinct
from those in humans (Hirata and Feeney-
Burns 1992), and CNV does not occur.

Certain strains of mice with accelerated se-
nescence have been examined for evidence of
retinal degeneration. In SAM P8 mice, for ex-
ample, progressive age-related pathology in-
cludes loss of RPE cells, depositions in the sub-
RPE space that resemble basal laminar depos-
its, mild choriocapillaris atrophy, and marked
thickening of Bruch’s membrane (Majji et al.
2000). Interestingly, intra-Bruch’s membrane
vascular invasion was detected in SAM P8 mice
at age 11 months, though this finding could not
be confirmed by inspection of choroidal vascu-
lar casts. It will be of interest to determine if
these mutant strains are particularly suscepti-
ble to experimental manipulations that stimu-
late CNV in wild type mice, and whether their
ocular findings can be therapeutically delayed.

7.3
Laser-Induced CNV

Most efforts to replicate features of AMD in an-
imals have focused on subretinal angiogenesis,
since the exudative form of the disease is re-
sponsible for most severe vision loss in pa-
tients. Early investigators described a variety of
methods to induce CNV in experimental ani-
mals, including penetrating trauma (Hsu et al.
1989), enzymatic degradation of Bruch’s mem-
brane (Ryan et al. 1980), systemic naphthalene
administration, (Orzalesi et al. 1994), Histoplas-
ma capsulatum inoculation (Jester and Smith
1985), subretinal vitreous injection (Zhu et al.
1989), and induction of local inflammation
(Sakamoto et al. 1994). Although such tech-
niques could be effective, they induced CNV at
relatively low rates and often with associated
ocular pathology unrelated to AMD.

The first reliable animal model of CNV was
based on the clinical observation that subreti-

nal neovessels may rarely occur in patients re-
ceiving retinal laser therapy for various indica-
tions (Lewen 1988). Ryan and colleagues de-
scribed CNV in monkey eyes at the site of pre-
viously placed laser burns; the occurrence of
CNV was more likely if the laser application
was in the macular region, and if Bruch’s mem-
brane was focally disrupted (Ryan 1982). Simi-
lar to CNV in humans, laser-induced CNV
showed leakage on fluorescein angiography,
and evolved to a fibrotic stage. A role for leuko-
cytes in CNV was suggested by their accumula-
tion adjacent to neovascular growths.Also, par-
ticipation of the RPE in permeability was
shown by the reduction in angiographic leak-
age as mature lesions became enveloped by
RPE cells.

The application of laser-induced CNV to
rabbits (elDirini et al. 1991), rats (Frank et al.
1989) and mice (Tobe et al. 1998) greatly in-
creased its utility and practicality, such that to-
day it is the most common technique employed
to assay therapeutic approaches to CNV
(Fig. 7.1). Advantages of the laser-CNV tech-
nique include relative ease to create the laser
burns via slit-lamp delivery, and to detect CNV
with fluorescence angiography, and partial
quantifiability in terms of the fraction of burns
that give rise to CNV, the size of the neovascular
lesion, and the degree of angiographic leakage.
A limitation of this model is that it appears to
have a more prominent inflammatory compo-
nent than is seen in AMD; indeed laser-induced
experimental CNV is eliminated with steroidal
or non-steroidal anti-inflammatory medica-
tion, (Ishibashi et al. 1985; Sakamoto et al. 1995),
while these agents induce a much more modest
effect on CNV in AMD (Danis et al. 2000; Ciul-
la et al. 2003; Gillies et al. 2003).

7.4
Growth Factor-Induced CNV

The central macula, and the outer retina in gen-
eral, are normally avascular. Even during in ute-
ro development, when the foveal and perifoveal
depression are yet to form by translocation of
the inner retinal layers, the presumptive central
macula is devoid of retinal blood vessels (En-
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german 1976; Gariano et al. 1994). As develop-
ing retinal vessels extend from the optic nerve
towards the periphery, they abruptly stop as
they approach the central macula, and course
around this “no-go” zone (Provis et al. 2000).
Similarly, the outer retina remains avascular
both in macular and extramacular regions. The
growth of subretinal vessels in AMD may thus

be viewed as a breach of the avascular privilege
of the central macula and outer retina.

This perspective focuses future research on
factors that normally preclude vascular inva-
sion in retinal compartments. Such factors may
include higher relative tissue oxygen levels in
the outer retina (Braun et al. 1995), absence of
astrocytes from central and outer retina (Gari-
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Fig. 7.1. Laser-induced choroidal neovascularization in
the mouse eye. Early (top left) and late (top right) phase
fluorescein angiograms taken 4 weeks after diode laser
photocoagulation; the progressive increase in fluores-
cence between frames indicates leakage. FITC-dextran
perfusion (lower left) visualizes the intravascular com-

partment of laser-induced lesions (circled) surrounding
the optic nerve head (D). Histopathology section of a
choroidal neovascular lesion (lower right) obtained 4
weeks after laser shows a fibrovascular infiltration into
the subretinal space (arrowheads). (Courtesy of Dr. Die-
go Espinosa-Heidmann and Dr. Scott Cousins)



ano et al. 1996; Provis et al. 2000), and differen-
tial distribution of pro- and anti-angiogenic
growth factors and extracellular matrix compo-
nents between vascular and avascular retinal
compartments.

Pigment derived epithelial factor (PEDF) is a
candidate angiogenesis inhibitor to prevent
vascularization of the central macula and outer
retina (Bouck 2002). PEDF is synthesized by
retinal ganglion cells and by RPE cells (Kara-
kousis et al. 2001; Ogata et al. 2002), is present in
the interphotoreceptor and subretinal spaces,
and binds receptors in the outer retina and the
ganglion cell layer (Aymerich et al. 2001). PEDF
levels are lower in patients with exudative AMD
than in age-matched controls, raising the pos-
sibility that loss of PEDF is a permissive factor
in the development of CNV (Holekamp et al.
2002).

PEDF immunolocalization correlates in-
versely with CNV formation in a rat laser-in-
duced CNV model (Renno et al. 2002), and ade-
no-associated viral vector-induced subretinal
PEDF expression inhibits laser-induced CNV in
mice (Mori et al. 2002, 2003). Subretinal trans-
plantation of PEDF-expressing iris pigment
epithelium also inhibits laser-induced CNV le-
sions (Semkova et al. 2002). Mice born without
detectable PEDF are viable and appear healthy
(Bouck 2002), but it is unknown whether they
provide a model of spontaneous CNV, or more
readily develop CNV in response to experimen-
tal manipulations such as laser or growth fac-
tors.

Several pro-angiogenic growth factors are
present within CNV in AMD. While a causative
role is not established for any such molecules,
two of them, vascular endothelial growth factor
(VEGF; Kvanta et al. 1996) and fibroblast
growth factors (FGF; Frank et al. 1996), have
been employed to create reliable experimental
models of subretinal neovascularization.

Pharmacologic administration of basic FGF
or VEGF to the subretinal space within pellets
or microspheres causes growth of new vessels
into the subretinal space (Kimura et al. 1995;
Cui et al. 2000). The new vessels arise most of-
ten from the deep inner retinal vessels, extend
into the photoreceptor layer and subretinal
space, and regress soon after the inciting

growth factor is depleted. This latter feature
limits the usefulness of these models to evalu-
ate potential long-term therapies.

More persistent delivery of specific growth
factors has been attained in photoreceptors and
RPE cells by targeted gene expression. When
VEGF was expressed in photoreceptor cells,
subretinal neovascularization arose from deep
inner retinal vessels (Okamoto et al. 1997).
Transgenic expression of VEGF in the RPE re-
sulted in intrachoroidal neovascularization
that leaked, but did not penetrate, into the sub-
retinal space (Schwesinger et al. 2001). Subreti-
nal injection of an adenoviral-associated vector
encoding VEGF in rats and mice appears to
provide a superior model because in this mod-
el the resulting CNV penetrated Bruch’s mem-
brane to proliferate within the subretinal space,
and persisted for over 20 months (Baffi et al.
2000; Wang et al. 2003). As noted above, trans-
genic methods used in combination with the la-
ser-induced CNV model may facilitate screen-
ing for genes that inhibit, stimulate, or stabilize
CNV. In this way, PEDF has been shown to sup-
press experimental CNV. Similarly, laser-in-
duced CNV is inhibited by angiostatin (Lai et
al. 2001) and endostatin (Mori et al. 2001), and
occurs less frequently and aggressively in
knockout mice deficient in matrix metallopro-
teinases 2 and 9 (Lambert et al. 2003).

Growth factor-stimulated CNV may also be
elicited indirectly by immune mechanisms.
Lipid hydroperoxides, for example, accumulate
in Bruch’s membrane with age (Spaide et al.
1999). When injected into the subretinal space
of rabbits, linoleic hydroperoxide stimulates
CNV, possibly through an immune response
that recruits or liberates angiogenic factors (Ta-
mai et al. 2002).

7.5
Genetically Defined Animal Models

Fundus ophthalmoscopy, fluorescein angiogra-
phy, and electroretinography in mice (Hawes et
al. 1999) allow rapid screening of normal mu-
rine strains and those with spontaneous or in-
duced genetic mutations. Ocular findings in the
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Bst (belly spot tail) murine strain were discov-
ered in this way. Bst mice exhibit spontaneous
thickening and discontinuities in Bruch’s mem-
brane, RPE alterations, and invasion of chorioc-
apillaris vessels into the subretinal space
(Smith et al. 2000). The utility of this strain is
limited, however, by the relatively low pene-
trance of the CNV phenotype and by associated
ocular defects, including coloboma and retinal
detachment.

Mice lacking a functional very low density
lipoprotein receptor (vldlr) exhibit striking ret-
inal vasculature abnormalities that mimic a
subset of patients with exudative ARMD (Heck-
enlively et al. 2003). In the first 2 weeks after
birth in vldlr–/– mice, vessels develop normally
to form three vascular laminae within the inner
retina (Connolly et al. 1988; Dorrell et al. 2003).
Soon thereafter, however, neovessels arising
from inner retinal vessels extend into the nor-
mally avascular outer retina, and then into the
subretinal space. Unlike normal intraretinal
vessels, this outer retinal neovascularization is
hyper-permeable.

These features resemble the abnormal intra-
and sub-retinal neovascularization in patients
with Retinal angiomatous Proliferation (RAP).
RAP, which responds particularly poorly to
both conventional thermal laser ablation and
photodynamic therapy, may be present in up to
20% of patients with exudative ARMD (Yan-
nuzzi et al. 2001).

How the defect in vldlr leads to retinal vas-
cular abnormalities is under investigation.
Vldlr contributes guidance cues to developing
neurons as they migrate to their appropriate
cortical laminae (Trommsdorff et al. 1999); pos-
sibly, similar guidance cues may pertain to reti-
nal vascular patterning. Vldlr also regulates ac-
tivity of the urokinase system, whose extracel-
lular matrix degrading capacity is critical to an-
giogenesis. Regardless of the mechanism of an-
giogenesis in vldlr mutant mice, this mutation
may help to understand the bases of RAP, and
to test anti-angiogenic and anti-permeability
agents in vivo.

Cellular and humoral immune and inflam-
matory mechanisms have been implicated in
the development and progression of ARMD
since early descriptions of macrophages in

CNV membranes (Lopez et al. 1996). Anti-in-
flammatory therapy shows promise for patients
with ARMD (Danis et al. 2000). However, it has
been unclear whether immune processes actu-
ally cause aspects of ARMD or are secondary
responses to degeneration.

Recent studies with animal models of ARMD
suggest that the immune system is a critical
participant in development of CNV. First, anti-
inflammatory therapies markedly reduce ex-
perimental CNV (Ciulla et al. 2001; Bora et al.
2003). Second, chemical depletion of circulat-
ing macrophages inhibits formation of laser-in-
duced CNV in mice (Espinosa-Heidemann et
al. 2003; Sakurai et al. 2003a). Interference with
leukocyte function by targeted disruption of
genes encoding leukocyte adhesion molecules
CD18 or ICAM-1 also inhibits growth of experi-
mental CNV (Sakurai et al. 2003b).

Ambati and colleagues presented immune-
defective murine strains that exhibit several
features of atrophic macular degeneration as
well as CNV (Ambati et al. 2003). Mice lacking
monocyte chemoattractant protein (MCP-1) or
its receptor CCR2 exhibit impaired macrophage
function, and develop subretinal lipofuscin and
drusenoid deposits, focal and diffuse RPE atro-
phy, and choroidal neovascularization. Deposi-
tions contain complement component C5 and
advanced glycation end products, both of
which induce RPE production of VEGF. The au-
thors propose that MCP-1 and CCR2 deficiency
prevents the normal clearance of deposited
proteins, whose accumulation may stimulate
VEGF -dependent CNV.

Gene mutations have been identified in sev-
eral inherited macular degenerations. For ex-
ample, the photoreceptor disc rim protein AB-
CA4 is defective in Stargardt’s disease, bestro-
phin in Best’s disease, peripherin/RDS in adult
vitelliform dystrophy, and tissue inhibitor of
metalloproteinase-3 (TIMP3) in Sorsby’s fun-
dus dystrophy (see Michaelides et al. 2003).
With the possible exception of ABCA4, muta-
tions from monogenic macular dystrophies do
not appear involved in ARMD.

In Sorsby’s fundus dystrophy (SFD), a rare
autosomal dominantly inherited disease that
phenotypically resembles both atrophic and
exudative ARMD, mutations in TIMP3 (Weber
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et al. 1994; Jacobson et al. 2002) may cause aber-
rant extracellular matrix remodeling and lead
to thickening of Bruch’s membrane. Also,
TIMP3 inhibits angiogenesis (Qi et al. 2003),
and its absence may enable growth of CNV in
patients with SFD.

Defects in TIMP3 have not been detected in
patients with ARMD (De La Paz et al. 1997).
However, insights gained from a mouse knock-
in model of SFD allow some role for TIMP3 in
ARMD. In mice with a mutation in the ortholo-
gous murine TIMP3 gene similar to mutations
reported in humans, the mutant TIMP3 protein
appears to maintain protease inhibiting activ-
ities (Weber et al. 2002). Site-specific excess–
rather than deficiency– of functional TIMP3 in
Bruch’s membrane and the outer retina may re-
sult. TIMP3 levels are elevated in retinitis pig-
mentosa without evident coding mutations.
Thus, TIMP3 may yet participate in ARMD even
in the absence of mutations in the TIMP3 gene
(see Tymms 1999).

Putative genetic susceptibility loci for
ARMD have been localized to several chromo-
somes, but specific gene products that confer
risk are yet to be characterized (Michaelides et
al. 2003). Identification of these genes is likely
to spur generation of animal models with ho-
mologous mutations.

7.6
Conclusions

Several experimental systems replicate patho-
logical aspects of AMD, including (1) natural or
accelerated senescence; (2) structural injury
(e.g., laser-induced CNV); (3) pharmacologic
administration of angiogenic molecules; (4)
tissue and cell-specific altered expression of
growth factors; (5) outer retinal invasion by
misguided inner retinal vessels (e.g., vldlr mu-
tation); and (5) mutant strains with defined
molecular defects (e.g., in immune function).
Not discussed in this chapter are several in vi-
tro systems – such as RPE cell cultures – that al-
low investigators to focus on and control limit-
ed aspects of AMD, for example, RPE-retinal
interactions, and oxidative stress.

These diverse experimental approaches par-
allel the clinical impression that (1) atrophic
findings of AMD occur in several settings, in-
cluding normal aging, inherited retinal dystro-
phies, drug toxicities and inflammatory disor-
ders; and (2) neovascular findings similar to
those of exudative AMD occur in association
with diverse pathological insults, such as struc-
tural damage to Bruch’s membrane (e.g., laser
burns), inherited dystrophies, inflammatory
diseases (e.g., ocular histoplasmosis), tumors,
and trauma. Given the polygenic and multifac-
torial nature of AMD pathogenesis, it seems
likely that insights gained from several animal
models will be required to understand and
treat the spectrum of findings in patients with
AMD.
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tion of the notion that free radicals and oxidant
species are potential causal agents in disease
states as divergent as Parkinson’s disease
(Simpkins and Jankovic 2003), motor neuron
disease (Rothstein et al. 1994), Alzheimer’s dis-
ease (Aliev et al. 2003), cardiovascular disease
(Burke and Fitzgerald 2003), cataracts (Bush
and Goldstein 2001), and cancer (Kelly 1998).
Studies on the eyes of cynomolgus monkeys,
which exhibit an age-related macular degenera-
tion (AMD)-like condition, including the for-
mation of drusen, reveal the presence of greatly
reduced levels of the antioxidant enzymes cata-
lase and glutathione peroxidase, and greatly re-
duced levels of retinal (but not plasma) zinc
(Nicolas et al. 1996). The reduced zinc levels in
retina might be interpreted as indicating that
low zinc causes AMD. However, the most parsi-
monious interpretation is that if zinc levels are
not depressed in plasma then depressed retinal
levels are due to a reduction in the level of zinc-
binding proteins (or more likely GSH), such
that this lack in turn causes a lowering of reti-
nal zinc. Thus one observation can lead to two
diametrically opposed interpretations if all the
data are not taken in context completely. De-
spite the potential for misinterpretation or
multiple interpretations, the data of Nicholas et
al. (1996) have been widely assumed to demon-
strate the presence of oxidative stress in these
affected retinas. Obviously these types of bio-
chemical measurements are difficult to per-
form on human retinas, due to inevitable post-
mortem delays in obtaining tissues; thus most
human studies have relied on epidemiological
evaluation of measures such as plasma antioxi-
dants (Cohen et al. 1994; Samiec et al. 1998) and
the clinical consequences of attempts to manip-
ulate these parameters.

8.2
Does Epidemiology Support a Role 
for Oxidation in AMD?

As the epidemiology of AMD is reviewed else-
where in this book, only a brief examination is
undertaken here, to clarify the recent findings
that have analysed the relationship between
antioxidant availability and AMD. Two distinct

themes emerge: the potential for deficits in lev-
els of antioxidants, especially those derived
from the diet, and the oxidising potential of ex-
trinsic factors such as light and smoking.

Many small antioxidant molecules are de-
rived from the diet; accordingly one premise
might be that deficiencies are present in mod-
ern diets. The recommendation of a healthy
diet to prevent or cure visual dysfunction may
seem like a modern concept. However, the
Ebers papyrus, written around 1550 BC (Ebers
and Stern 1875) recommended the consump-
tion of ox liver (a rich source of antioxidants
such as taurine and glutathione) as a cure for
night blindness. Conversely, the notion that
Western diets may be deficient in critical anti-
oxidants, and thus contribute to diseases such
as AMD, has become a mainstream mantra. A
series of dietary supplementation trials have
examined molecules such as zinc (Newsome et
al. 1988; Cho et al. 2001) and vitamin E (Del-
court et al. 1999a, 1999b). The results of many of
these trials have been somewhat ambiguous.
Evans (2002) has suggested that most of the
studies to date have not indicated a significant
protective effect of antioxidants upon the inci-
dence of new cases of AMD, but there may well
be retardative effects on the further progres-
sion of established cases of AMD. The most par-
simonious interpretation of these findings is
that, for the majority of the Western popula-
tions that have been evaluated, dietary sub-
strates are not normally limiting factors in the
initiation of AMD, but that progression of the
disease is associated with the production of
higher levels of oxidative species, which can
then exacerbate the disease state. Accordingly
this would point not to a global deficiency in
antioxidant availability as a causal factor of
AMD, but rather to deficits in the way that the
antioxidant network is functioning, possibly
because of abnormalities in nondietary-de-
rived antioxidants (e.g. the glial cell-derived
antioxidant glutathione). This may account for
some of the paradoxical findings such as the
POLA. study (see Delcourt et al. 1999a), which
shows that higher levels of plasma glutathione
peroxidase are evident in late-stage (but not
early) AMD. Similarly Nowak et al. (2003) have
noted that increased lipid peroxidation in the
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blood of AMD patients is also associated with
an increase in antioxidants such as GSH. We
suggest that differences between early and late
stages of AMD are indicative of a dynamic
adaptive response in the production of antioxi-
dants in response to an oxidative insult.

8.3
Exogenous Factors Influencing 
AMD Incidence

The strongest risk factor identified to date is
smoking, which is linked to the development of
both cataracts and AMD (Hyman and Nebor-
sky 2002). Tobacco smoke contains several
thousand potential oxidants, or molecules that
can be bioactivated to form oxidizing species.
Tobacco-related chemicals may arrive at the
retina via the vasculature or, more likely, may
enter via the anterior chamber of the eye, due to
the permeable nature of the cornea. According-
ly, behaviours such as smoking may cause oxi-
dative stress. Whether this oxidative stress is
then causal of AMD or is merely a coincident
bystander in biochemical terms, remains to be
proven. Thankfully, the drinking of red wine
seems to be a marginally protective vice (Bas-
tianetto 2002).

8.4
Hallmark Features of Oxidative Damage
and Free Radical Damage

Free radicals and oxidative species can damage
tissues by a variety of means, including reacting
with nucleotides in DNA, polyunsaturated fatty
acids in cellular membranes, and sulphhydryl
residues in proteins.

8.4.1
Oxidized Proteins

Accumulation and aggregation of abnormal
proteins is a common feature of the major neu-
rodegenerative diseases. Sometimes the pro-
teins may have an abnormal sequence, as in the
case of the SOD1 (superoxide dismutase 1) mu-

tants found in some familial cases of motor
neuron disease, but usually the proteins are
normal in terms of primary sequence but have
become modified by processes such as oxida-
tion or nitration. Drusen are large proteina-
ceous bodies present both in normal aged eyes
and in eyes afflicted with AMD. Drusen are var-
iable in composition but typically are charac-
terized by the presence of more than a hundred
proteins within the aggregates. There is in-
creasing evidence for the presence of oxidative
modifications to many of these proteins, sug-
gesting that drusen deposition may be a conse-
quence of oxidative damage (Crabb et al. 2002),
which causes malfolding of the proteins, ren-
dering them insoluble.

8.4.2
Oxidized Lipids

Peroxidation of lipids, in particular polyunsat-
urated lipids (such as are abundant in photore-
ceptors), is a frequent occurrence in stressed
tissues, being particularly common in response
to challenges such as reperfusion of the brain
after a period of hypoxia (Fig. 8.1).

8.4.3
DNA Damage

DNA exists in two cellular locations in cells, in
the nucleus and in mitochondria. Both pools of
DNA may be damaged, especially in response to
intense light. Damage appears to be mediated
by activated oxygen species that induce the for-
mation of random breaks in DNA (Specht et al.
1999).

8.5
Oxidative Challenges in the Eye

Three distinct types of pro-oxidant or free rad-
ical-generating challenge confront the normal
functioning of the eye. The eye may be subject
to chemical factors that are intrinsic in origin,
extrinsic in origin, or subject to physical factors
such as bombardment by high-energy and pos-
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sibly high-intensity light. In this latter respect,
the eye is similar to the human skin and some
comparison is appropriate. The skin has
evolved defences, including the presence of
layers of dead, keratinised cells that can absorb
part of the UV spectrum, and variable deposits
of melanin. Thus, in the skin, only a small pro-
portion of light penetrates to the live cells in the
deeper, well-oxygenated layers. In these deeper
layers, the combination of high-energy photons
and abundant oxygen presents a dangerous
combination that permits the formation of free
radicals and a variety of oxidizing species,
which leads to damage of cellular constituents,
including DNA, leading in turn to apoptosis
(Kulms and Schwarz 2002). The retina does not
have a thick defensive barrier of light-absorb-

ing dead cells, thus light is free to interact with
any light-absorbing molecules in the live cells
of the retina and RPE in a well-oxygenated en-
vironment. The review by Winkler et al. (1999)
provides a seminal overview of the area that
has served as a template for most subsequent
studies. The basic tenets of the oxidative hy-
pothesis are that photoreceptors and the RPE
exist in a highly oxidizing environment due to
an unusual combination of factors. The antiox-
idant defence system of the photoreceptors and
RPE needs to quench reactive oxidative species
such as singlet oxygen, generated when pho-
tons enter the eye and interact with a variety of
molecules.

The partial pressure of oxygen around the
outer segments of the photoreceptors and RPE
is extremely high, based upon measurements
such as choroidal blood and saturation of
blood in retinal vessels outside the macula
(Schweitzer et al. 2001), a saturation that is re-
quired because of the high-energy demands of
the photoreceptors (Stone et al. 1999). The pho-
toreceptor outer segments contain a high pro-
portion of polyunsaturated fatty acids that are
readily oxidized. Simultaneously, the inner seg-
ments of the photoreceptors contain a consid-
erable number of mitochondria, to generate
ATP. The step-wise reduction of oxygen in mi-
tochondria by electron transfer inevitably leads
to production of superoxide; this superoxide is
normally inactivated by the mitochondrial
form of glutathione peroxidase and catalase,
but some leakage will inevitably occur. The
conjoint function of these enzyme systems and
an abundance of small molecular reductants
such as ascorbic acid, vitamin E, lutein, GSH,
hypotaurine and urea normally form an effec-
tive antioxidant defence. However, if this co-or-
dinated antioxidant system is overwhelmed,
lipid peroxidation within the outer segments
may ensue.

8.5.1
Endogenous Antioxidants, Enzymes 
and Related Molecules in the Retina

The broad tendency in the literature is to dis-
cuss individual antioxidants in isolation. How-
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Fig. 8.1. Peroxidation of unsaturated lipids normally in-
volves the initial attack by a free radical species (R),
such as might be generated photochemically in a photo-
receptor. In the presence of oxygen, this leads to a series
of reactions that result in the peroxidation of the lipid
and the concomitant regeneration of a free radical that
can re-attack the lipid if it is polyunsaturated. Thus, a
small number of free radicals can, in the presence of
oxygen, cause a disproportionate amount of damage to
polyunsaturated lipids unless another molecule (such
as vitamin E) acts as a free radical acceptor, to terminate
the chain reaction



ever, antioxidant systems participate in a ho-
meostatic web of interlinked pathways. Studies
regarding the role of antioxidants in AMD have
typically focused on molecules that are nor-
mally present at high levels in the macula. The
premise is that they allow the normal function
of the retina to proceed and that any reduction
in levels of these molecules will then predis-
pose the retina to disease. From a philosophical
perspective, this may be an incorrect premise,
and an alternate view might be that the very
susceptibility of the macula to retinal disease is
dependent on the intrinsic insufficiency of an
antioxidant system in the macular region. In-
deed many molecules may have not only bene-
ficial effects but also detrimental effects, as typ-
ified in the case of zinc, due to its involvement
in a vast assay of cellular processes (over 2,000
proteins use zinc in some way, binding to struc-
tural motifs such as “zinc fingers” – relatively
small protein motifs that fold around one or
more zinc ions – or simply the presence of free
sulphydryl groups).

Thus the presence of an antioxidant or relat-
ed molecule at high levels in the macula is not
necessarily evidence that it is normally benefi-
cial. Accordingly any discourse on the antioxi-
dant status of the eye needs to consider the
functional properties of these antioxidants, and
the relationships of these molecules to other
members of the antioxidant web.

A number of terms are used to describe
interconnected, but sometimes distinct agents
that may cause cellular damage, or protect
against such. Some are listed below:
� Free radicals: Unstable molecules that con-

tain one or more unpaired electrons in their
outer orbits. Free radicals may or may not
have a negative charge associated with them;
e.g. OH. (hydroxyl radical) and O2

– (superox-
ide anion). Free radicals can originate from
endogenous metabolic events. Alternatively,
free radicals and oxidative species may be
derived exogenously as a result of exposure
to chemicals such as tobacco smoke and in-
directly through the metabolism (mainly via
liver enzymes such as P450 systems) of sol-
vents such as trichloromethane, drugs and
pesticides. Radiation from many parts of the
electromagnetic spectrum, including blue

and ultraviolet light may also cause forma-
tion of free radicals.

� Free-radical scavengers: Molecules such as
ascorbate which accept the free-radical
moiety from a donor molecule such as the α-
tocopherol radical, thereby converting, in
this case the α-tocopherol radical back to α-
tocopherol (vitamin E).

� Molecular oxygen: Oxygen in the form O2

(the normal molecular form of oxygen)
� Ozone (O3): Formed by the reaction of mo-

lecular oxygen with atomic oxygen. This is
commonly formed when light causes the
breakdown of species such as NO2, yielding
NO and O. This atomic oxygen reacts rapidly
with molecular oxygen to form O3. While lit-
tle if any ozone is likely to be formed in the
eye, air pollution can create a biologically
significant loading which may impact on oc-
ular function.

� Reactive oxygen species or reactive oxygen
intermediates (ROI/ROS): The group of free
radicals and nonradicals that constitute all
oxidation and excitation states of O2, from
superoxide (O2

–) up to but excluding water,
that may be generated or present in physio-
logical environments, including singlet oxy-
gen (1O2), ozone (O3) hydrogen peroxide
(H2O2), hypohalites, and hydroxyl radical
(OH).

� Peroxides: Agents which either directly add
oxygen to a molecule or result in loss of a hy-
drogen; thus hydrogen peroxide (H2O2) loses
an oxygen and is converted to water, (H2O)
while donating oxygen to an acceptor mole-
cule.

� Singlet oxygen (1O2): molecular oxygen (O2)
with anti-parallel spin, which can damage
molecules as it reverts back to normal mo-
lecular oxygen.

� Superoxide: Any compound containing the
highly reactive superoxide radical, O2

–, which
is produced by reduction of molecular oxy-
gen in many biological oxidations; this high-
ly toxic free radical is continuously removed
by the enzyme superoxide dismutase.

� Antioxidants: Molecules that reduce the oxi-
dized target molecule and are oxidized in the
process; e.g. reduced glutathione, lutein, as-
corbate, vitamin E and urates.
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� Metal co-factors: Many antioxidant enzymes
are metalloenzymes; they require metallic
cofactors either for structural stability or in
order for the enzymes to be fully functional,
in particular selenium (glutathione peroxi-
dases), zinc, manganese or copper (superox-
ide dismutases).

8.5.2
Classes of Antioxidants

To counter the effects of oxidation, the body ac-
cumulates or produces a variety of antioxi-
dants. Antioxidants in the retina fall into three
main categories: (1) small molecules synthe-
sised by the body, such as reduced glutathione
(GSH) and hypotaurine; (2) small molecules
derived from the diet, such as vitamin A, ascor-
bic acid (vitamin C), α-tocopherol (vitamin E),
zinc and selenium, and (3) enzymes which cat-
alyse interconversions such as superoxide dis-
mutase (SOD), glutathione peroxidase (GPX)
and catalase (a peroxidase).

8.5.3
The Glutathione System

Glutathione is the keystone of the mammalian
antioxidant defence system and may well be
subject to abnormal homeostasis in the AMD
retina (Cai et al. 2000). Glutathione is a tri-pep-
tide, containing the amino acids glutamate, cys-
teine and glycine (Meister 1983). It exists as two
forms, reduced glutathione, also known as
GSH, where “SH” indicates the presence of a
free sulphydryl group, and GSSG, which is a
dimer formed by two GSH molecules with con-
comitant loss of two hydrogens (i.e. it is in the
oxidized form). In the central nervous system,
GSH and the synthetic machinery for forming
such is abundant in glial cells; neurons contain
much lower concentrations of GSH (Makar et
al. 1994). In the retina, a similar distribution has
been observed, GSH being abundant in the
Müller cells (Pow and Crook 1995; Huster et al.
2000). Similarly GSH is abundant in the RPE.

8.5.4
GSH in the Retina: Intrinsic Synthesis 
and Possible Interplay with the RPE

GSH is an interesting molecule, because the lev-
els of such in the retina are extremely depen-
dent on the retina being closely associated with
the RPE. Detachment of the retina leads to a
rapid loss of GSH immunoreactivity in the reti-
na. Two very distinct possibilities arise from
this observation: either much of the retinal
GSH is derived from the RPE or alternately the
general energetic and metabolic perturbations
that ensue after the retina is detached from the
RPE prevent appropriate synthesis of GSH by
the retinal Müller cells (Fig. 8.2).

8.5.5
Synthesis of GSH

Synthesis of GSH is a multistage process, which
starts with the acquisition of the substrates for
synthesis by the Müller glial cells. Two key
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Fig. 8.2. The mechanisms for accumulation of substrates
and the synthesis of GSH. Synthesis is an energy-depen-
dent process, energy being needed to drive substrate
transport, while synthesis is dependent upon availabil-
ity of ATP



molecules are glutamate and cysteine. In the
retina the Müller cells are the site of de novo
glutamate synthesis (Pow and Robinson 1994);
thus glutamate supply is not normally a prob-
lem if there is sufficient energy to support its
synthesis (it is derived from α-ketoglutarate, a
product of the Krebs cycle). A problem arises
with the supply of cysteine. Cysteine is an es-
sential amino acid; it cannot be synthesized by
the Müller cells; accordingly it must be ob-
tained from the extracellular environment. A
Müller cell normally accumulates this amino
acid not as cysteine, but as the dimeric form,
cystine. This accumulation is mediated via a
specific transporter, the cystine-glutamate anti-
porter (CGAP; Sato et al. 1999). The CGAP is a
sodium-independent transport system which
stoichiometrically couples the influx of cystine
to an efflux of glutamate down its concentra-
tion gradient. The CGAP is abundantly ex-
pressed by the Müller cells, as evinced by the
accumulation of α-amino adipic acid (Pow
2001), which is a selective substrate for the
CGAP (Bannai 1986; Kato et al. 1993; Tsai et al.
1996). Antibodies against the anti-porter dem-
onstrate that it is localized to those parts of the
Müller cell in close apposition to the vascula-
ture (which is the source of the cystine;
Fig. 8.3).

One problem that arises in the use of the
CGAP is the concomitant export of glutamate
from the Müller cell. Glutamate is needed with-
in the cell to make GSH, but when present in the
extracellular environment, glutamate can act as
an excitotoxin. Glutamate is normally removed
from the retinal extracellular space using the
Müller cell glutamate transporter GLAST (also
called EAAT1; Derouiche and Rauen 1995).

The reaction of cysteine and glutamate to
form γ-glutamyl cysteine is catalysed by a zinc-
dependent enzyme, γ-glutamylcysteine synthe-
tase (γ-GCS), and driven by the hydrolysis of
ATP. γ-GCS is key regulatory enzyme in the
synthesis of glutathione. It is a heterodimeric
zinc metalloprotein that gains activity owing to
formation of a reversible disulphide bond (Sol-
taninassab et al. 2000). Accordingly the overall
antioxidant status of the cell will have a critical
regulatory influence on the capacity of the cell
to synthesise GSH. Preliminary evidence, in rats

at least, suggests that the activity of γ-GCS is
down-regulated in aging brains (Liu 2002), con-
comitant with reduced levels of GSH. It is im-
possible to verify at this stage if this might be
linked to AMD, but it remains a tantalizing pos-
sibility. γ-Glutamyl cysteine is then converted
to GSH using glutathione synthetase (which is
also an oxidation-sensitive enzyme), the reac-
tion again being driven by the hydrolysis of
ATP.

8.5.6
The GSH-GSSG Cycle

The GSH-GSSG cycle is a coupled redox cycle,
the oxidation of GSH being coupled to the re-
duction of target molecules. GSSG formed in
this cycle is then recycled back to GSH.A meas-
ure of the capacity of a molecule to reduce or
oxidize another molecule is the standard elec-
trode potential or standard reduction potential,
E0. The redox potential of the GSH/GSSH redox
couple is about –330 mV (measured normally at
pH 7, and 25ºC), making GSH a potent reduc-
tant and thus a good antioxidant.

The key enzymes in the GSH-GSSG cycle are
the glutathione peroxidases and glutathione re-
ductase (often called GSSG reductase or, less
accurately, GSH reductase). Glutathione peroxi-
dases have been grouped into four main fami-
lies, GPX1–GPX4, many of which are selenium-
dependent metalloenzymes (they require sele-
nium in trace amounts as a co-factor). GPX 1 is
located on chromosomes 3, 21 and X, as a num-
ber of minor allelic variants which may confer
slightly different properties on the enzymes.
This form is responsible for the majority of cy-
toplasmic activity in tissues such as the retina.
GPX 2 is specific to the gastrointestinal epithe-
lium, while GPX3 is a secreted plasma glutathi-
one peroxidase. GPX 4 is encoded on chromo-
some 19. It is unusual, in that it is the only ma-
jor antioxidant enzyme known to directly re-
duce phospholipid hydroperoxides within
membranes and lipoproteins, acting in con-
junction with α- tocopherol (vitamin E) to in-
hibit lipid peroxidation (Yant et al. 2003). A key
finding has been that GPX expression in the
retina is enhanced after exposure to bright light
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(Ohira et al. 2003), suggesting that the through-
put of the GSH-GSSG cycle might be enhanced
in response to light-induced oxidative stress.
The recycling of GSSG back to GSH is mediated
via glutathione reductase. This part of the cycle
is driven using the reductive power of NADPH,

which is converted to NADP in the process (the
actual electron transfer is actually mediated via
a further intermediary, FAD, but the fine details
of this reaction are outside the scope of this
chapter). In turn the production of NADPH is
fueled predominantly via the oxidation of glu-
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Fig. 8.3A–D. The activity and localisation of the cystine-
glutamate anti-porter in the rat retina is revealed using
antibodies to a substrate of the transporter, aminoadip-
ic acid (A), or antibodies to the anti-porter itself (B).
The anti-porter is localised to Müller cells (m), especial-
ly those parts close to blood vessels (bv). Similarly GSH

is localised to Müller cells in the rabbit retina (R) and
the overlying RPE and choroid (asterisk, bottom of C),
but is greatly reduced in an experimentally-detached
retina (top of C). D High-power view of the localisation
of GSH in Müller cells (m) and the overlying RPE (aste-
risk)



cose-6 phosphate to ribose-6 phosphate. In
turn glucose-6 phosphate arises from the glu-
coneogenic pathway, glycolysis or glycogenoly-
sis. Interestingly, in the frog retina at least, the
gluconeogenic pathway is preferentially asso-
ciated with Müller cells (Goldmann 1990) and
indeed the terminal enzyme in that pathway,
which would convert glucose-6 phosphate into
glucose, is a very good histochemical marker of
Müller cells (Hirata et al. 1991). Similarly glyco-
gen is mainly localized to Müller cells rather
than neurons (Reichenbach et al. 1993), as is
glycogen phosphorylase, the first enzyme in-
volved in breaking down glycogen (Pfeiffer et
al. 1994). This glial localization of pathways in-
volved in producing glucose-6 phosphate and
thus NADPH reconciles well with the idea that
the recycling of GSSG back to GSH is likely to
occur in the Müller cells. Whether GSH or
GSSG remains in the Müller cells is open to de-
bate. There is significant evidence for the trans-
port of GSH into and possibly out of Müller
cells (Kannan et al. 1999), raising the possibility
that GSH may be released from Müller cells and
thus traffic between neuronal and glial com-
partments (Schutte and Werner 1998), possibly
returning to the Müller cells as GSSG, for recy-
cling back to GSH (Bringmann and Reichen-
bach 2001).

The GSSG cycle is coupled to a number of
other key redox reactions, including superoxide
detoxification and recycling of oxidized (dehy-
dro)ascorbate to ascorbate, thereby coupling in
turn to the recycling of vitamin E and caroten-
oids (macular pigments).

8.5.7
Elimination of Superoxides 
by Superoxide Dismutases

Superoxide dismutases are a family of metal-
loenzymes which may require copper zinc or
manganese to stabilize them. They catalyze the
dismutation of superoxide anions, to form hy-
drogen peroxide. Three mammalian superox-
ide dismutases have been identified (Zelko et
al. 2002): SOD-1, or CuZn-SOD, is a copper- and
zinc-containing homodimer that is localised to
the cytoplasm. SOD-2, or Mn-SOD, is present in

mitochondria, while SOD-3 is a copper- and
zinc-containing tetramer that is abundant in
plasma. Each of the SODs appears to have dis-
tinct physiological roles. Mutations in SOD-1
have been linked to a wide variety of neurolog-
ical disease states as divergent as motor neuron
disease (Rothstein et al. 1994) and sudden in-
fant death syndrome (SIDS; Reid and Tervit
1999). SOD-1 is abundant in photoreceptors
(Ogawa et al. 2001); mutations of SOD-1 in the
mouse cause a selective degeneration of photo-
receptors in response to exposure to bright
light (Mittag et al. 1999). Interestingly, SOD-1 is
one of the genes encoded by chromosome 21. In
Down’s syndrome, complete or partial trisomy
results in an increase in SOD-1 expression. It
has been hypothesized that this may lead to
neuronal dysfunction or death in this condi-
tion, but curiously there is no particular associ-
ation between this condition and AMD, per-
haps suggesting that, in AMD, if there is any
change in SOD it is more likely to be down-reg-
ulated than up-regulated.

Abnormalities in SOD-2 may lead to mito-
chondrial dysfunction, which in the retina are
manifest mostly as anatomical abnormalities in
the inner layers (Sandbach et al. 2001). Intrigu-
ingly, Wu et al. (1994) have noted that low levels
of zinc, SOD (presumably SOD-3) and catalase
activity are evident in AMD patient sera when
compared with controls, suggesting that plas-
ma SOD-3 activity might influence retinal oxi-
dative state and thus function (Fig. 8.4).

The dismutation of superoxide yields hydro-
gen peroxide. Two key enzymes are thought to
be involved in the breakdown of hydrogen per-
oxide, these are catalase and the glutathione
peroxidases. Catalase is a mammalian peroxi-
dase enzyme, which uses iron as a cofactor. It is
abundant in endothelial and epithelial cells in
the eye (Atalla et al. 1987). Whilst some workers
have argued that catalase is present in rod out-
er segments (Ohia et al. 1994), others have
adopted a contrary position (Armstrong et al.
1981). It is probable that catalase is present but
not particularly abundant in photoreceptors.
As SOD-1 is present in photoreceptors to drive
the supply of hydrogen peroxide, the conver-
sion of hydrogen peroxide to water in photore-
ceptors may be driven by glutathione peroxi-
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dase. Intriguingly Ohira et al. (2003) have sug-
gested that there is only a low level of expres-
sion of glutathione peroxidase in rod photore-
ceptors and RPE under normal light condi-
tions, as evaluated by immunocytochemistry,
but the levels rise in response to a light insult, in
RPE and photoreceptors, and prominently in
Müller cells. The suggestion that only low levels
of GPX are present in the normal retina should,
however, be treated with caution, as glutathione
peroxidase exists as a number of forms as dis-
cussed previously; it is possible that antibody
techniques do not identify all the known glu-
tathione peroxidases in the retina.

8.5.8
Ascorbic Acid

Vitamin C or ascorbic acid/ascorbate is a small,
extremely effective, water-soluble molecule that
is obtained from the diet. Vitamin C is in a
unique position to “scavenge” aqueous peroxyl
radicals before these destructive substances
have a chance to damage the lipids. Ascorbate
radicals are relatively harmless as they are nei-
ther strong oxidants nor reductants and react
poorly with oxygen; thus they produce few
superoxide or peroxyl radicals (Buettner and
Jurkiewicz 1996). Perhaps the most important
feature of ascorbate is its capacity to repair and

thus recycle the lipid-soluble tocopheroxyl
(chromanoxyl) radical of vitamin E, by virtue
of redox reactions at the lipid-aqueous inter-
face (Fig. 8.5).

Oxidized ascorbate (dehydroascorbate) is ef-
ficiently converted back to ascorbate using glu-
tathione peroxidase. Because ascorbate can
interact both with oxidized vitamin E at the
interface of the lipid phase and GSH in the
aqueous phase (see below), it is an extremely
important antioxidant.

8.5.9
Vitamin E

Vitamin E (α-tocopherol) is the primary lipid-
soluble, small antioxidant molecule in the plas-
ma membranes of most cells. Its role is to limit
the peroxidation of polyunsaturated fatty acids.
Vitamin E is derived solely from the diet so die-
tary supply may be a limiting factor in some in-
stances.

Peroxidation of lipids is a significant prob-
lem in the retina because free radicals, which
may be generated in a variety of reactions, in-
cluding photochemical reactions, aggressively
attack polyunsaturated fatty acids. A key fea-
ture of this process is the regeneration of free
radicals and formation of organic peroxides,
which can then repeat the damage process. Vi-
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Fig. 8.4. Hydrogen peroxide, produced from superoxide
by superoxide dismutase (SOD), is inactivated either by
catalase or by glutathione peroxidase (GPX), with the

concomitant oxidation of GSH to GSSG. GSSG is convert-
ed back to GSH using GSSG reductase (GSSG-RD). The
reducing power for this reaction is provided by NADPH



tamin E is thought to reduce this damage by
acting as an efficient free radical acceptor,
forming in the process an α-tocopherol radical
(Buettner 1993). The tocopheroxyl radical is
formed at the aqueous interface, thus permit-
ting its transfer to ascorbate, with concomitant
regeneration of vitamin E and conversion of as-
corbate to yield an ascorbate radical. This as-
corbate radical in turn feeds back into the glu-
tathione-detoxifying system.

Because of its hydrophobic character, vita-
min E requires a transport protein in order to
be transported in the blood. Mice that are defi-
cient in α-tocopherol transfer protein are un-
able to transport this vitamin and thus their tis-
sues are deficient of vitamin E. Mice with this
mutation exhibit an age-dependent retinal de-
generation (Yokota et al. 2000, 2001) as well as
neural degeneration throughout the brain.
Transport of vitamin E across the blood-brain
barrier or blood-retina barrier may be a limit-
ing factor in its supply to nervous tissues. It is
generally thought that transfer across the
blood-brain barrier at least may be mediated by
its binding to high-density lipoproteins (HDL;
Goti et al. 2000), but data are lacking as to the
transport mechanism or capacity with respect
to the blood-retina barrier.

8.5.10
Taurine

Taurine and hypotaurine are enigmatic amino
acids, which are clearly critical for normal visu-
al function, but little is known about how they
achieve this protective role. Both are sulphur-
containing amino acids; they are abundant in
the retina, taurine being present at 10–25 mM
concentrations in the rod and cone photorecep-
tors, and hypotaurine is probably present at
millimolar levels. Both molecules have been
considered to be potential antioxidants in the
retina. Thus, Pasantes-Morales and Cruz (1985)
have shown that taurine and hypotaurine in-
hibit light-induced lipid peroxidation and thus
protect rod outer segment structure in the frog
retina. Of the two compounds, hypotaurine is
the more potent antioxidant; hypotaurine is
readily oxidized to form taurine, concomitantly
reducing target compounds that are being pro-
tected (Fig. 8.6).

Hypotaurine is able to prevent the inactiva-
tion of SOD by hydrogen peroxide in a concen-
tration-dependent manner. Hypotaurine prob-
ably exerts this effect by reacting with hydroxyl
radicals, generated by the enzyme, preventing
them from reacting with the active site of the

Chapter 8 Transporters and Oxidative Stress in AMD 133

Fig. 8.5. The reduction of oxidized α-tocopherol (vita-
min E) is mediated by ascorbate, which in turn is oxi-
dized to dehydroascorbate. In turn, dehydroascorbate is

recycled back to ascorbate with the concomitant oxida-
tion of GSH to GSSG



enzyme. (Pecci et al. 2000). Hypotaurine is able
to form complexes with zinc (van Gelder 1983).
This may account for the interaction that Gott-
schall-Pass et al. (1997) have described between
zinc and taurine, based upon an analysis of os-
cillatory potentials in the developing rat retina.
Taurine deficiency in the cat results in a stereo-
typic degeneration of both rod and cone photo-
receptors (Hayes et al. 1975; Schmidt et al. 1976).
Pasantes-Morales et al. (1986) and Leon et al.
(1995) have demonstrated that the degenerative
lesion starts in the area centralis; intriguingly,
the development of the lesion is not dependent
on light exposure, as assessed by uniocular oc-
clusion studies. Degeneration is associated in-
itially with the loss of the b-wave, and later, the
a-wave of the electroretinogram (ERG), sug-
gesting that signaling changes in the retina pre-
cede photoreceptor loss.

Despite the obvious similarity between the
gross spatial pattern of photoreceptor loss in
taurine depletion and AMD, the fine details of
cell loss in taurine-depleted cats have not been
fully investigated. In routine histological sec-
tions, it is clear that there is a graded loss of

photoreceptors, the rod photoreceptors being
lost before the cone photoreceptors. A critical
feature of this type of degenerative lesion is the
lack of concomitant disturbance in the organ-
ization of the remaining retina and lack of loss
or perturbation of the RPE (Fig. 8.7).

Neurochemically there appears to be little
dysfunction, with normal expression of neuro-
transmitters in bipolar cells and retinal gangli-
on cells, and glycine and GABA in amacrine
cells. This lack of change in the inner retina
renders this type of lesion dissimilar to most
AMD lesions, where there is growing evidence
for changes such as loss of ganglion cells and
major changes in the architecture of the glial
cells (Wu et al. 2003). Whether this difference is
due to the lack of other secondary changes such
as the breakdown of the RPE and thus the
blood-retina barrier is unclear. Intriguingly, in
a rat light-degeneration model of AMD (Sulli-
van et al. 2003), the expression of at least one of
the known taurine transporters (Taut-2) is
highly up-regulated at sites proximal to the an-
atomically defined lesion, possibly in a com-
pensatory attempt to enhance taurine supply in
the areas that are about to degenerate (Fig. 8.8).

The mechanism by which taurine depletion
causes photoreceptor degeneration is un-
known. However, Sturman et al. (1981) have
shown that reductions in taurine levels in the
cat retina are associated with a concomitant re-
duction in zinc levels. The change in the ERG in
response to taurine deficiency differs from that
in zinc deficiency (Jacobson et al. 1986), so it is
unclear whether this association between zinc
and taurine is instrumental in causing the le-
sion, but if so it might be expected to cause
changes in the inner retina as well, since these
cells will also use zinc-dependent enzymes. A
simpler explanation is that taurine and hypo-
taurine are antioxidants, and that lack of anti-
oxidants leads to increased oxidative damage of
photoreceptors and thus their death.

A second tangible link between taurine defi-
ciency and oxidative stress is the observation
that taurine shares a common metabolic origin
with GSH, both being derived from cysteine
(Fig. 8.9). While much retinal taurine is prob-
ably derived from the diet (especially in carniv-
orous species such as cats) or synthesized by
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Fig. 8.6. Immunolocalisation of hypotaurine in the rab-
bit retina. Hypotaurine is localized to the Müller cells
(m) and is also abundant in the photoreceptors in the
outer nuclear layer (ONL)
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Fig. 8.7A, B. Semithin sections through the retinas of a
normal cat (A) and the area centralis of a taurine-
depleted cat (B). In the taurine-depleted cat the retina is
thin, the overlying tapetum is intact and a few residual
photoreceptors (probably cones, based on their mor-

phology) are still present in this example. The retina ap-
pears to retain considerable organizational integrity in
the inner plexiform layer (IPL) and inner nuclear layer;
ONL, outer nuclear layer.

Fig. 8.8A, B. Taurine transporter Taut-1 is localized to
photoreceptors, especially their terminals (arrow) in the
human retina (A). In light-damaged rats (B), Taut-2,
which is normally only expressed by the astrocytes

(Pow et al. 2002), is strongly expressed by the Müller
cells in lesioned areas and areas close to the lesion 
(arrow)



the liver using the enzyme cysteine sulphinic
acid decarbocylase (CSAD), some may be syn-
thesized in the retina, at least in species such as
rodents and humans. The localization of CSAD
in the retina is unclear, but preliminary studies
from our laboratory indicate its presence in
Müller cells. Given the potential localization of
both CSAD and the glutathione-synthesising
enzymes in Müller cells, it is plausible that com-
petition for available cysteine may create an
interrelationship between the relative amounts
of GSH and taurine that can be synthesised in
the retina. However, no attempts have been
made to date to correlate the relative levels of
GSH and taurine under differing physiological
conditions.

8.5.11
Metallothionein

Metallothioneins are low molecular weight,
zinc-binding proteins, with no disulphide
bonds, that exist as four isoforms. Metallothio-
neins can bind zinc ions to 7 of their 20 cys-
teines, forming zinc-thiolate “clusters” (Maret
2003).Areas of the brain and retina that contain
high levels of zinc typically express high levels
of metallothioneins. The metallothioneins are
thought to buffer or sequester zinc at presynap-
tic terminals; or buffer the excess zinc at synap-
tic junctions. The binding capacity of the met-
allothoneins is sensitive to the redox state of the
environment; thus oxidants cause the release of
zinc, whereas reductants enhance the capacity
of the cysteine residues to bind zinc.According-

ly metallothioneins are capable of linking the
redox state of the cell with zinc availability.

8.5.12
Zinc, Copper, Selenium and Manganese

In discussing these metals, it is impossible to
characterise one as being more important than
another, because their functions are intimately
interconnected. The use of copper, manganese
and selenium as cofactors by the superoxide
dismutases and glutathione peroxidase, respec-
tively, automatically makes them essential met-
als for maintenance of normal oxidative func-
tion in the retina. Zinc has many divergent roles
in the body due to its binding to literally thou-
sand of proteins. Because of this critical posi-
tion, the homeostasis of zinc is very tightly reg-
ulated and attempts to increase levels usually
have limited effects on tissue levels in the ab-
sence of dysfunction of these homeostatic
mechanisms. Conversely experimental dietary
depletion of zinc is possible and has been
shown to depress the b-wave of the ERG (Jacob-
son et al. 1986). In the context of AMD, it has
been shown that retinas from cynamolgus
monkeys with early-onset macular degenera-
tion apparently contain four-fold less zinc than
controls (Nicolas et al. 1996).

Maret (2003) has noted that eukaryotes
tightly compartment their zinc pools, such that
only nanomolar levels are biologically avail-
able, most zinc being sequestered by binding to
the sulphhydryl groups in proteins, especially
metallothioneins, and to the sulphydryl groups
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Fig. 8.9.
Taurine, hypotaurine and GSH share a
common metabolic origin, in the form of
cysteine. Thus there may be a metabolic
interdependency, which regulates the rela-
tive levels of these molecules



of other molecules such as GSH, a reaction
which may have functional consequences for
these molecules if they are unable to be oxi-
dized to form disulphide bonds. While many of
these interactions may be relatively benign,
some interactions are likely to have significant
biological consequences.

The distribution of zinc within the eye is
thought to be somewhat heterogeneous; it is
abundant in the inner segments of photorecep-
tors and the RPE, while little is present in gan-
glion cells (Akagi et al. 2001). It is important to
note that these kinds of distribution maps are
based on detection using methods such as
Timm’s method or zinc chelators such as the
fluorimetric Zn probe FluoZin-3 (Kay 2003),
which may only detect unbound zinc. Accord-
ingly it is possible that this is not the full extent
of zinc distribution on the retina.

High levels of zinc may be stored in synaptic
vesicles (Haug 1967). It is often assumed that
this zinc is associated with glutamatergic neu-
rons (a nexus made by the assumption that all
metallothionein-containing neurons are glu-
tamatergic). However, recent studies have
shown that high levels of free zinc may also be
present in GABA- and glycine-containing neu-
rons (Birinyi et al. 2001). Zinc can be released
from zinc-containing neurons upon stimula-
tion; thus extracellular zinc levels may be deter-
mined by retinal activity.

Zinc may have significant modulatory ef-
fects both intracellularly and extracellularly. In
the extracellular environment, high levels of
zinc may inhibit glutamate transport by Müller
cells and photoreceptors (Spiridon et al. 1998).
Lynch et al. (1998) have demonstrated that zinc
modulates binding of glycine to the glycine re-
ceptor, while Han and Yang (1999) have suggest-
ed that zinc may modulate retinal GABA C re-
ceptors. In intracellular locations zinc may
modulate the activity of a myriad or proteins.
As an example, Permyakov et al. (2003) have
shown that recoverin, a calcium-binding pro-
tein from retina, which modulates the Ca2+-
sensitive deactivation of rhodopsin, is a zinc-
binding protein, and that zinc modulates its ac-
tivity. Thus in this instance, zinc may directly
influence phototransduction. Zinc deficiencies

may directly influence retinal function possibly
by reducing levels of retinol-binding protein in
plasma and liver (which may limit the translo-
cation of vitamin A from liver stores to the ret-
ina) and may also influence the stability of rho-
dopsin, though the mechanism for this is con-
tentious (reviewed by Grahn et al. 2001).

While a deficiency of zinc may be detrimen-
tal, an excess is not always beneficial. Chen and
Liao (2003) have demonstrated that, in tissue
culture at least, exogenous zinc can be extreme-
ly neurotoxic, possibly as a result of chelating
GSH. This toxic effect can be counteracted, in
astrocyte cultures at least, by addition of GSH
(Kim et al. 2003). Accordingly, while it is appro-
priate to attempt to maintain plasma zinc con-
centration within the normal physiological
range, attempts to enhance or reduce this are
likely to have negative biological consequences.

8.5.13
Selenium Compounds

While selenium is critical for the function of
glutathione peroxidases, Chen and Maret
(2001) have demonstrated that selenium is also
capable of reacting with the zinc-thiolate com-
plexes in proteins such as metallothioneins,
displacing the bound zinc. Thus selenium may
directly influence both the zinc-binding capac-
ity of these molecules and their biological func-
tions.

8.5.14
Manganese

This metal has not been extensively discussed
in the literature, but its association with SOD-2
in mitochondria makes it an important metal
in any analysis of oxidative function. While it is
almost certainly vital for it to be present at low
levels, it can in turn be very toxic when present
at elevated levels. The recent observation that
elevated levels of manganese have a profound
inhibitory effect of glutamate transporter
(GLAST) expression suggests that glutamate
toxicity may represent the primary pathogenic
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mechanism in response to excessive manga-
nese (Erikson and Aschner 2002).

8.5.15
Macular Pigments

The yellow colouration of the macula derives
from the presence of high levels of the caroten-
oids lutein and zeaxanthin. These lipid-soluble
molecules are derived solely from the diet and
are abundant in the plasma membranes of the
photoreceptors. The presence of these pig-
ments in the macula gives rise to several dis-
tinct interpretations. The simplest interpreta-
tion is that these molecules act as an optical fil-
ter, in much the same way that carotenoid-con-
taining oil droplets filter specific parts of the
light spectrum in the photoreceptors of species
such as birds and some fishes. While birds may
use these physical filters to facilitate colour vi-
sion, it is unlikely that this filtration of short
wavelengths in the macula is for this purpose,
due to the presence of short-, medium- and
long-wavelength cones in the normal macula.A
more likely possibility is that the macular pig-
ment acts as a biological “sunscreen”, absorb-
ing the most energetic, shorter-wavelength
photons, thus preventing them from interacting
with other molecules to generate free radicals
or other oxidizing species. Carotenoids are well
suited to this role as most of the light energy
that they absorb is radiated away as heat, with
only limited formation of free radicals. Lutein
and zeaxanthin can also function as lipid-phase
antioxidants, quenching free radicals and sing-
let oxygen, thereby limiting free-radical propa-
gation in lipid membranes (Schalch 1992).

8.5.16
Ascorbate and Recycling of Carotenoids

It is well known that plants use ascorbate to re-
duce carotenoids that have been oxidized by in-
tense light conditions. (Muller-Moule et al.
2002). This relationship has not been studied
extensively in mammals, but it is clear from
studies of liposomes containing carotenoids (in
the lipid phase) and ascorbate and GSH in the

aqueous phase that the presence of ascorbate
enhances the antioxidant actions of the carot-
enoids. These data suggest that ascorbate func-
tions as an acceptor molecule, thereby regener-
ating the carotenoids, possibly by a mechanism
similar to that used to regenerate vitamin E.

8.5.17
A Summary of Mechanisms 
for Antioxidant Protection

It is clear that any discussion of antioxidants
has to accommodate the multiple interactions
that different antioxidants have in each cellular
compartment. Perhaps the most significant fea-
ture of these interactions is the partitioning of
many antioxidant pathways in glial cells, rather
than those cells which are likely to be the source
of most oxidant species, namely the neurons
(Fig. 8.10).

8.6
Cellular Interactions 
and Photoreceptor Death

In AMD, it has been shown that initial photore-
ceptor losses occur in the perifoveal rods prior
to cone degeneration (Curcio et al. 1993). Simi-
lar results have been obtained with a variety of
different mouse and rat models where abnor-
mal rod genes such as rhodopsin cause not on-
ly the death of rods, but also the death of cones
(John et al. 2000). Experiments with chimeric
mice (Huang et al. 1993; Kedzierski et al. 1998)
have demonstrated that cell-to-cell interactions
play a critical role in retinal degenerations and
indicate that the functional integrity of a cell
such as a rod photoreceptor will directly influ-
ence the survival of neighbouring cells such as
cone photoreceptors, as well as other retinal
cells (Wong 1990).

The notion that rod photoreceptors are nec-
essary for the survival of cones (and perhaps
other retinal cells) is important, since there is a
significant loss of rod photoreceptor cells, with-
out concomitant cone-cell loss, during “normal
aging”. It is plausible that there is a threshold
number of rod photoreceptors needed to sup-
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port cones, and that in AMD the loss of rods ex-
ceeds a critical threshold in the macula (Curcio
et al. 1993, 1996).

8.6.1
Light-Mediated Damage:
Experimental Lesions and AMD

Young (1988) originally proposed that light, es-
pecially in the blue-to-ultraviolet part of the

spectrum is a significant mediator of damage in
AMD. Clearly light, especially short-wave-
length, high-energy light, has the capacity to
cause damage to the retina, via oxidative- and
free radical-mediated mechanisms.

Numerous experiments have attempted to
recreate the damage seen in AMD, either in
short-term experiments that employ short ex-
posures of bright light or constant light expo-
sure or conversely in longer-term experiments,
to use animals such as albino rats, which, by vir-
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Fig. 8.10. The antioxidant network in the retina is
present in multiple cell types. The glutathione system is
centred on the Müller cells, while enzymes such as SOD
are in neurons. Taurine is present in both neurons and
glial cells. GSH released from glial cells can act as a re-
ductant in neurons. Alternatively ROS generated by
neurons may be accumulated by the Müller glial cells
and detoxified via the GSH system. Ascorbate forms an
intermediate system, which links the reduction of lipid
phase molecules such as vitamin E to the GSH-based
aqueous antioxidant system. Some GSH may be derived

from the RPE. Hypotaurine serves as an intrinsic anti-
oxidant, which may protect SOD, and other proteins, es-
pecially in photoreceptors. Oxidation of hypotaurine
yields taurine, which may also serve as an antioxidant.
Any dysfunction in the transport system for accumulat-
ing glutamate may lead to elevated levels of extracellular
glutamate and thus excitotoxicity, especially in cells
with high levels of expression of NMDA receptors such
as the retinal ganglion cells (RGC). (CBC cone bipolar
cell, RBC rod bipolar cells)



tue of a lack of pigmentation, are very sensitive
to normal ambient light levels, but where the
retinas degenerate slowly (Sullivan et al. 2003).

A key feature of both slow and fast degener-
ative paradigms is that rod photoreceptors are
lost first (as is the case in AMD), with delayed
loss of cone photoreceptors (La Vail 1976). We
suggest this initial loss of rod photoreceptors
may in turn lead to early loss of other down-
stream cellular elements in rod pathways, in-
cluding rod bipolar cells; whereas cells in the
cone pathways may be lost later (Fig. 8.11).

8.6.2
Mechanisms of Cell Death

In a variety of model systems of photoreceptor
degeneration, such as the RCS rat, photorecep-
tor cell death is predominantly mediated via
the apoptotic pathway (Tso et al. 1994). Similar-
ly, Cai et al. (2000) have demonstrated that RPE
cells, when exposed to oxidizing species, die by

an apoptotic mechanism, as do Muller glia
(Giardino et al. 1998). Photoreceptor death in
response to light-induced damage is similarly
thought to be mediated via apoptosis. While
studies of AMD retinae have been limited, pre-
liminary evidence based on tunnel staining in-
dicates that in AMD, RPE, photoreceptors and
inner nuclear layer cells die by apoptosis (Du-
naief et al. 2002).

8.6.3
Cell Death in Response to Oxidative Damage

In response to oxidizing damage, the retina
normally responds by switching on the expres-
sion of DNA repair systems, especially in pho-
toreceptors (Gordon et al. 2002). While these
repair mechanisms suffice in most normal situ-
ations, they are frequently overwhelmed in ex-
perimental light-damage models, leading to
photoreceptor death. Mitochondrial DNA is
thought to be relatively resistant to free radical-
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Fig. 8.11A, B. Albino rat retinas exposed to 2 h of bright
white light (5,000 lx) and then left in normal ambient
cyclical light conditions for 2 weeks. Degeneration is
most evident in the central retina, and less conspicuous-
ly in the peripheral retina. (A) The antibody marker
used in this study (against a glutamate transporter, GLT-
1B), demonstrates the retention of cone photoreceptors
(c) despite the loss of most rod photoreceptors in the
central retina. The cone bipolar cells (b), which are also
labeled, appear to maintain their normal organization
in the inner plexiform layer (IPL) at this point in time.
(B) Immunolabelling for PKC, a rod bipolar cell marker.
Reorganization of the rod bipolar cells occurs at an ear-
ly stage in response to the degeneration of the outer nu-
clear layer (ONL), possibly indicating the early loss of
rod photoreceptor inputs to these cells



induced damage (Soong et al. 1996), possibly
because of effective free radical defences within
the mitochondria. However, as the highest con-
centrations of mitochondria are in photorecep-
tor inner segments, it has been proposed that
mitochondrial loss or dysfunction may influ-
ence their capacity to generate energy and thus
lead to impaired photoreceptor function (Liang
and Godley 2003). The sequential nature of rod
and then cone death may be linked not only to
issues of trophic support but may also include a
component reflecting simple anatomical fea-
tures such as the more restricted size of the
cone photoreceptor outer segments relative to
those of rod photoreceptors, and thus the rela-
tive amount of damage due to light-induced
formation of free radicals and oxidative species
may be less in cones, compared with rods, in re-
sponse to exposure to a similar amount of light.

8.7
A Role for Glial cells in AMD?

While the interactions of rod and cone photo-
receptors that govern their survival are general-
ly assumed to be direct, it must be acknowl-
edged that intervening between most rod and
cone photoreceptors is a lining of Müller glial
cells.Accordingly it is plausible that rod-related
trophic effects may in fact be mediated indi-
rectly via the Müller cells

If this is correct, then any anomalies in the
Müller cell population could lead to changes in
cone photoreceptor survival. Nishikawa and Ta-
mai (2001) have shown that within the fovea the
ratio of Müller cells to neurons is lower than
elsewhere in the retina and is associated with
lower levels of GLAST and glutamine synthe-
tase, both proteins being critical for normal
glutamate homeostasis (Pow and Robinson
1994; Pow and Barnett 1999). As the glial cells
provide a raft of metabolic support functions, it
is plausible that in the macula the limited glial
support may be deficient at points of high
metabolic stress, including oxidative stress. It is
well known that the Müller cells in the macular
region appear to be stressed in AMD, as illus-
trated by the expression of the cytoskeletal
marker GFAP, which is normally only expressed

by Müller cells in response to insults such as is-
chaemia or physical trauma (Barnett and Os-
borne 1995; Kim et al. 1998;Wu et al. 2003). In-
triguingly, in aging there is often a modest up-
regulation of GFAP in Müller cells, perhaps
suggestive of low-level physiological stress (Wu
et al. 2003). While most observers have restrict-
ed their analysis of the expression GFAP in
AMD to the central parts of the retina, a more
extensive analysis reveals that GFAP may be up-
regulated over the entire retina. This suggests
that the stressor acting on the macula may ac-
tually be acting over the entire retina. Intrigu-
ingly, Ramirez et al. (2001) have argued on the
basis of GFAP labeling and ultrastrucutural
studies that in AMD retinae there may be vas-
cular deficits, especially in the inner retina,
which may impact on ganglion cell viability
(Fig. 8.12).

8.7.1
Metabolic Functions of Müller Cells 
in the AMD Retina

It is difficult to measure the metabolic activities
of enzymes in postmortem retinas, but some
markers such as neurotransmitter transporters
are extremely stable. Recent studies in our la-
boratories indicate the presence of several dis-
tinct but interrelated perturbations in gluta-
mate transporter expression. The expression of
GLAST, the dominant Müller cell glutamate
transporter, appears to be significantly down-
regulated across the entire retina in AMD, an
observation which accords with the suggestion
that these cells are stressed (as evidenced by
GFAP expression; Fig. 8.13).

In concert with the changes observed in ret-
inal Müller cells, examination of control and
AMD retinae reveal that the glutamate trans-
porter GLT-1, which is normally expressed only
by photoreceptors, is concomitantly down-reg-
ulated in the photoreceptors immediately later-
al to the lesion site. Curiously, this same splice-
variant (probably GLT-1C), which, in the nor-
mal human retina is only present in photore-
ceptors, is also expressed in the retinal ganglion
cells across the entirety of the retina in all AMD
retinas that we have studied to date (Fig. 8.14).
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Fig. 8.12A, B. GFAP in mid-peripheral retina of a normal
aged human (A) and a retina with AMD. In normal reti-
nae limited GFAP labeling is restricted to astrocytes
around blood vessels in the nerve fibre layer (arrows),

whereas in AMD (B), labeling is frequently also asso-
ciated with the Müller cells (arrows). The outer nuclear
layer (ONL) is indicated for orientation purposes

Fig. 8.13A, B. Expression of the Müller cell glutamate
transporter in mid-peripheral retina from a control eye
(A) and an eye with AMD (B). Immunolabelling appears

to be consistently weaker in eyes exhibiting symptoms
of AMD



The collective changes that we describe in
the glutamate transport system suggest that
there are significant imbalances in the homeo-
stasis of glutamate in the AMD retina. We sug-
gest that the novel expression of GLT-1 in the
retinal ganglion cells (which has never before
been described) may be induced in response to
elevated extracellular glutamate levels concom-
itant with the down-regulation of GLAST. This
perturbation of glutamate homeostasis may al-

so explain why retinal ganglion cells have been
observed to die in AMD.

The down-regulation of GLAST in the
Müller cells has several immediate implica-
tions. Reduced GLAST expression will elevate
extra-cellular levels of glutamate. Elevated ex-
tra-cellular glutamate will plausibly drive the
expression of glutamate transporters in the ret-
inal ganglion cells, as a protective mechanism
for these cells. Deficiencies in GLAST are also
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Fig. 8.14A–D. Human retinas labeled with an antibody
against an epitope of the glutamate transporter GLT-1
(probably detecting GLT-1C), which labels only the pho-
toreceptors (arrows) in control eyes (A), but additional-
ly labels ganglion cells (G) in eyes with AMD (B). High-
magnification views demonstrate this transporter is lo-
calized to the plasma membranes of the ganglion cells
and is thus likely to be able to function as a plasmalem-
mal transporter (C). (D) At the edge of the lesion (L) in

AMD retinas, there is an area where photoreceptors are
present (bounded by an arrow and an arrowhead),
where the photoreceptors switch off their expression of
this glutamate transporter, suggesting that these peri-
lesion photoreceptors may not be able to recover gluta-
mate for metabolic or neurotransmitter purposes. Fail-
ure to gain energy from accumulated glutamate may re-
sult in energetic starvation and subsequent death of
these photoreceptors, allowing the lesion to expand



likely to have an effect on GSH production,
since Müller cell GSH levels are dependent on
maintenance of glutamate transport both out of
the cell via the CGAP and then back in via
GLAST. Reduced GLAST expression is likely to
lead to a reduction in GSH production, espe-
cially in areas such as the macula, which have a
low glia-to-neuron ratio.

The significance of the down-regulation of
the glutamate transporters in the photorecep-
tors immediately lateral to the lesion sites is less
clear.We note that GLT-1 is very prone to oxida-
tive damage and, in our studies on oxidative
damage in the brain, we note the rapid internal-
ization and degradation of GLT-1 that has been
oxidatively damaged. We suggest that oxidative
damage in the perimacular region damages
GLT-1, causing its targeting to a degradative
pathway. As glutamate accumulated by the pho-
toreceptors using GLT-1 is likely to be fed into
the Kreb’s cycle to produce energy, any loss of
expression would result in an energetic deficit
for these photoreceptors, leading to their death.
This may be compounded by the well-charac-
terized changes that are evident if the chorioc-
apillaris (Kornzweig et al. 1977), which may re-
duce blood flow and thus oxygen and energy
supply to the photoreceptors. This would pro-
vide a mechanism for the expansion of the le-
sion.

8.7.2
Cell Death and Glutamate Toxicity

We suggest that a final pathway in cell death in
the inner retina in AMD may be mediated via
glutamate toxicity. Cell death in response to
over-activation of glutamate receptors such as
the NMDA receptor is usually via an apoptotic
mechanism. We suggest that the death of inner
retinal neurons in AMD via apoptotic mecha-
nisms (Dunaief et al. 2002) is compatible with
the notion that glutamate may cause this death.

8.8
Conclusions

Clearly much is still opaque in the area of AMD
research, and the antioxidant hypothesis re-
mains a hypothesis rather than a proven con-
struct. However, many facets of the hypothesis
are compatible with experimental and empiri-
cal observations. Experimental photoreceptor-
degeneration paradigms, including mutations
or manipulations such as light exposure or tau-
rine deprivation, cause the sequential degener-
ation of rod and then cone photoreceptors as is
typically observed in AMD. In some cases they
may exhibit a centre-periphery gradient, espe-
cially in animal models such as the cat, where a
large photoreceptor density gradient exists. We
suggest that many of these paradigms are char-
acterized by the potential for oxidative stress at
some point in the damage process, and that
death usually ensues via apoptosis. Also, anti-
oxidant status of the retina may be critical in
AMD and it is probable that the web of interac-
tions of antioxidants and oxidant mechanisms
makes it essential to study antioxidant systems
in a holistic manner. We propose that Müller
glial cells and GSH/GSSG status are the pivotal
elements in determining overall antioxidant
function in the retina. It is also probable that
dysfunction of Müller glial cell processes such
as the transport of glutamate (which may in-
itially be damaged by oxidizing mechanisms)
will have deleterious effects on antioxidant pro-
duction and may also lead to cell death either
via glutamate excitotoxicity, in the case of gan-
glion cells, or by energy privation, in the case of
photoreceptors. Clearly the functions and dys-
functions of glial cells in the AMD retina will
provide a rich vein of research in the next few
years.
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1975; Gartner and Henkind 1981; Ahnelt 1998),
sufficiently common in older humans to be re-
garded as “normal”. Detailed observations of
mouse and rat retina have suggested that these
degenerative phenomena begin very early in
postnatal life (Mervin and Stone 2002a, 2002b),
with a period of localized photoreceptor death.
Conversely, in experimental studies of photore-
ceptor degeneration in adult rodents, the edge
of the retina has been described as highly re-
sistant to degeneration, whether light- or muta-
tion-induced (LaVail 1981; Valter et al. 1998;
Bowers et al. 2001).

This paradox, that a chronically degenera-
tive region of retina is resistant to acute stress,
has been reproduced in studies of “pre-condi-
tioning” of the retina, in which limited damage
to the retina (including some photoreceptor
death) upregulates protective mechanisms
which make the surviving photoreceptors re-
sistant to subsequent stress (Liu et al. 1998;
Nir et al. 1999; Cao et al. 2001). The same para-
dox is evident in the impact of ambient light
levels on photoreceptor structure and vulner-
ability (Penn and Anderson 1991). Bright ambi-
ent light kills some photoreceptors and makes
the survivors resistant to acute stress. Penn and
Anderson’s data make clear that degenerative
and stabilizing properties appeared in the same
cell, photoreceptors exposed to stress showing
degenerative membrane changes, yet proving
highly resistant to light challenge.

This chapter summarises results of studies
of degenerative phenomena at the edge of the
retina. Taken together, these observations sug-
gest that the edge of the retina is subject
throughout life to a localized stress, which in-

Chapter 9

Photoreceptor Stability 
and Degeneration 9
in Mammalian Retina:
Lessons from the Edge

Jonathan Stone, Kyle Mervin, Natalie Walsh,
Krisztina Valter, Jan M. Provis, Philip L. Penfold

9.1
Introduction

Surveys of the human retina have reported the
degeneration of the anterior edge of the retina
to be a common feature (Vrabec 1967; Gartner



duces a progressive degenerative process. These
edge-specific changes are part of the life histo-
ry of the normal retina, and form part of the
baseline against which the retinal degenera-
tions take place.

9.2
Approach

It was of interest to study the edge of the retina
from neonatal development to senescence. For
practical reasons, these observations were col-
lected from different species. Neonatal develop-
ment was studied in rodents, while the most
striking phenomena of senescence were appar-
ently only in adult human retina, after several
decades of normal function. Segments of hu-
man retina were obtained through the Eye
Bank of the Save Sight Institute, University of
Sydney. Material was successfully obtained
from individuals aged 62, 47 and 29 years. The
eyes had been immersion-fixed in paraformal-
dehyde for up to several years. Medical records
in each case contained no evidence of ocular
pathology. Segments of two marmoset retinas
were obtained by courtesy of Dr. Paul Martin,
from animals studied in unrelated physiologi-
cal experiments. One baboon eye was obtained,
from an individual aged 20 years killed because
of multiple organ failure which did not involve
the eyes. Rodent material is summarized from
recent published studies (Maslim et al. 1997;
Bowers et al. 2001; Walsh et al. 2001; Mervin and
Stone 2002a).

9.3
Stages in Photoreceptor Degeneration 
at the Edge of the Retina

9.3.1
Postnatal Development of the Edge:
Site of Early Stress and Degeneration

The most detailed evidence available of the on-
set of stressed conditions at the edge of the ret-
ina comes from the mouse retina (Mervin and
Stone 2002a, 2002b), in which a clustering of
photoreceptor death at the edge of the retina

has been observed in early postnatal material
(Fig. 9.1A–C). Evidence of the cause of this
death comes from the observation that the site
of the death (the extreme edge) is also the site
of an upregulation of two stress-inducible pro-
teins, the trophic factor FGF-2 (green in Fig.
9.1D, E) and the structural protein GFAP in the
processes of Müller cells (red in Fig. 9.1D). The
locus of this early episode of photoreceptor
death is a narrow (<100 µm; Fig. 9.1H) strip at
the extreme edge of the retina. The episode is
also transient; by adulthood, the rate of photo-
receptor death at the edge is not measurably
higher than in the midperiphery. Nevertheless,
the edge-specific upregulation of GFAP and
FGF-2 persists into adulthood (Fig. 9.1F, G),
suggesting that the stress persists after the rate
of death slows. Finally, the upregulation of both
FGF-2 and GFAP is maximal at the edge and
falls towards the center of the retina (Fig. 9.1I),
suggesting that the stress acts at the extreme
edge, and reduces with distance from the edge.

Death of edge photoreceptors is evident in
mouse retina from P14 (Fig. 9.1A). Upregulation
of FGF-2 in edge photoreceptors is not evident
at P14 (Fig. 9.2A), but is detected at P16 (Fig.
9.2B) and increased thereafter (Fig. 9.2C–F). It
thus seems likely that the edge-specific stress
causes photoreceptor death and then, with a 1-
to 2-day delay, the upregulation of stress-indu-
cible factors.

Insight into the nature of the edge-specific
stress come from an analysis (Mervin and
Stone 2002b) of the influence of hypoxia on
photoreceptor death. In most of the retina, hy-
poxia induces photoreceptor-specific death. At
the edge at P14–18 (when the episode of edge-
specific photoreceptor death is maximal), hy-
poxia has the opposite effect, reducing death.
Mervin and Stone have suggested that hyperox-
ic toxicity is a factor in edge-specific stress, the
hyperoxia arising because of oxygen flowing to
the edge from the choriocapillaris just beyond
the edge of the retina.

In the rat, as in the mouse, the adult retina
shows evidence of edge of stress, and is struc-
turally and neurotrophically distinct. At the
edge of the Sprague-Dawley rat retina for ex-
ample, stress-inducible trophic factors CNTF
and FGF-2 are upregulated, the CNTF princi-
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Fig. 9.1A–I. Evidence of stress at the edge of the neona-
tal C57BL/6J mouse retina. This strain is non-degenera-
tive. A–C At the edge of the retina, TUNEL labelling
demonstrates clustering of dying cells (red) at the ex-
treme edge of the retina, and in the ONL. D–G By P26
(D, E) and in the adult (F, G), FGF-2 (green) is upregulat-
ed in the ONL at the edge (D, F), but not in mid-periph-
eral retina (E, G). GFAP (red) is present in all regions in
astrocytes at the inner surface of the retina. At the edge,
GFAP-labelling (red) is also seen in the radial processes
of Müller cells. H Averaged over multiple sections of tis-

sue, the cluster of dying cells is confined to the extreme
edge of the retina, to a region <80 µm wide, at P14, P16
and P18. I Quantitation of the immunolabel signal in F
confirms the visual impression that FGF-2-labelling is
maximal at the edge and decreases towards the centre of
the retina, following to low levels 200 µm from the edge.
The red trace shows GFAP-labelling along a transect
along the INL, crossing successive processes of Müller
cells. GFAP-positive Müller cell processes show as peaks
in the red line; they are confined to the most peripheral
150 µm of retina. (Data from Mervin and Stone 2002a)
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Fig. 9.2A–F. The development of the upregulation of
FGF-2 in the ONL, in the developing C57BL/6J mouse
retina. The upregulation can be detected at P16 and pro-
gresses over the following 10 days. The upregulation of

FGF-2 thus seems to follow the occurrence of photore-
ceptor death at the edge, which is well developed at P14
(Fig. 9.1). (Data from Mervin and Stone 2002a)

Fig. 9.3A–F. Edge/midperiphery comparison for a rat
retina (non-degenerative, Sprague-Dawley albino): A–D
are from control retinas, raised in dim cyclic light; F, G
are from a retina after exposure to bright continuous
light. A, B FGF-2-immunolabelling in mid-peripheral
retina is prominent only in Müller cell somas in the INL
and in the nuclei of astrocytes at the inner surface (A).
CNTF-labelling (red) is prominent only in astrocytes
processes at the inner surface (A). At the edge (B), FGF-
2 is prominent in the ONL and CNTF in Müller cells, cell
processes extending across the retina. Note the overall
thinning of the retina, including the ONL. C, D Immu-
nolabelling (red) for CO (cytochrome oxidase) shows
that in mid-peripheral retina (C) the enzyme is promi-
nent in the inner segments (lower two asterisks) and in
the OPL (top asterisk). Opsin (green) is prominent in
outer segments (arrow in C). At the edge (D), the ONL

has thinned to <50% of its normal thickness, and CO-
labelling is less intense in both the outer segments (low-
er asterisk) and in the OPL (upper asterisk). The outer
segments remain strongly opsin-positive but are mark-
edly shortened (arrow). E, F Labelling for DNA (blue)
and fragmenting DNA (red, using the TUNEL tech-
nique) in mid-peripheral and edge regions of a rat reti-
na suffering light damage after exposure to bright con-
tinuous light (Bowers et al. 2001). The photoreceptors in
the ONL undergo massive DNA fragmentation (red) in
mid-peripheral retina (E), with some of the fragmented
DNA appearing in Müller cells in the INL. The neat
stacking of somas in the ONL, apparent in C, is broken
down. At the edge (F), by contrast, the photoreceptors
are light-damage resistant, only a few showing evidence
of DNA fragmentation. The neat packing of ONL cells is
maintained
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pally in Müller cells, the FGF-2 in photorecep-
tor somas in the ONL (Walsh et al. 2001;
Fig. 9.3A, B). The ONL at the edge thins to <50%
of its thickness in central retina (compare
Fig. 9.3A with B, C with D), suggesting signifi-
cant cumulative loss of photoreceptors. The
thinning of layers at the edge, and the upregula-
tion of FGF-2 and CNTF, are shown quantita-
tively in Fig. 9.4. FGF-2 (green in Fig. 9.4A, B) is
most prominently upregulated in the ONL
(between the OPL and OLM in Fig. 9.4B), while
CNTF (red in Fig. 9.4B) is most strongly upreg-
ulated at the inner surface of the retina, and in
the OPL and OLM.

9.3.2
The Edge of the Retina 
Is Functionally Degraded

It is a consistent feature in the rat (Fig. 9.3C, D)
and other species (below) that, at its edge, the
retina appears functionally degraded. This is

evident when functional molecules are la-
belled. In Fig. 9.3C (mid-peripheral retina of
the rat), the red label is immunolabelling for cy-
tochrome oxidase (CO), the mitochondrial en-
zyme which sequesters oxygen for oxidative
metabolism. The green label is immunolabel-
ling for opsin, the protein of rhodopsin, and the
blue is a DNA-specific dye. The ONL is 10–12
cells thick. CO is highly prominent in the outer
part of the inner segments (between the two
lower asterisks in Fig. 9.3C), and prominent al-
so in the OPL (top asterisk in Fig. 9.3C), as blobs
which correspond to the large mitochondria in
the axon terminals of photoreceptors. Opsin is
prominent in the outer segments (arrow in
Fig. 9.3C). At the edge of the retina (Fig. 9.3D),
the ONL is reduced to two to four cells, the la-
belling of CO in the OPL (upper asterisk in
Fig. 9.3D) and in inner segments (lower asterisk
in Fig. 9.3D) is less intense and the inner seg-
ments appear shorter, while opsin labelling of
the OS is intense (Fig. 9.3D) but the OSs are rel-
atively short.
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Fig. 9.4A, B.
Detail of edge/mid-periphery differ-
ences in the expression of two stress-
inducible protective factors, in a nor-
mal rat retina (from Fig. 9.3A, B). Each
trace shows the strength of immunola-
belling for FGF-2 (green) and CNTF
(red), measured along transects which
pass from the inner to the outer limit-
ing membranes (ILM to ILM). The reti-
na is thinner at the edge, and the
strength of labelling is generally high-
er. In particular, FGF-2 labelling in the
ONL (between the OPL and OLM) is
many times higher in B than in A; and
CNTF-labelling at the OLM and close
to the ILM is several times stronger 
in B



9.3.3
The Edge of the Retina Is Highly Stable 
in the Face of Acute Stress

The edge/mid-peripheral difference in trophic
factor expression and functional morphology
is complemented by a striking difference in the
vulnerability of photoreceptors to stress. In the
Sprague-Dawley rat, exposure of the retina to
bright continuous light (e.g. 2,000 lux for 24 h
or 48 h) induces a photoreceptor-specific death.
The severity of the death depends on the
brightness, wavelength and duration of the ex-
posure, and on the light history of the retina
(reviewed by Organisciak et al. 1998). However,
within one retina (thus with all the above fac-
tors constant), the severity of damage also var-
ies with retinal location, being least at the reti-
nal edge (Fig. 9.3E, F).

In the RCS rat, an inherited abnormality of a
transport enzyme of the retinal pigment epi-
thelium (D’Cruz et al. 2000) causes a failure of
phagocytosis of the shed membrane of photo-
receptor outer segments (LaVail et al. 1992). The
outer segment membrane accumulates in the
subretinal space, lengthening the diffusion path
for oxygen to reach the photoreceptors. During
the critical period of photoreceptor degenera-
tion, RCS photoreceptors die at a high rate,
driven partly by hypoxia (Valter et al. 1998). In
the face of this genetically induced stress, the
photoreceptors at the edge of the retina are rel-
atively resistant, confirming earlier observa-
tions (LaVail and Battelle 1975).

In brief, photoreceptors at the edge are de-
graded morphologically and functionally by a
chronic edge-specific stress, but contain or are
surrounded by protective factors, and are high-
ly resistant to damage.

9.3.4
The Adult Retina Aged 2 Years:
Observations in the Marmoset

The morphology of a 2-year-old marmoset ret-
ina near the anterior edge is shown in Fig.
9.5A–H. Centrally, the laminar structure of the
retina seems well differentiated (Fig. 9.5D). To-
wards the edge (Fig. 9.5D-A), the retina thins,

GFAP becomes more prominent in the radial
processes of Müller cells (Fig. 9.5B) and FGF-2,
which centrally is prominent only in the INL
(Fig. 9.5D), is found in most surviving neurons
(Fig. 9.5A). Centrally, the inner and outer seg-
ments of photoreceptors are well differentiated
(Fig. 9.5H), with CO prominent in the inner seg-
ments (red) and opsin in the outer segments
(green). Towards the edge (Fig. 9.5G, F, H), both
inner and outer segments become shorter and
less well separated. At the edge (Fig. 9.5E), nei-
ther inner nor outer segments are apparent; in-
stead a few cells, probably surviving photore-
ceptors, appear rounded, with opsin prominent
in their cytoplasm.

In a 7-year-old retina (Fig. 9.5I), the same
trends are apparent, shown here at low power.
Centrally (to the right in Fig. 9.5I), GFAP (red)
is prominent in astrocytes at the inner surface
of the retina. Towards the edge (arrow in
Fig. 9.5I) the intensity of GFAP-labelling in-
creases, both at the inner edge of the retina, and
across its thickness. Centrally, FGF-2 (green in
Fig. 9.5I) is prominent in Müller cells in the
INL; towards the edge (arrow), FGF-2 is promi-
nent in all cells present. The DNA label (blue in
Fig. 9.5I) shows the cellular layers of the retina;
two of the layers (INL and ONL) are seen at this
magnification. At the edge (arrow in Fig. 9.5I)
the separation between these two layers be-
comes indistinct.

9.3.5
The Adult Retina Aged 20 Years:
Observations in the Baboon

In this retina, again, there is a gradual break-
down of retinal structure over the peripheral-
most few millimeters of retina. For example, the
inner and outer segments of photoreceptors are
neatly arranged in mid-peripheral retina
(>10 mm from the edge, Fig. 9.6A), with opsin
(green in Fig. 9.6A) detectable in the mem-
branes of somas, showing a limited concentra-
tion in the inner parts of the inner segments
and prominent in the outer segments. CO (red)
is prominent in the outer parts of the inner seg-
ments. At 1 mm and 0.6 mm from the edge
(Fig. 9.6A–C), this neat lamination progressive-
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Fig. 9.5A–I. Degeneration at the edge of the marmoset
retina. A–D From a section labelled for GFAP (red),
FGF-2 (green) and DNA (blue), from a retina aged 2 -
years. At the extreme edge (A) and 1 mm away (B), the
retina is thin, and GFAP is prominent in astrocytes and
Müller cells. FGF-2 is prominent in cells in the INL.
More centrally (C, D) the retina is thicker, and GFAP less
prominent in Müller cells. E–H From a section labelled
for CO (red), opsin (green) and DNA (blue), from the
retina aged 2 years. Centrally (H) CO is prominent in the
inner segments of photoreceptors, and opsin in outer
segments. Towards the edge (G–E) the separation of in-

ner and outer segments becomes less clear. At the edge
(E) inner and outer segments cannot be distinguished,
and opsin is found in the cytoplasm of a few cells, pre-
sumably surviving photoreceptors. I Section at the edge
of marmoset retina aged 7 years, labelled for GFAP, FGF-
2 and DNA, with the fluophores shown separately. At
lower power the upregulation of GFAP (red) is apparent
at the edge (arrow in top image). The upregulation of
FGF-2 (green) in photoreceptors is also apparent (arrow
in middle image) and the breakdown of laminar struc-
ture is also seen (arrow in lower image)



ly degrades, and opsin-positive neurites grow
abnormally into inner retina (Fig. 9.6C). At the
extreme edge (Fig. 9.6D), inner and outer seg-
ment structure are totally lost, although a few
opsin-positive structures remain. Some of
these structures resemble cells, with opsin-pos-
itive cytoplasm. There is evidence of pigmen-
tary invasion (arrow in Fig. 9.6G).

At lower power (Fig. 9.6E, F, H), it is apparent
that the retina thins markedly towards the
edge, to <50% of its central thickness (compare
Fig. 9.6E, H). Centrally (Fig. 9.6H), GFAP (red)
is confined to astrocytes at the inner surface of
the retina, while, towards the edge, GFAP is ex-
pressed increasingly in the radial processes of
Müller cells (Fig. 9.6E, F). The green label in
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Fig. 9.6A–K. Degeneration at the edge of the baboon
retina aged 20 years. A–D, G From a section labelled for
CO (red) and opsin (green). Centrally (A), CO is promi-
nent in the outer part of inner segments of rods and
cones, and opsin in outer segments and, less markedly,
in the inner parts of inner segments of rods. Towards
the edge this separation of inner and outer segments
breaks down (B). Some cells grow opsin-positive pro-
cesses which extend into inner retina (C). At the edge
(D), opsin is found only in the cytoplasm of isolated
cells, presumably surviving photoreceptors. Pigmentary
inclusions were seen in some cells, at the edge (arrow in
G). E, F, H From a section labelled for GFAP (red), and

for blood vessels (green), with the lectin G. simplicifolia.
Centrally (H) the retina is thick, GFAP is confined to as-
trocytes at the inner edge of the retina and capillaries
(green) extend to the outer aspect of the INL. Near the
edge (E, F), the retina is markedly thinned, blood vessels
are absent and the lectin labels occasional cone sheaths
and cells in the ganglion cell layer. GFAP is present in
Müller cells processes, becoming particularly promi-
nent at the edge (F). I–K From a section labelled for
GFAP (red), FGF-2 (green and DNA (blue) Again, to-
wards the edge, the thinning of the retina is clear, FGF-2
becomes prominent in cells of the outer nuclear layer
(arrows in K) and GFAP in the processes of Müller cells



Fig. 9.6E, F, H is a lectin (G. simplicifolia), which
in central retina labels blood vessels (Fig.
9.6H), showing capillaries on the inner and
outer aspects of the INL. Peripherally (Fig. 9.6E,
F), no vessels are apparent; i.e. the retina is
avascular and the lectin binding is abnormal,
labelling neurons in the ganglion cell layer (ex-
ample in Fig. 9.6E) and the sheaths of cones
(Fig. 9.6E, F).

The thinning of the retina and upregulation
of GFAP expression at the edge are also evident
in Fig. 9.6I–K. In these images the green label-
ling is FGF-2. As in the species described above,
FGF-2 is prominent in mid-peripheral retina in
somas (probable Müller cells) in the INL and in
the cytoplasm of ganglion cells. At the edge
FGF-2 is also prominent in somas of photore-
ceptors in the outer nuclear layer (arrows in
Fig. 9.6K).

Two features of this baboon retina may re-
flect its greater age. First, the extension of op-
sin-positive neurites into inner retina has been
described in human retinas affected by long-
standing retinitis pigmentosa (Li et al. 1995).
Second, the presence, presumably by migration
from the RPE, of pigment granules within the
retina at the edge is a feature of the oldest hu-
man retina studied (below).

9.3.6
The Adult Retina Aged 30–70 Years:
Observations in the Human

The most spectacular “edge effects” are seen in
the oldest retinas studied, from humans aged
29, 45 and 69 years. Throughout much of these
retinas the layering structure is normal (Fig.
9.7A). GFAP is restricted to astrocytes at the in-
ner surface, the three cellular layers of the reti-
na are neatly intact and photoreceptors have
ordered inner and outer segments, with CO
concentrating in the inner segments and opsin
in the outer segments (Fig. 9.7E).

Towards the edge of the retina (compare
Fig. 9.7A with B, C with D), the retina thins.
FGF-2 becomes prominent in cells in all retinal
layers (Fig. 9.7B), and GFAP becomes promi-
nent in Müller cells (Fig. 9.7D). The retinal vas-

culature (green in Fig. 9.7C) is absent from the
edge region (Fig. 9.7D). In the 69-year retina,
the neat segregation of CO-immunoreactive in-
ner segments (red in Fig. 9.7E) from opsin-im-
munoreactive outer segments (green) persists
to 7 mm from the edge (Fig. 9.7F), but is pro-
gressively degraded nearer the edge (Fig.
9.7G–I). At the absolute edge (Fig. 9.7I), inner
and outer segment structure is totally lost. A
similar sequence from the 45-year-old is shown
in Fig. 9.7J–M. Again the structure of inner and
outer segments breaks down towards the edge,
and some opsin-immunoreactive cells, presum-
ably photoreceptors, extended opsin-positive
neurites into the inner retina, an abnormality
previously noted in degenerating human retina
(Li Y et al. 1995).

At low power, the edge region of the 69-year-
old retina shows morphological changes which
are quite spectacular (Fig. 9.8A). Vacuoles ap-
pear within the retina, and the layering of the
retina becomes confused and then obliterated.
Damage is most severe at the distal edge (at the
right hand margin of Fig. 9.7A), and decreases
with distance from the edge, consistent with the
idea that the edge region is subject to a progres-
sive edge-to-centre degeneration. For descrip-
tive purposes, three zones can be distinguished
in Fig. 9.8A.At the left of the image, the retina is
near normal in structure and labelling. In the
central part of the image is a zone of cystoid de-
generation, within which retinal layering is dis-
rupted. In this region some elements of normal
structure remain. GFAP-labelled glial processes
are prominent at the inner surface, and extend
radially across the retina, along the “columns”
of tissue which persist between the vacuoles
(Fig. 9.8B). Among those glial processes neu-
rone-like cells are present, which label for FGF-
2 (green) and autofluoresce blue. At the outer
surface (bottom of Fig. 9.8B), a few outer-seg-
ment-like processes remain. At the transition
between the zones of “cystoid” and “complete”
degeneration (shown at higher magnification
in Fig. 9.8C), the GFAP-labelling stops abruptly,
and only the vacuoles give indication that the
most peripheral region was once part of neural
retina.
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Fig. 9.7A–M. Degeneration at the edge of human retina.
A, B From a 69-year retina. The retina thins markedly
towards the edge (B, 4 mm from edge), and FGF-2
(green) is upregulated in cells of all layers. C, D From a
45-year retina. Again the retina thins towards the edge
(D, approximately 3 mm from edge). GFAP (red) be-
comes more prominent, appearing in the radial process-
es of Müller cells. Vessels of the retinal circulation
(green in C) are absent from the edge (D). E–I From a
69-year retina. CO (red) is prominent in inner segments
and opsin (green) in outer segments. Inner and outer
segments are well differentiated up to 7 mm from the

edge (F). More peripherally, inner segments cannot be
distinguished, outer segments shorten and opsin ap-
pears in cells of the outer nuclear layer. At the extreme
edge (I), outer segments also cannot be distinguished.
The blue in these images is autofluorescence. J–M From
a 45-year retina, labelled as for E–I, but without the blue
channel. Again, the inner and outer segments are nicely
separate away from the edge (image at left). Close to the
edge, inner and outer segments are lost, opsin appears
in surviving cells of the ONL, and some opsin-positive
cells extend neurites into the inner retina
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Under transmitted light (Fig. 9.8D,E), an ad-
ditional abnormality of the zone of complete
degeneration is apparent. Pigment clusters are
present in the once-retinal tissue. At higher
power (Fig. 9.8E) the clusters seem to form in
radial strands, raising the possibility that they
have migrated into the residual retinal struc-
ture, from the RPE (seen at bottom of both
Fig. 9.8D and E).

9.3.7
Evidence of Progression
in Edge Degeneration in Humans

The 29- and 45-year-old retinas also show cys-
toid degeneration at the edge (Fig. 9.8F), but
less severely than at 69 years. There is, for ex-
ample, no zone of “complete” degeneration at
the extreme edge of either retina and no evi-
dence of pigmentary invasion, and the cystoid
disruption of retinal lamination is less exten-
sive (extending ~0.8 mm from the edge, as
compared to 1.5 mm in the 69-year retina). Fi-
nally, when the 29- and 45-year retinas are com-
pared, there is evidence of progression of the
degeneration between these ages. The extent of
vacuolar degeneration is similar in the two ret-
inas (~0.8 mm from the edge). At the cellular
level, however, the INL and ONL are still recog-
nizable at 29 years, the vacuoles forming in the
OPL. At 45 years, the INL and ONL can not be
distinguished, and the number of neurons
present in this region of vacuolar degeneration
is greatly reduced (data not shown).

9.4
Discussion

The evidence presented above that, in a range of
mammalian species, the retina undergoes pro-
gressive degeneration from neonatal life to the
seventh decade (in humans), confirms and ex-
pands earlier evidence of age-related cell loss in
the normal retina. Gartner and Henkind (1981),
for example, have noted, in a study of the edge
of human retina, that “peripheral cystoid …
degeneration (is present) … even as early as
1 month of age. It was more frequent after
3 years … almost always present at age 8, and
… quite extensive after age 30”. Further,
systematic counts of photoreceptors in human
retina as a function of age (Gao and Hollyfield
1992) show a progress of loss of photoreceptors
throughout the retina, which is rapid in young
adults, slowing but persisting into advanced
age. The present observations document the
special status of the edge of the retina in ro-
dents (mouse and rat) and a range of primates
(marmoset, baboon, human). The novel ele-
ments of the data reviewed include:
A. The degeneration of the edge is stress-in-

duced, as indicated by the upregulation at
the edge of stress-induced proteins (GFAP,
CNTF, FGF-2)

B. The edge-specific stress includes hyperoxia
(because hypoxia reduces cell death at the
edge)

C. The damage to the retina at the edge in-
cludes cell death, thinning and eventual dis-
ruption of the layers of the retina, the forma-
tion of vacuoles (cystoid degeneration) and
the shortening and loss of inner and outer
segments
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Fig. 9.8. A Edge of the 69-year retina, labelled for GFAP
(red) and FGF-2 (green). Blue is autofluorescence. Cys-
toid degeneration is prominent over an extended region
(2–3 mm). Most peripherally, the red labelling of GFAP
in macroglia is lost, and the degeneration of the retina is
complete. B In the cystoid degeneration region, GFAP-
positive processes extend across the retina, between the
vacuoles. FGF-2-positive cells persist among these glial
processes and a few outer segments can be distin-
guished, at bottom. C Towards the edge, the red (GFAP)
label stops and a cell-sparse matrix remains (right). D, E

In the region of complete degeneration, pigmented cells
are present in the surviving matrix, apparently migrat-
ing inwards from the retinal pigment epithelium (bot-
tom). E shows at higher power the region outlined in D.
F, G Edge of the 45-year retina, labelled as for A. To-
wards the midperiphery (F), retinal structure appears
normal. At the edge the retina swells, vacuoles appear,
and GFAP-labelling becomes intense. The cystoid de-
generation is less extensive than at 69 years (A), and
there was no region of complete degeneration



D. These effects are maximal at the edge and
graded towards the center of the retina, sug-
gesting that the stress acts at the edge of the
retina

E. Where, in the human, retinal structure is en-
tirely lost, there follows an invasion of the
retina by pigmented cells, apparently from
the retinal pigment epithelium

For technical reasons, the juvenile material has
been obtained from rodents, and mature (>2-
year-old) adult and senescent material from
primates, so that the present observations are
species-specific vignettes of the life history of
the retinal edge. A full life-history of the edge is
warranted for each of these species. There is,
nevertheless, a common thread to these obser-
vations. In all species and at all ages, the edge of
the retina appears subject to a localized chron-
ic stress. Initially, in the neonate mouse, the
stress causes an episode of rapid cell death, and
then upregulates the expression of protective
factors, with the result that the edge region, al-
though slowly degenerating as a result (pre-
sumably) of chronic stress, is highly resistant to
acute stress. Over decades, however, the degen-
erative process at the edge runs slowly to total
disintegration of neuronal structure and pig-
mentary invasion of the degenerative site, and
the process spreads centrally, from the edge to-
wards the posterior pole of the eye.

9.4.1
The Edge of the Retina as a Model 
of Retinal Degeneration

In analyzing retinas of normal animals, and of
models of degeneration, in our own work on
the RCS rat (Valter et al. 1998), it is evident that
the edge region of retina is not distinctive in the
mechanisms which operate there in response to
stress. Upregulation of FGF-2, CNTF and GFAP,
such as occurs at the edge, will occur through-
out the retina, if the stress applies throughout
the retina (Steinberg 1994; Cao et al. 2001) and
will occur focally if the lesion is localized (Cao
et al. 2001). Further, the upregulation of these
factors is associated with an increase in photo-
receptor resistance to damage. The pigmentary

invasion of the retina, described here at the
edge of the human retina, occurs throughout
the retina when there is widespread photore-
ceptor degeneration. This is the signature pa-
thology of the human retinal degenerations in
retinitis pigmentosa.

Experimental data in the mouse (Mervin
and Stone 2002b) suggest that hyperoxia is a
factor in the chronic stress which causes edge-
specific degeneration. We have argued previ-
ously (Stone et al. 1999) that hyperoxia may be a
factor in the late stages of all retinal degenera-
tions. For the investigator, therefore, the edge of
normal retina is a useful model of retina-wide
degeneration, a site at which the mechanisms of
degeneration, and of resistance to degenera-
tion, can be effectively studied in the retina is
genetically normal, and has experienced nor-
mal levels of light retina.

9.4.2
Why Is the Protection 
of Photoreceptors Stress-Inducible?

The retina’s ability to protect its photoreceptors
by upregulation of protective factors is well es-
tablished. The factors most clearly established
to be protective (FGF-2, CNTF, BDNF) are all
stress-induced (Steinberg 1994; Wen et al. 1995;
Bowers et al. 2001; Walsh and Stone 2001; Walsh
et al. 2001). The upregulation of these factors in
response to acute stress requires some hours
(Walsh and Stone 2001). The rate of upregula-
tion appears to be sufficient to protect the reti-
na against many natural forms in increased
light exposure, such as the brightness of sum-
mer, but is too slow to prevent photoreceptor
degeneration in response to a more acute chal-
lenge, such as the switching on of a bright, con-
tinuous light. These observations raise a ques-
tion: Why have these mechanisms of protection
evolved as stress-induced? If they are available,
why are they not just “switched on”?

One plausible answer to this question is sug-
gested by the observation that the upregulation
of protective factors (the evidence is clearest for
FGF-2) is associated with a reduction in photo-
receptor sensitivity (Gargini et al. 1999). The
upregulation of protection may have evolved to
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be stress-inducible, so that sensitivity is max-
imized to the stress levels actually experienced.
This maximization of sensitivity seems to in-
volve, however, the risk of vulnerability to acute
stress.

This point is of clinical as well as teleological
interest, if the regulation of trophic factors is
reversible, so that long-term reduction of stress
(e.g. reducing ambient light exposure) may in-
crease sensitivity. This could be of value to pa-
tients suffering vision loss due to photorecep-
tor loss. The possibility that the re-sensitized
retina is also increasingly vulnerable to acute
light stress would need to be understood, in
managing light exposure over the long term.

9.4.3
Vulnerability to Oxidative Stress 
in Mice and Humans

We have drawn data from different mammalian
species, for pragmatic reasons, and species dif-
ferences need to be considered when bringing
these observations together. Mouse fibroblasts
in vitro, for example, show senescent changes
earlier than human fibroblast (Parrinello et al.
2003), and this early senescence seems associat-
ed with a higher vulnerability to oxidative
stress. Put conversely, human fibroblasts may
have evolved mechanisms to limit their vulner-
ability to oxidative stress, necessary for the long
human lifespan.

Despite such differences, several themes of
the present story appear to be common to ro-
dents and primates. Regardless of species, pho-
toreceptors are, among retinal cells, the most
exposed to stress, and the most fragile in the
face of environmental or genetic stress. Con-
versely, photoreceptors have also developed
strong mechanisms of protection. The erosion
of the edge of the retina, which begins in early
postnatal life and progresses for the full human
lifespan, shows one limit of the effectiveness of
the retina’s protective mechanisms. As far as we
are aware, no other cell or region of the central
nervous system shows a comparable “normal”
degeneration, beginning as soon as tissue starts
to function, and progressing throughout life.

9.4.4
The Link to AMD

9.4.4.1
Are Rods More Susceptible 
to Edge-Specific Stress?

In the mouse (Gresh et al. 2003) and human
(Curcio et al. 1993, 1996; Adler et al. 1999; Jack-
son et al. 2002), rods are more vulnerable than
cones to senescence. The numbers of both rods
and cones decrease with age, with rod depletion
occurring earlier, both in the retina as a whole
and, in the human, in the cone-rich foveal
region. The present evidence of an edge-specif-
ic degenerative process raises the question
whether rods are also more susceptible in this
form of degeneration. The present observations
do not include the quantitative comparison
needed to answer this question, but studies of
the edge of human retina have shown that
cones are relatively numerous at the edge (Wil-
liams 1991; Ahnelt 1998). Although previous
authors have described the edge of human reti-
na as “cone-enriched” rim, it is possible that the
region has been selectively depleted of rods.
One study (Mollon et al. 1998) sought psycho-
physical correlates of the relatively high cone
density at the edge of the retina and was unable
to demonstrate a correlate. The present evi-
dence that the edge is degenerate, its photore-
ceptor population depleted and the functional
morphology of the survivors degraded, con-
firm this evidence that the edge of the retina is
unlikely to subserve a specialized visual func-
tion.

9.4.4.2
Photoreceptor Depletion Destabilizes

The mammalian retina has evolved as a highly
durable sensor, functioning for the full life of
the organism, in humans for many decades.
Nevertheless the retina is arguably the least
stable part of the central nervous system, and
loss of visual function is “normal” in older hu-
mans (Jackson et al. 1999). In recent years, evi-
dence has accumulated that an important fac-
tor in maintaining retinal stability is the photo-
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receptor population. Put conversely, photore-
ceptor depletion destabilizes the photorecep-
tors which survive this depletion. Four lines of
evidence support this proposition: First, clini-
cally the rod/cone dystrophies and cone/rod
dystrophies are rarely stable. They progress,
raising the possibility that each photoreceptor
class provides survival factors to the other (re-
viewed by Adler et al. 1999; Curcio et al. 2000).
Second, experimental evidence is now available
suggesting that a survival factor is provided to
cones by rods, at least in mouse retina (Bate-
man et al. 1992; Mohand-Said et al. 1998; Adler
et al. 1999). Third, rod loss is a precursor of fo-
veal instability in humans; i.e. loss of rod func-
tion and rod numbers precedes AMD (Jackson
et al. 2002). Fourth, photoreceptor depletion
causes a rise in oxygen tension in outer retina
(Yu et al. 2000), and hyperoxia is toxic to photo-
receptors (Yamada et al. 1999). This is the oxy-
gen toxicity hypothesis of (Stone et al. 1999).

In normal human retina, photoreceptor loss
is measurable throughout life. The data of Gao
and Hollyfield suggest, for example, a depletion
rate of ~1000 rods/mm2 per year in the third
decade, declining to about half that value in the
fifth to tenth decades. If these figures are ex-
trapolated to the full area of human retina
(~900 mm2; Stone and Johnston 1981), they
suggest a rod loss of 2,000/day in young adult-
hood, falling to 1,000/day in later life. These
numbers appear disconcerting, but each retina
has 1–2 × 108 photoreceptors, so that many
should survive to the ninth decade of life. The
functional effect of this normal photoreceptor
loss can be measured as an age-related, decade-
by-decade rise in dark-adapted thresholds, and
a slowing of dark adaptation (Jackson 1999).
The destabilizing effect of this photoreceptor
loss has been recognized for many years in the
loss of cone photoreceptors in rod-specific
forms of retinitis pigmentosa (above). For nor-
mal retina, the destabilizing effect of photore-
ceptor depletion has been described only re-
cently. We have noted a trend for non-familial
forms of retinal degeneration to be associated
with perinatal stress (Stone et al. 2001), which
may cause early photoreceptor depletion.At the
other end of human life, a trend has been re-
ported (Jackson et al. 2002) for AMD to occur

preferentially in retinas from which age-related
loss of rods has been relatively high. Finally, we
note here a trend for early depletion of photo-
receptors, at the edge of the retina, to be asso-
ciated with a life-long degenerative process,
seen as a chronic, progressive degeneration of
the edge of the retina. Clues to the management
of the ageing retina may thus be gleaned from
the systematic study of “the edge”.
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Green 1999). These deposits are generically
termed “drusen” (clinical definition) when ob-
served by physicians upon clinical examination
of patients (Fig. 10.1; Zarbin 1998). However,
histopathological examination allows three
main types of sub-RPE deposits to be distin-
guished by location, thickness, and content: ba-
sal laminar deposits (BLD), basal linear depos-
its (BLinD), and nodular drusen (anatomic def-
inition; van der Schaft et al. 1992; Green 1999).
The RPE basement membrane seems to be the
crucial dividing line in distinguishing between
BLD and drusen or basal linear deposits. Dru-
sen when detected clinically are more extensive
BLD, BLinD, or nodular drusen.

BLD is the accumulation of amorphous ma-
terial of intermediate electron density between
the plasma membrane and the basement mem-
brane of the RPE, often containing banded
structures, patches of electron-dense fibrillar
or granular material, and, occasionally, mem-
branous debris (Kliffen et al. 1997). Basal linear
deposits are diffuse, amorphous accumulations
within the inner collagenous zone of BrM, ex-
ternal to RPE basement membrane, with simi-
lar content variations. Nodular drusen (ana-
tomic definition) are discrete, dome-shaped de-
posits within the inner collagenous zone of
BrM, often contiguous with basal linear depos-
its (Abdelsalam et al. 1999). In general, these
deposits contain phospholipids, triglycerides,
cholesterol, cholesterol esters, apolipoproteins,
vitronectin, immunoglobulins, amyloid, com-
plement, and many other poorly characterized
components (see Chap. 6; Hageman and Mul-
lins 1999; Hageman et al. 2001; Penfold et al.
2001; Anderson et al. 2002). Further, low-grade
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10.1
Dry AMD

10.1.1
Definition of Dry AMD

Numerous biochemical and anatomical chang-
es occur in Bruch’s membrane (BrM) as part of
aging retina in the absence of apparent retinal
dysfunction, including collagenous thickening,
calcification, and lipid infiltration. However, the
accumulation of specific lipid-rich deposits
under the RPE is a very prominent histopatho-
logic feature of eyes with AMD (Young 1987;



monocyte infiltration within the choriocapil-
laris is often present underlying areas of depos-
its (Penfold et al. 2001; Anderson et al. 2002).

The histological correlates of clinically ob-
served drusen are controversial. Most expert
agree that small hard drusen observed clinical-
ly consist mostly of nodular drusen histologi-
cally. However, no consensus exists among ex-
perts for the specific composition of clinically
evident, large soft drusen, and definitive infor-
mation is lacking that clarifies the specific con-
tributions of each of the three ultrastructural
deposit types. Some postulate that basal linear
deposits are specific for AMD, whereas other
believe only large nodular drusen define AMD
(Curcio and Millican 1999; Curcio et al. 2000).
Some investigators postulate that BLD are an
aging change without disease significance,
whereas others believe that they are an early
manifestation of AMD and that they can evolve
into linear deposits (van der Schaft et al. 1994).
Nevertheless, many eyes with clinical AMD ex-
press all three deposit subtypes and, conversely,
examples have been published in which condi-
tions with clinical drusen-like deposits reveal
histology dominated by thick variants of any
one of the three subtypes (Penfold et al. 2001).
Until better information is available, any re-
search that clarifies the pathogenesis of any of
the deposit subtypes is useful.

10.1.2
Pathogenic Mechanisms for Drusen Formation

At least five different paradigms have been pro-
posed to explain deposit formation in AMD.
Many of these are detailed elsewhere in this
book, but it is useful to summarize them here.

10.1.2.1
Genetic Hypothesis

Twin and sibling studies clearly indicate that
AMD has a genetic component, and two genet-
ic models have been proposed. One model pro-
poses that genetic mutations of protein(s) spe-
cific to retinal or RPE function cause the dis-
ease, similar to the pathogenesis of retinitis
pigmentosa. This hypothesis has been support-
ed by the identification of several specific mu-
tations for various hereditary maculopathies,
especially Stargardt’s disease, Best’s disease,
and Sorsby’s Fundus dystrophy (Felbor et al.
1997; Gorin et al. 1999; Yates and Moore 2000;
Klaver and Allikmets 2003). To date, none of
these genes seem to be associated with AMD
(Yates and Moore 2000). Alternatively, muta-
tions or polymorphisms in general metabolic
pathways that interact with outer retinal func-
tion may serve as susceptibility cofactors in
AMD (Chung and Lotery 2002; Hamdi and
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Fig. 10.1A, B. Color fundus photograph (A) and red-free
photograph (B) showing predominantly large soft dru-
sen and some subtle retinal pigment epithelial altera-
tions. Drusen are generally the earliest sign of AMD,
consisting of multiple discrete, round, slightly elevated,

variable-sized sub-RPE deposits in the macula and else-
where in the fundus of both eyes. Generally they are de-
scribed clinically as hard or soft drusen, depending in
their size and how well-defined their boundaries are



Kenney 2003). The association of AMD with
polymorphisms of apolipoprotein E supports
this model (Klaver et al. 1998).

10.1.2.2
Lysosomal Failure/Lipofuscin Hypothesis

This model proposes that an age-related failure
in RPE lysosomal degradation of phagocytosed
photoreceptor membranes is a primary cause
of dry AMD (Dorey et al. 1989; von Ruckmann
et al. 1998; Beatty et al. 2000). Initially, incom-
plete degradation of phagocytosed phospholip-
ids and other materials lead to the accumula-
tion of a potentially cytotoxic by-product, lipo-
fuscin, within the RPE cytoplasm (Young 1987).
Lipofuscin, which includes numerous distinct
biochemical components, can be directly cyto-
toxic by disrupting lysosomal and cell mem-
branes (Young 1987). It is also a powerful chro-
mophore for visible light, resulting in the pro-
duction of oxidants such as singlet oxygen
upon blue light exposure (Beatty et al. 2000).
According to this model, however, lysozomal
failure ultimately causes failure to digest pha-
gocytosed outer segments, which then leads to
transcellular transport of undigested material,
which is deposited under the RPE as drusen
(Young 1987). Extensive basic scientific re-
search has investigated the biochemical prop-
erties of lipofuscin and its components. Howev-
er, very little data support a specific role of lyso-
somal failure as a mechanism for its accumula-
tion, or for the secretion of sub-RPE deposits.

10.1.2.3
Choroidal Hypoperfusion Hypothesis

Primary decrease in choroidal blood flow has
been proposed to cause deposits in AMD, pre-
sumably by slowing removal of RPE-derived
waste materials from Bruch’s membrane and
diminution of nutrients or oxygen delivered to
the outer retina (Grunwald 1999; Lutty et al.
1999). Decreased choroidal blood flow has been
observed in AMD eyes. Two structural changes
that might contribute to hypoperfusion include
decreased density or diameter of choriocapil-
laris lumens, leading to hypoperfusion of the
outer retina, and increased scleral rigidity with

age, leading to increased resistance to blood
flow. Some have proposed that the submacular
choroid is a vascular watershed area, suggesting
a possible role for relative ischemia as a compo-
nent in the pathogenesis of wet AMD (Grun-
wald 1999). However, no data are available to
determine whether choroidal blood flow abnor-
malities are primary or reflect a change secon-
dary to another pathogenic component of AMD.

10.1.2.4
Barrier Hypothesis

This model postulates that an acquired defect
in Bruch’s membrane permeability impedes the
flow of nutrients and oxygen from the choroid
into the RPE, and waste products from RPE into
the choroid. Marshall and colleagues have sug-
gested that deposition of plasma-derived lipids
and proteins may create the barrier (Moore et
al. 1995; Cousins et al. 2002). Curcio and col-
leagues have proposed that lipids abnormally
secreted by RPE may contribute to deposit for-
mation (Curcio et al. 2002).

10.1.2.5
RPE Injury Hypothesis

This model proposes that deposit formation is
secondary to chronic, repetitive, but nonlethal
RPE injury (Cousins et al. 2002). Two separate
phenomena must be distinguished: the injury
stimulus and the cellular response (Winkler et
al. 1999; Beatty et al. 2000; Mullins et al. 2000;
Johnson et al. 2001a, 2001b; Anderson et al.
2002). The most widely implicated injury stim-
uli are various oxidants, especially those in-
duced by RPE exposure to visible light or those
derived from endogenous metabolism (Beatty
et al. 2000). Environmental oxidants derived
from cigarette smoke, pollution, or industrial
by-products have also been proposed to con-
tribute to AMD (Cousins et al. 2003a). Two ma-
jor targets of oxidants are cellular proteins and
lipids within cell membranes (Davies 1995).
More recently, inflammatory-derived injury
stimuli have also become implicated, including
oxidants, complement, immune complexes, and
factors produced by macrophages or monocy-
tes (Penfold et al. 2001). Irrespective of the inju-
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ry, this model proposes that all stimuli result in
a final common pathway of cellular responses
that cause the actual deposits. Cellular respons-
es that can lead to deposit formation include
RPE cell membrane blebbing, dysregulation of
extracellular matrix-modifying enzymes, syn-
thesis of excess or abnormal collagens, and
aberrant expression of cytokines or growth fac-
tors (Malorni et al. 1991; Malorni and Donelli
1992; Peten et al. 1992; Jacot et al. 1996; Belkhiri
et al. 1997; Aumailley and Gayraud 1998; Strun-
nikova et al. 2001). Subsequent breakdown and
resynthesis of basement membrane and Bruch’s
membrane extracellular matrix would cause a
progression of BLD into Bruch’s membrane,
producing basal linear deposits and drusen.

10.1.2.6
Progression of Drusen into Late Complications

Drusen are associated with progression into
three main complications in AMD. First, they
are directly associated with mild to moderate
retinal degeneration and vision loss. Second,
they are a prognostic marker for future pro-
gression into late dry AMD (geographic atro-
phy of the RPE and photoreceptors).And, third,
drusen are the most important risk factor for
the progression of dry AMD into wet AMD
(Bressler et al. 1988; Zarbin 1998; Abdelsalam et
al. 1999; Hageman and Mullins 1999). In various
studies, greater size, confluence, and greater
number of drusen have been associated with
increasing rates of CNV (Pieramici and Bressler
1998). Unfortunately, no mechanistic model ex-
plains the conversion of dry AMD into wet
AMD. It is not known whether drusen are the
specific cause of progression or if they are mere
epiphenomena indicating other, more wide-
spread RPE metabolic dysfunction that results
in cell death or induction of vascularization. In
this regard, for example, the AREDS data indi-
cate that vitamins reduce the risk of CNV, but
without changing the appearance of drusen.

In support of drusen as the cause of progres-
sion is the observation that many deposits are
associated with evidence of localized inflam-
mation, including complement activation in
drusen (Johnson et al. 2001a, 2001b) as well as
evidence of monocytes or macrophage within

the underlying choriocapillaris, often with in-
sertion of processes into the drusen (Hageman
et al. 2001; Penfold et al. 2001; Anderson et al.
2002). Conceivably, inflammatory mediators
associated with drusen could induce the ex-
pression of angiogenic factors by RPE or direct-
ly damage choriocapillaris to trigger CNV
(Penfold et al. 2001).

10.1.3
Established or Evaluated Treatments

10.1.3.1
Nutritional Supplementation

The role of nutritional supplementation in reti-
nal degenerative diseases is a controversial top-
ic (Beatty et al. 2000). Although supplements
can affect the activity of various metabolic
functions (such as metal-dependent lysosomal
or matrix enzymes), the most prevalent hy-
pothesis for the value of dietary supplements
focuses on their antioxidant function (Beatty et
al. 2000). In the retina, normal metabolic pro-
cesses, exposure to blue light, and inflamma-
tion all generate potentially damaging, reactive
oxygen intermediates (ROI), which can initiate
oxidative damage to cell membranes, DNA, pro-
tein, and carbohydrate (Beatty et al. 2000). Al-
though the retina contains numerous antioxi-
dant systems that can inactivate ROI, it is hy-
pothesized that these become deficient or over-
whelmed with age (Winkler et al. 1999). Hypo-
thetically, dietary supplementation may restore
their function (Beatty et al. 2000). Seven ran-
domized controlled trials have investigated the
role of nutritional supplementation in AMD
(Newsome et al. 1988; Kaiser et al. 1995; Stur et
al. 1996; Teikari et al. 1998; AREDS 2001; Bartlett
and Eperjesi 2003; Taylor et al. 2002). Three of
these trials report a positive effect of nutrition-
al supplementation in AMD – AREDS (vitamin
C, vitamin E, beta-carotene, zinc; AREDS 2001),
LAST (Lutein and antioxidants; Richer et al.
2002), and zinc in macular degeneration (New-
some et al. 1988) – while the other four show no
effect – ATBC (vitamin E and beta-carotene;
Teikari et al. 1998),VECAT (vitamin E; Taylor et
al. 2002), Visaline (vitamin C, vitamin E, beta-
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carotene, buphenine) in the treatment of AMD
(Kaiser et al. 1995), and Zinc in the second eye
in AMD (Stur et al. 1996). Among these trials,
the two most important are summarized below:
A. Age-related Eye Disease Study (AREDS): La-

boratory and observational research data
has suggested that antioxidant and/or zinc
supplements may delay progression of AMD
and vision loss (AREDS 2001a). These data
inspired the AREDS, a double-masked clini-
cal trial to evaluate the effect of high dose vi-
tamins C and E, beta-carotene, and zinc sup-
plements on AMD progression and visual
acuity. The results indicate that the antioxi-
dant-supplemented group with high risk of
drusen develop significantly less conversion
to late AMD, especially CNV, which is asso-
ciated with expected preservation of vision
(AREDS 2001). Curiously, vitamin E therapy
fails to demonstrate any beneficial effect on
the progression of drusen. Nevertheless, es-
timates suggest that if patients with exten-
sive nonexudative dry AMD or advanced
AMD in the fellow eye were to take AREDS
supplements more than 300,000 cases of
blindness from AMD could be prevented
(Reuters press release, 11/11/03)

B. Lutein Antioxidant Supplementation Trial
(LAST): Lutein and zeaxanthin are believed
to protect the retina in two ways: First, they
filter short wavelengths of light reducing the
oxidative effects of blue light (Bartlett and
Eperjesi 2003); secondly, carotenoids limit
oxidant stress of tissue resulting from me-
tabolism and light by quenching singlet oxy-
gen and probably also peroxy radicals (Bart-
lett and Eperjesi 2003). The AREDS investi-
gators state that lutein and zeaxanthin are
considered for inclusion in the formulation
but neither is available for manufacturing to
a research formulation at AREDS’s initia-
tion. A separate trial (phase II) was started
shortly after AREDS and preliminary results
have reported a statistically significant con-
current improvement in glare recovery, con-
trast sensitivity, and distance/near visual
acuity in patients with dry AMD (Richer et
al. 2002).

10.1.3.2
Laser Treatment of Drusen

Anecdotal observations by clinicians suggest
that mild thermal laser treatment to the retina
in eyes with drusen or pigment epithelial de-
tachments is associated with drusen disappear-
ance (Friberg 1999; Olk et al. 1999).Various pro-
tocols have been suggested, including the pat-
tern of laser burn placement (the direct treat-
ment of drusen or scattered “grid” treatment of
the posterior pole), laser wavelength (green or
red), or laser burn intensity (placing clinically
visible burns or clinically unapparent, sub-
threshold laser burns; Ho 1999). Several clinical
trials have been organized to test the efficacy of
laser to drusen treatment in terms of visual sta-
bilization and prevention of CNV:
A. CNV Prevention Trial (CNVPT): This clini-

cal trial was initiated in 1998. This study is
composed of two arms in which clinically
apparent burns are placed in a grid fashion
(Choroidal Neovascularization Prevention
Trial Research Group 1998). The Bilateral
Drusen Study arm has patients who have
drusen in both eyes and one eye is selected
for laser treatment, while the contralateral
eye is observed. The Fellow Eye Study arm of
this trial is composed of patients that have
exudative AMD in one eye and drusen in the
contralateral or fellow eye. Enrolment in
these pilot studies has been suspended
under recommendation of the Data and
Safety Monitoring Committee, because there
is a higher incidence of CNV within 12
months of study enrolment in laser-treated
eyes in both arms of the trial than in ob-
served eyes (Choroidal Neovascularization
Prevention Trial Research Group 1998). The
conclusion is that prophylactic laser treat-
ment as applied in this trial caused an excess
risk of choroidal neovascularization in the
1st year after treatment. By 30 months the in-
cidence of CNV in the two treatment groups
was the same. Additional follow-up has
shown no statistical difference in visual acu-
ity, contrast threshold, or incidence of geo-
graphic atrophy (Choroidal Neovasculariza-
tion Prevention Trial Research Group 2003).
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B. Prophylactic Treatment of AMD Trial
(PTAMD): This trial has a similar design to
the above laser trial, but utilizes diode red
rather than green laser, and uses either clini-
cally apparent or subthreshold burns in
some arms of the trial. Two-year results of a
randomized pilot study on the effectiveness
and safety of infrared (810 nm) diode laser
macular grid photocoagulation in patients
with dry AMD suggest a reduction of drusen
levels and improvements in visual acuity
(Olk et al. 1999). However, preliminary un-
published data have suggested that prophy-
lactic diode laser treatment in a fellow eye
with CNV, using either clinically apparent or
subthreshold laser burns, may promote CNV
formation and visual loss at least in the short
term (similar to the CNVPT results; Roda-
nant et al. 2002). For patients with bilateral
drusen and no CNV, prophylactic subthres-
hold laser treatment is still ongoing and no
safety issues have been raised on this arm of
the study (Friberg and Musch 2002).

10.1.4
Ongoing Trials: Multicenter Investigation 
of Rheopheresis for AMD (MIRA-1) Study Group

Rheopheresis is a hemodialysis technique using
selective ultrafiltration to remove high molecu-
lar weight substances from plasma, including
immune complexes, IgM, fibrinogen, LDL and
VLDL cholesterol, von Willebrand factor, α-2
macroglobulin, and vitronectin (Pulido 2002).
Traditionally, it has been used for the treatment
of hyperviscosity syndromes or related disor-
ders caused by conditions with excess accumu-
lation of plasma proteins such as multiple mye-
loma (Drew 2002). In the mid-1990s, this tech-
nology was applied to the treatment of dry AMD
(Pulido 2002). The rationale for this treatment is
based on the barrier hypothesis, supposing that
accumulation of plasma substances can be di-
minished by rheopheresis (Pulido 2002); how-
ever, its mechanism of action is mostly specula-
tive (Pulido 2002). A small, controlled random-
ized clinical trial to investigate the safety and ef-
ficacy of rheopheresis in patients with AMD
(MAC-1 Trial) and another pilot study (IDE

G970241) have demonstrated safety (Pulido
2002; Klingel et al. 2002). A placebo controlled
phase-I trial (MIRA-1) has been initiated, to
compare rheopheresis treatment with placebo
control treatment in patients with dry AMD.
The initial results of this trial (42 patients) have
demonstrated a statistically significant and clin-
ically relevant effect on visual acuity (main out-
come measured) when compared with placebo
for the 12-month interval reported (Pulido
2002). However, these results should be inter-
preted with caution since the control group ac-
tually lost more vision than has been seen in
multiple larger clinical trials.

10.1.5
Future Research

10.1.5.1
Basic Scientific Research

Clearly the summary of knowledge for patho-
genesis of dry AMD in this and other chapters
indicates that much more research is impera-
tive. Although biochemical and histological
analysis of human AMD eyes is important, we
also need to expand ongoing efforts to pursue
basic scientific research into biochemical mech-
anisms for deposit formation. Biochemical
mechanisms will provide potential therapeutic
targets for drug inhibition of drusen formation.
In this regard, ongoing research in our laborato-
ry addressing the response to injury hypothesis
illustrates how basic science can identify specif-
ic molecular targets for dry AMD.

Our research is based on the RPE injury
model (Cousins et al. 2002).We hypothesize that
progression of deposit formation in early AMD
requires two sequential cell responses: initial
RPE oxidant injury to cause extrusion of cell
membrane “blebs” (see Fig. 10.2), which accu-
mulate under the RPE as BLD; and subsequent
RPE hormonal stimulation to increase synthesis
of matrix metalloproteinases (MMPs), colla-
gens, and other molecules responsible for base-
ment membrane and BrM turnover, leading to
admixture of blebs into BrM and formation of
new basement membrane under the RPE
(Strunnikova et al. 2003).
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We have demonstrated that several different
oxidants can induce blebbing, including macro-
phage-derived myeloperoxidase, as well as hy-
droquinone, an oxidant present in cigarette
smoke, environmental pollution, and processed
foods (Monroy et al. 2001; Cousins et al. 2003a).
Repetitive oxidant injury can lead to accumula-
tion of sub-RPE deposits when they are grown
on special filter inserts (Strunnikova et al.
2003).As predicted by the RPE injury model, we
can modify blebbing by two different strategies.
First, blebbing can be lessened by interventions
that modify the impact of oxidant injury, espe-
cially by the addition of vitamin E or lowering
the polyunsaturated fatty acid content of the
RPE cell membrane (Espinosa-Heidmann et al.
2004).Alternatively, it is possible to lessen bleb-
bing by blocking the downstream cascades that
trigger the ultimate cytoskeletal changes re-
sponsible for blebbing (Strunnikova et al. 2001).
For example, interactions between heat-shock
proteins and various mitogen-activated protein
kinases are important in bleb formation, and
our preliminary research indicates that phar-
macologic strategies to inhibit these interac-
tions diminishes blebbing (Strunnikova et al.
2001).

Based on the epidemiological association of
worse AMD with female gender, hypertension,
cigarette smoking and other environmental co-

factors, we have evaluated the impact of molec-
ular surrogates of these factors on blebbing and
regulation of molecules responsible for the
breakdown and synthesis of extracellular ma-
trix (Smith et al. 1997; Hyman et al. 2000; Evans
2001). We have found that estrogens, hyperten-
sion-associated hormones such as angiotensin,
macrophage-derived cytokines, and other rele-
vant factors can have a powerful influence on
the severity of blebbing and subsequent matrix
accumulation in the laboratory. This approach
will allow us to screen potential therapeutic
agents.

10.1.5.2
Preclinical Evaluation in Animal Models

Animal models are extremely useful in preclin-
ical testing of theories of disease pathogenesis
and therapeutic interventions. However, until
recently, no animal models for dry AMD were
available (see Chap. 11; Espinosa-Heidmann et
al. 2004; Ambati et al. 2003). The potential use-
fulness of animal models is illustrated by recent
data from our laboratory to evaluate mecha-
nisms for gender differences and environmen-
tal toxins (Cousins et al. 2003a, 2003b).

Women with early menopause appear at risk
for worse AMD (Cousins et al. 2003b). We rea-
soned that estrogen deficiency might contrib-
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Fig. 10.2. Fluorescent microscope photographs of a
spontaneously transformed human adult RPE cell line
(ARPE-19), which was genetically modified by retroviral
transduction with a construct containing green fluores-
cent protein-fernesylated r Ras (GFP-RPE) and attached
to the inner leaflet of the plasma membrane. Left panel

shows normal RPE cells in which their typically hexag-
onal shape can be seen in outline. Upon various kinds of
oxidative injuries (menadione, MPO, hydroquinone),
blebs (right panel, white arrows) can be readily detected
and quantified by flow cytometry, Western blot, or 
ELISA



ute to the onset or severity of AMD in females.
We used a mouse model in which mice fed a
high-fat diet and briefly exposed to blue-green
light develop significant sub-RPE deposits and
mild Bruch’s membrane (BrM) thickening
(Cousins et al. 2003b). We sought to delineate
the role of gender and estrogen status in this
model.

Both male and female 16-month-old mice
developed qualitatively similar basal laminar
deposit morphology, but the severity in terms
of thickness, continuity, and content was signif-
icantly greater in female mice (see Fig. 10.3).
Aged female mice also demonstrated a trend
toward more severe endothelial changes and
increased BrM thickening compared with age-
matched male mice. Middle-aged mice with es-
trogen deficiency induced by ovariectomy also
developed more severe deposits compared with
sham-operated controls (see Fig. 10.4). Howev-
er, ovariectomized mice that received high-

dose estrogen supplementation also developed
significant deposits, although they had a thin-
ner BrM compared with mice that were estro-
gen-deficient (see Fig. 10.5). We concluded that
female gender in aged mice and estrogen defi-
ciency in middle-aged mice appears to increase
the severity of sub-RPE deposit formation. Es-
trogen deficiency may increase susceptibility to
sub-RPE deposit formation by dysregulating
turnover of BrM, contributing to collagenous
thickening and endothelial changes. Estrogen
supplementation at the dosages used in this
study does not appear to protect against sub-
RPE deposit formation (Cousins et al. 2003b).

Another use for animal models is to test the
contribution of environmental toxins in depos-
it formation. Some investigators have suggested
that the incidence and severity of AMD has in-
creased among populations exposed to western
lifestyle and urban environments (Pauleikhoff
and Koch 1995; la Cour et al. 2002). One possible
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Fig. 10.3. Transmission electron microscopy of the outer
retina and choroid from 16-month-old, fat-fed female or
male mice exposed to blue-green light. Left: specimen
from an aged female mouse revealed moderately thick
sub-RPE deposits (under white dotted line) containing
many banded structures (white asterisk) consistent with
BLDs. BrM revealed marked collagenous thickening and
scattered debris (black asterisk). Invasion by several cel-
lular processes (black arrows) emanating from the CC
was also evident. The endothelium revealed some loss
of fenestrations with thickened basement membrane.

Right: specimen from an aged male mouse revealed
continuous moderately thick sub-RPE deposits (under
white dotted line) containing banded structures (white
asterisk) similar to those observed in the female. How-
ever, BrM was only mildly and irregularly thickened.
The endothelial morphology appears slightly abnormal,
with mild reduplication of the basement membrane 
(arrowheads), but evidence of severe injury or invasion
was not observed. ×25,000. (RPE retinal pigment epi-
thelium, BLD basal laminar deposits, BrM Bruch’s mem-
brane, CC choriocapillaris)
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Fig. 10.4. Transmission electron microscopy of the outer
retina and choroid from 9-month-old, fat-fed female
mice exposed to blue-green light, undergoing sham sur-
gery (left) or ovariectomy (right). Left: Specimen from a
middle-aged sham-surgery (ovary intact) female mouse
revealed no sub-RPE deposits and minimally thickened
BrM. The CC appeared normal. Right: specimen from a
middle-aged ovariectomized mouse revealed moderate-

ly continuous BLD (under white dotted line) with band-
ed structures (white asterisk), irregular thickening of
BrM, and normal choriocapillaris. Marked thickening
and reduplication of the basement membrane (black
asterisk) was evident. ×25,000. (RPE retinal pigment
epithelium, BLD basal laminar deposits, BrM Bruch’s
membrane, CC choriocapillaris)

Fig. 10.5. Transmission electron microscopy of the outer
retina and choroid from a 9-month-old, fat-fed female
mice exposed to blue-green light, undergoing ovariecto-
my or ovariectomy with estrogen supplementation. Left:
specimen from a middle-aged ovariectomized mouse re-
vealed nodular BLDs and irregularly thickened BrM. The
endothelium appeared hypertrophied (white asterisk)
with irregular protrusions into BrM (white arrows), loss
of fenestrations (white arrowhead), and reduplication of

the basement membrane (black asterisk). No invasive
processes were observed. Right: specimen from an ova-
riectomized mouse with estrogen replacement revealed
moderately thick BLD (under white dotted line) of sever-
ity similar to the ovariectomized mice with banded
structures (white asterisk). However, BrM appeared to be
normally compact and the CC was normal. × 25,000.
(RPE retinal pigment epithelium, BLD basal laminar de-
posits, BrM Bruch’s membrane, CC choriocapillaris)



explanation is that toxic substances associated
with western lifestyle might directly contribute
to the formation of drusen and AMD (Hawkins
et al. 1999; McCarty et al. 2001). Based on its bi-
ochemical properties, we reasoned that the oxi-
dant hydroquinone, a prevalent component of
cigarette smoke, automobile exhaust, and cer-
tain processed foods, might contribute to dru-
sen pathogenesis. We evaluate the impact of
oral feeding of this compound in mice (Cousins
et al. 2003a).

Electron micrographs of HQ-exposed mice
demonstrated that most mice examined re-
vealed moderate deposits (Fig. 10.6). The sub-
RPE changes were similar to the blue-light
model, characterized by accumulation of mod-
erately dense homogeneous material between
the RPE and its basement membrane (Top,
under white line; Cousins et al. 2002). Occasion-
al blebs were observed, BrM was mildly thick-
ened and banded structures were often present.
This finding also indicated that two different
oxidant stimuli, blue light and hydroquinone,
can produce a common response in the RPE.

10.1.5.3
Imaging Technologies

The current standard technique to evaluate se-
verity of dry AMD is fundus photography. The
severity of drusen, pigmentary changes, and
other features are usually stratified into four
categories (Bird et al. 1995). Although reprodu-
cible, this method assumes that clinically ap-
parent deposits on fundus photography are
representative of the extent of deposit forma-
tion if the same eye were to be examined histo-
logically. This assumption has never been eval-
uated.

Several imaging technologies are being de-
veloped that promise to provide additional in-
formation about the tissue changes associated
with dry AMD. Among the best characterized
are scanning laser ophthalmoscopy (SLO) and
optical coherent tomography (OCT; Hee et al.
1996; Spraul et al. 1998; Ishiko et al. 2002). SLO
can visualize lipofuscin-induced autofluores-
cence and pigmentary abnormalities. OCT can
directly visualize the sub-RPE deposits, which
can be quantified (see Fig. 10.7).
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Fig. 10.6. Transmission electron microscopy of the outer
retina and choroid from hydroquinone-exposed mice.
Top: specimen from a hydroquinone diet revealed that
sub-RPE changes were similar to the blue-light model,
characterized by accumulation of moderately dense ho-
mogeneous material between the RPE and its basement
membrane (under white line). Middle: specimen from a
hydroquinone diet revealed similar changes as de-
scribed above. Occasionally blebs were observed (black
asterisk). Bottom: specimen from a hydroquinone diet
revealed that banded structures were often present in
the sub-RPE space while BrM was mildly thickened.
These findings indicated that different oxidant stimuli
(blue light and hydroquinone) can produce a common
response in the RPE. × 25,000. (RPE retinal pigment
epithelium, BLD basal laminar deposits, CC choriocapil-
laris)



Another new potential technology is scan-
ning laser polarimetry, which measures the
changes in the polarization properties of light
as it passes through the retina. Deposits seem to
induce increased depolarization in proportion
to thickness (see Fig. 10.8). Other potential
technologies in development include Raman
spectroscopy of retinal carotenoid levels as well
as new in vivo techniques to monitor real-time
retinal metabolism.

Finally, improved technologies are becoming
available to measure choroidal blood flow and

to image choroidal vascular changes. Laser
doppler flowmetry has demonstrated that 30%
decreased blood flow is present in high-risk
eyes (J. Grunwald, personal communication).
Dynamic ICG indicates that some high-risk
eyes with drusen demonstrate prominent in-
creased vascularity under the macula, suggest-
ing that intrachoroidal vascular remodeling
may precede subretinal neovascularization (see
Fig. 10.9; Hanutsaha et al. 1998). This observa-
tion may be useful to identify eyes at high risk
for developing choroidal neovascularization.
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Fig. 10.7. Optical coherence tomography (OCT) of a hu-
man retina showing one of the newest imaging technol-
ogies that could provide additional information about

tissue changes associated with dry AMD. The OCT im-
age shows sub-RPE deposits, which can be spatially lo-
calized and quantified (i.e., white arrow)

Fig. 10.8. Scanning laser polarimetry image of a human
macula with dry AMD. Left panel shows standard red-
free SLO image. Right panel shows extensive areas of

“brightness” representing variable depolarization of
light as it passed through clinically unapparent deposits



10.1.5.4
Biomarkers for Progression

The contribution (beneficial or harmful) of
monocytes in AMD pathogenesis or progres-
sion is unknown. Theoretically, macrophages
might mediate drusen resorption by scaveng-
ing and removing deposits (Killingsworth et al.
1990; Cousins and Csaky 2002). Conversely,
macrophages may stimulate progression of
drusen into CNV by releasing cytokines such as
TNF-α or others into deposits, and by releasing
factors that regulate CNV growth and severity
(Killingsworth et al. 1990; Anderson et al. 2002;
Grossniklaus et al. 2002).

Our laboratory has recently characterized
TNF-α production by blood monocytes isolat-
ed from AMD patients and the results suggest
that macrophage activation state, defined as
TNF-α production, might serve as a predictor
of risk for progression in patients with AMD
(Cousins et al. 2004). The presence of inflam-
mation in chronic diseases, irrespective of the
cause, has been noted to serve as a risk factor
for progression. For example, in atherosclero-
sis, high serum C-reactive protein levels is a
strong predictor of myocardial infarction and is

used as a biomarker to identify high-risk pa-
tients (Tracy 2003; Seddon et al. 2004). Simi-
larly our research demonstrates that patients
with AMD have a wide range in expression of
TNF-α cytokine in culture, or messenger RNA
(mRNA) in isolated monocytes. This high level
of TNF-α mRNA correlated with a fivefold risk
of neovascular AMD (Cousins et al. 2004). Im-
plications of this data from analysis of mono-
cyte TNF-α is of tremendous value because it
might serve as a biomarker for risk of CNV for-
mation in patients with early stages of AMD.

10.2
Wet AMD

10.2.1
Definition of Neovascular AMD

Wet or neovascular AMD is caused by choroid-
al neovascularization (CNV; Green 1999), the
growth of pathologic new vessels from the
choroid into the subretinal or sub-RPE location
(Green 1999; Green and Harlan 1999). Clinical-
ly, CNV may appear as a greenish-gray lesion,
often with exudative detachment of the neuro-
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Fig. 10.9. Dynamic ICG images of normal (left) and dry
AMD (right). The image from AMD demonstrates
markedly increased vascularity underlying the macula

(white arrows). This finding suggests intrachoroidal
vascular remodeling, a precursor to subretinal neovas-
cularization



sensory retina. A ring of hyperpigmentation
may surround the lesion (Green and Harlan
1999; Maguire 2004). Although CNV are often
conceptualized as well-defined capillary tubes,
by light or electron microscopy, CNV demon-
strate complex fibrovascular lesions (Green and
Harlan 1999; Reynders et al. 2002; Hermans et
al. 2003). Early intrachoroidal neovasculariza-
tion is rarely detected clinically or histologi-
cally (Green and Harlan 1999). As choroidal
neovascularization progresses, cells extend
through the outer layer of Bruch’s membrane
and into the subretinal space usually associated
with sub-RPE deposits (Green and Harlan
1999). In the majority of the cases, the vessels
are located between the RPE and the remainder
of Bruch’s membrane (Gass 1987). Cellular
components consist of many cell types in addi-
tion to endothelial cells (EC), including prolife-

rating RPE, inflammatory cells (macrophages),
vascular smooth muscle cells (VSMC), and
poorly differentiated myofibroblastoid cells
(Archer and Gardiner 1980; Lopez et al. 1996;
Sarks et al. 1997; Green 1999). The importance
of EC is self-evident, since they are required to
form the lumens of perfused vascular tubes in
the new vessels (Folkman and Shing 1992).
However, the involvement of other cell types
has been less well investigated.

Clinically, CNV are definitively identified by
fluorescein angiography, a photographic imag-
ing technique in which a fluorescent dye is in-
jected intravenously, and then fluorescent dye
accumulation is documented by photography
using filter combinations to image fluorescent
dye (see Fig. 10.10; Gass 1987). Although con-
ceptually simple, the interpretation of angio-
graphy is surprising complex. The angiograph-
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Fig. 10.10A–C. Color fundus photograph (A) and fluo-
rescein angiogram (B, C) showing a choroidal neovas-
cular (CNV) membrane, which characterizes the wet
form of age-related macular degeneration (AMD). The
color photograph in (A) shows a typical juxtafoveal
CNV lesion (within 200 µm of the foveola) character-
ized by a greenish-gray elevated lesion with subretinal
fluid and retinal hemorrhage. Angiographically an area
of hyperfluorescence with well-demarcated boundaries
on the early phase of fluorescein angiography charac-
terizes classic CNV (B). In the latter phase of the angio-
gram, there is progressive dye leakage in the overlying
subretinal space that typically obscures the boundaries
of the CNV apparent in the early phase (C)



ic classification that is most widely utilized in
clinical trials was developed by investigators in
the Macular Photocoagulation Study during
the early 1980s. In this classification, CNV may
be described as classic, occult, or a mixture of
both classic and occult (Macular Photocoagula-
tion Study Group 1991c). In classic CNV the ar-
ea of hyperfluorescence has well-demarcated
boundaries on early phases of the angiogram,
while the late phases are characterized as pro-
gressive dye leakage which eventually obscures
the boundaries of the CNV. Two angiographic
patterns are described as occult CNV; a fibro-
vascular pigment epithelial detachment which
is an area of irregular elevation of the RPE that
produces an ill-defined area of hyperfluores-
cence followed by stippled hyperfluorescence
in the early phases and the late phases charac-
terized by persistent leakage or staining of fluo-
rescein. The other pattern that defines occult
CNV is late leakage of undetermined source
(Guyer et al. 1996; Maguire 2004).

10.2.2
Pathogenic Mechanisms for CNV Formation

Different pathogenic mechanisms have been
proposed to explain CNV formation in AMD.
The most relevant paradigms are summarized
below.

10.2.2.1
Angiogenesis

Angiogenesis proposes that CNV develop in re-
sponse to local overexpression of angiogenic
growth factors (especially vascular endothelial
growth factor or VEGF) produced by the RPE
or other cells in the outer retina (Penfold et al.
1987; Schlingemann 2004; Witmer et al. 2003).
Angiogenic factors then activate endothelial
cells from the subjacent choriocapillaris to pro-
duce various degradatory enzymes, such as ma-
trix metalloproteinase-2 and -9, allowing them
to invade Bruch’s membrane and the subretinal
space (Steen et al. 1998; Hoffmann et al. 2002;
Lambert et al. 2002; Holz and Miller 2003). Sub-
sequent proliferation, migration, and then dif-
ferentiation into a new vessel complex occurs.

The newly formed blood vessels leak plasma or
whole blood. This paradigm has been exten-
sively evaluated and has produced most of our
current knowledge and therapies (Folkman
2003).

10.2.2.2
Inflammation

Inflammation plays a role in many degenerative
diseases such as atherosclerosis, Alzheimer’s
disease, glomerulosclerosis, rheumatoid ar-
thritis, and pulmonary fibrosis (Gebicke-
Haerter et al. 1996; Ross 1999; Walsh and Pear-
son 2001; Goncalves et al. 2003; Gupta and Pan-
sari 2003; Ito and Ikeda 2003; Kramer et al.
2003; McGeer and McGeer 2003; Vizcarra
2003). The concept that inflammatory mecha-
nisms play an important role in the pathogene-
sis of wet AMD has emerged as a paradigm
shift in AMD (Hageman et al. 2001; Penfold et
al. 2001; Johnson et al. 2001a, 2001b; Anderson
et al. 2002; Grossniklaus et al. 2002). As dis-
cussed in Chap. 2, macrophages have been asso-
ciated with drusen as well as with CNV (Ander-
son et al. 2002; Grossniklaus et al. 2002). Macro-
phages can contribute not only to the progres-
sion of drusen and induction of CNV (see
above), but also in the regulation of the size and
severity of CNV (Espinosa-Heidmann et al.
2003c; Sakurai et al. 2003). These observations
and research studies implicate a potential path-
ogenic role for cytokines, chemical mediators,
MMPs, mitogens, or angiogenic-factor release
by macrophages from the choroid in promoting
CNV (Grossniklaus et al. 2002). Furthermore,
recent clinical trials support the use of anti-in-
flammatory agents as useful adjuncts in the
treatment of CNV secondary to AMD (Ciulla et
al. 2003; Spaide et al. 2003; Takahashi et al.
2003). This might be the best proof to support
the hypothesis that inflammation plays an im-
portant pathogenic role in CNV (see Fig. 10.11).

10.2.2.3
Repair to Injury

The response-to-injury hypothesis is a well-es-
tablished concept in vascular pathology in
many vascular beds, including atherosclerosis,
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transplant vasculopathy, post-operative vascu-
lopathies, and restenosis after angioplasty
(Ross 1990, 1999; Azevedo et al. 2000; Lowe
2001). This paradigm proposes that, following
an endothelial insult (inflammation, hemody-
namic, physical), a fibroproliferative repair re-
sponse is initiated, involving primarily vascular
smooth muscle cells. These cells proliferate,
producing growth factors and extracellular ma-
trix-modifying proteins that ultimately result
in a fibrovascular scar tissue. To our knowledge,
this paradigm has not been applied to the path-
ogenesis of wet AMD. However, VSMC have
been shown to invade Bruch’s membrane with
EC early in CNV formation (Sarks et al. 1997).

By inference from the role of VSMC in other
blood vessels, these cells might regulate EC pro-
liferation and differentiation by production of
specific growth factors, as well as synthesize ex-
tracellular matrix collagens and degradatory
proteins (like matrix metalloproteinases) con-
tributing to vascular remodeling and fibrosis
(Abedi and Zachary 1995; Bundy et al. 2000).

10.2.2.4
Vasculogenesis

Postnatal vasculogenesis is another new para-
digm for the formation of pathological neovas-
cularization in many different tissues (Muroha-
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Fig. 10.11A–C. Confocal microscope photograph of a
representative CNV lesion in mice with macrophages.
Multiple groups have shown that CNV fibrovascular le-
sions are composed of multiple cells consisting in vas-
cular smooth muscle cells, myofibroblastoid cells, pro-
liferating retinal pigment epithelium cells, and inflam-
matory cells apart from the essential endothelial cells.
Immunohistochemistry techniques were used to mark
macrophages with F4/80 antibody (A). Similarly, to dif-
ferentiate from resident macrophages after bone mar-
row transplantation experiments these cells show posi-
tivity for green fluorescent protein (GFP) markers con-
firming that they were recruited from the circulation af-
ter the animals were irradiated and reconstituted with
donor GFP+ bone marrow (B). Colocalization was re-
flected by the presence of both markers (yellow) in the
cells shown inside the CNV lesion (C, white arrow-
heads). Scale bar: 20 µm



ra 2003). In contrast to angiogenesis (which
proposes that the new vessel complex is derived
from endothelial cells in an adjacent normal
capillary), vasculogenesis proposes that the cel-
lular components of the new vessels complex
are derived from circulating vascular progeni-
tors derived from bone marrow (Asahara et al.
1997, 1999; Isner and Asahara 1999). Bone mar-
row has been shown to contain stem and pro-
genitor cells that demonstrate the capacity to
enter the circulation, home into peripheral tis-
sues, and differentiate into parenchymal tissues
such as liver, heart, blood vessels, pancreas,
muscle, and even neurons (Cornacchia et al.
2001; Grant et al. 2002; Laboratoryarge and Blau
2002; Religa et al. 2002; Ianus et al. 2003; Wei-
mann et al. 2003). Evidence from several labor-
atories indicates that many cells in neovascu-
larization or in other vascular reparative re-
sponses after injury are derived from circulat-
ing bone marrow progenitors (Bailey and
Fleming 2003). It has been shown recently that
progenitor cells might also, in part, contribute
to CNV (see Fig. 10.12; Espinosa-Heidmann et
al. 2003b; Sengupta et al. 2003). The physiologi-
cal importance of this observation remains un-
clear, since no research has demonstrated that
the recruited cells or the preexisting resident
cells respond differently to angiogenic stimuli
within the injured blood vessel. Some laborato-
ries have proposed that bone marrow progeni-
tors may be a source of cells to promote regen-
eration of damaged vessels in ischemic tissue
(Harraz et al. 2001; Fujiyama et al. 2003). Alter-
natively, progenitors may also contribute to
pathologic responses due to acquire abnormal-
ities in function that cause them to contribute
to age-related abnormalities in vascular re-
sponses to injury (Espinosa-Heidmann et al.
2003a).

10.2.2.5
Environmental and Systemic Health Cofactors

Epidemiologic studies indicate that both
systemic health and environmental cofactors
contribute to induction and regulation of se-
verity (Klein 1999). Systemic health factors as-
sociated with wet AMD include aging, hyper-

tension, cardiovascular diseases, gender, serum
lipids and apolipoprotein E4 among the most
important described to date (Snow and Seddon
1999; Hyman and Neborsky 2002; Ambati et al.
2003). Environmental factors may also play an
important role for increased severity of CNV
(Suner et al. 2004). The most important is cigar-
ette smoking, which has been associated with a
two- to fourfold increased incidence of neovas-
cular AMD (Evans 2001). Other environmental
factors with potential implication for AMD are
light exposure and ionizing radiation, but the
causal relationship between these and AMD has
been difficult to prove (Beatty et al. 2000). Sur-
prisingly, almost no research has been per-
formed to evaluate the pathogenic contribu-
tions of these factors in wet AMD. Many poten-
tial therapeutic targets already available could
be used if a causal relationship is found, which
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Fig. 10.12. Confocal microscope photograph of a vertical
section of a CNV lesion in mice. Green fluorescent pro-
tein (GFP)-labeled cells can be seen surrounding a vas-
cular lumen. GFP-labeled cells derived from bone mar-
row expressed markers for vascular smooth muscle cells
(~40%), endothelial cells (~40%) or macrophages
(~20%) confirming the contribution of vasculogenesis
to experimental CNV. This alternative paradigm termed
postnatal vasculogenesis states that the cellular compo-
nents of the new vessel complex are derived in part
from bone marrow-derived circulating vascular pro-
genitors, which differentiate into mature endothelial
cells or vascular smooth muscle cells



would positively impact the pathogenesis of
AMD. In this regard, for example, we have
found that nicotine increases size and severity
of experimental CNV, possibly by potentiating
PDGF-mediated upregulation of proliferation
of choroidal smooth muscle cells (Fig. 10.13).

These results suggest that nonneuronal nicotin-
ic receptor activation probably mediate some of
the harmful effects of cigarette smoking and
could be targets of potential future therapeutic
intervention (Suner et al. 2004).
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Fig. 10.13A–C. Flat-mount preparations of the posterior
pole of mice eyes in which CNV lesions (dashed white
lines) are depicted around the optic disc (A, control an-
imals). Nicotine was shown to be important in promot-
ing increased severity of CNV lesions by stimulating in-
creased proliferation of vascular smooth muscle cells
through a PDGF synergism (B, nicotine-treated ani-
mals). This effect of nicotine was blocked by concurrent
administration of hexamethonium, a nicotinic receptor
antagonist (C, nicotine + hexamethonium-treated ani-
mals). Nonneuronal nicotinic receptors may regulate
size and severity of CNV, suggesting that cigarette
smoke and nicotine replacement therapy may have ad-
verse effects in patients with active CNV as well as be
targets of potential future therapeutic intervention. (D
optic disc)



10.2.3
Established or Evaluated Treatments 
for Neovascular AMD

10.2.3.1
Thermal Laser Treatment

Shortly after the introduction of lasers into
clinical ophthalmology practice in the late
1960s, clinicians established the idea of destroy-
ing CNV by thermal ablation with laser (Sin-
german 1988). This technique was formally
evaluated in a series of clinical trials in the
United States and Europe in the 1970s. Typical
of these trials was the Macular Photocoagula-
tion Study (MPS; Singerman 1988; Zimmer-
Galler et al. 1995). The MPS data have demon-
strated clear benefit of thermal laser photo-
coagulation in slowing vision loss for extrafo-
veal and juxtafoveal CNV, as well as for a small
subgroup of subfoveal CNV (Macular Photo-
coagulation Study Group 1991a, 1991b, 1991c,
1994, 1996). However, only a small percentage of
patients with CNV qualify for treatment by the
MPS criteria (Macular Photocoagulation Study
Group 1991c; Moisseiev et al. 1995). Further, the
data indicate a high rate of recurrence, and
many patients lost vision due to the detrimen-
tal effect of thermal damage to the photorecep-
tors (Mittra and Singerman 2002). Neverthe-
less, thermal laser ablation of CNV remains the
gold standard by which other therapies must be
evaluated.

10.2.3.2
Photodynamic Therapy

Photodynamic therapy (PDT) is the combined
use of low-energy light and a photosensitizing
agent to induce vascular occlusion (Harding
2001; Lim 2002; Hunt and Margaron 2003; Wor-
mald et al. 2003). The generation of free radicals
and other oxidants by the light-activated pho-
tosensitizing agent results in damage to the
blood vessel endothelium, leading to endothe-
lial death and vascular thrombosis. A number
of experimental agents have been evaluated in
preclinical studies, but at least three drugs have
been evaluated in clinical trials (Lim 2002).Ver-
teporfin is the most successful and widely stud-

ied of these photosensitizing drugs (TAP Study
Group and VIP Study Group 2002). The TAP
study investigated the use of Verteporfin versus
placebo in patients with subfoveal CNV secon-
dary to AMD, while the VIP report 2 summar-
ized the 1- and 2-year results of the Verteporfin
clinical trial for occult CNV secondary to AMD
(TAP Study Group 1999; Bressler 2001; VIP Stu-
dy Group 2001). These studies show that CNV
patients, particularly those with a predomi-
nantly classic component, have a reduced risk
of moderate visual loss at 12 and 24 months
(Lim 2002). While encouraging, this subgroup
constitutes less than one-third of patients with
neovascular AMD (Donati et al. 1999; Bressler
2001). More recently the VIP study has demon-
strated some benefit for patients with pure oc-
cult CNV after 2 years of treatment with PDT
(VIP Study Group 2001). However, the principal
problem with PDT is controversial cost-effec-
tiveness, especially the high cost of the drug,
the need for many retreatments, and the con-
tinuing visual decline that most patients expe-
rience even with treatment. Several other pho-
todynamic therapy trials are underway. Other
photosensitizing agents with potential human
applications for the treatment of CNV include
motexafin lutetium (lutetium texaphyrin/Lu-
Tex), tin ethyl etiopurpurin (SnET2/Purlytin),
and mono-L-aspartyl chlorin e6 (Npe6; Mosh-
feghi et al. 1998; Blumenkranz et al. 2000; Mori
et al. 2001; Nakashizuka et al. 2001). The first
two agents have undergone clinical trials for
the treatment of wet AMD, but have not been
approved for human use. The third has shown
promising results in nonhuman primates.

10.2.3.3
Radiation Therapy

Gamma irradiation is well known to inhibit cel-
lular proliferation but also induces vascular in-
jury (Archer and Gardiner 1994; Michalowski
1994). Based on the assumption that CNV rep-
resents actively dividing vascular tissue with
increased sensitivity to ionizing radiation, sev-
eral investigators have proposed the use of ex-
ternal-beam gamma irradiation for the treat-
ment of CNV (Archer and Gardiner 1994; Val-
maggia et al. 2002). In the AMD radiation study,
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patients were randomized to receive or not a
fractionated radiation dose of 16 Gy divided
over 8 days. A 1- to 2-year follow-up was com-
pleted and no significant differences were found
for visual acuity in patients with subfoveal CNV
who received radiation therapy vs. the sham ra-
diation (Bellmann et al. 2003). Another multi-
center study on radiation therapy in AMD
showed significantly better contrast sensitivity
but not vision after 2 years (Hart et al. 2002),
while a prospective, double-masked, random-
ized clinical trial at 1 year follow-up showed nei-
ther beneficial nor harmful effects for subfoveal
CNV complicating AMD (Marcus et al. 2001).

10.2.4
Therapies Currently in Clinical Trial

10.2.4.1
Transpupillary Thermotherapy

Transpupillary thermotherapy (TTT) is the use
of infrared laser to induce mild, localized hy-
perthermia of the choroid and CNV complex
(Subramanian and Reichel 2003). Infrared en-
ergy penetrates to the choroid and RPE, causing
localized temperature rise while minimizing
absorption of energy in the neurosensory reti-
na. The rationale is that hyperthermia will in-
duce endothelial cell damage that leads to
thrombus formation and occlusion of neoves-
sels (Subramanian and Reichel 2003; Rogers
and Reichel 2001). Several retrospective case se-
ries show that TTT lessens leakage in most eyes
and results in visual improvement in many cas-
es (Reichel et al. 1999; Newsom et al. 2001; Rog-
ers and Reichel 2001). The Transpupillary Ther-
motherapy for CNV trial (phase III) is current-
ly in progress to compare the effectiveness of
TTT with sham treatment for occult CNV (Sub-
ramanian and Reichel 2003).

10.2.4.2
Feeder-Vessel Laser

Most laser therapies directly treat the new ves-
sel capillary complex, which usually lies under
the center of the macula. However, many CNV
lesions consist of three distinct, neovascular

anatomical components: the subretinal/sub-
RPE capillary complex; an afferent “feeder” ar-
teriole that connects the capillary to a larger
choroidal artery; and an efferent “draining” ve-
nule that removes blood from the capillary into
the choroidal venous system (Schneider et al.
1998; Shiraga et al. 1998; York et al. 2000). The
hypothesis of feeder-vessel laser is that laser-
induced occlusion of the afferent feeder arteri-
ole, which is usually eccentric from the foveal
center, will prevent perfusion of the capillary
complex, thereby preventing exudation and
leakage into the macular area (Shiraga et al.
1998). Also, loss of capillary perfusion is sup-
posed to stimulate involution of the CNV. Until
recently identification of these feeder vessels
has been difficult, but new, dynamic imaging of
the choroid with indocyanine green (ICG) dye
has allowed for more precise detection of these
vessels (York et al. 2000; Flower 2002; Yamamo-
to 2003). Then pulse-diode laser photocoagula-
tion can be used to attempt closure of the ves-
sels. Several case reports indicate the potential
utility of this technique (Staurenghi et al. 1998;
Desatnik et al. 2000). A phase I/II intervention-
al study is underway to provide information on
the feasibility of standardizing this procedure
and estimating its potential efficacy (NIH clini-
cal research studies – Protocol number 01-EI-
0208).

10.2.4.3
Anti-inflammatory Therapy

As discussed in detail in Chap. 3, CNV usually
contain histopathologic evidence of inflamma-
tion, especially macrophages (Sarks et al. 1997;
Grossniklaus et al. 2000; Penfold et al. 2001;
Grossniklaus et al. 2002). These cells secrete nu-
merous proangiogenic factors, including VEGF,
prostaglandins, matrix metalloproteinases, and
others (Oh et al. 1999; Grossniklaus et al. 2002).
Based on these observations, two small, non-
comparative case series were done to evaluate
the effectiveness of intraocular injection of tri-
amcinolone acetonide, both suggesting it was
effective in lessening leakage from CNV (Nava-
jas et al. 2003; Rechtman et al. 2003). A phase-I
trial is being organized in the US (NIH clinical
research studies – Protocol number 04-EI-0013).
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By its intrinsic nature, PDT is a proinflam-
matory stimulus, associated with a posttreat-
ment increase in macular edema and inflam-
mation. Recently, investigators have suggested
combined treatment of CNV with PDT and
anti-inflammatory agents with intravitreal tri-
amcinolone acetonide (noncomparative case
series) and PDT has shown improvement in
visual acuity and less-frequent requirement for
retreatments in short-term follow-up (Spaide
et al. 2003). Another multicenter, randomized,
prospective phase-II clinical trial is underway
of a cyclooygenase-2 (COX-2) inhibitor on the
response to PDT in patients with subfoveal
CNV secondary to AMD (NIH clinical research
studies – Protocol number 02-EI-0257). Cele-
coxib is a COX-2 enzyme inhibitor (nonsteroid-
al anti-inflammatory agent) that acts by inhib-
iting prostaglandins expressed at inflammatory
sites by leukocytes (polymorphonuclear neu-
trophils and monocytes/macrophages), as well
as by activated mesenchymal cells (fibroblasts),
which might as well potentiate the results of
PDT treatment (Seibert et al. 1999; Deviere
2002). In addition, Celecoxib has been shown to
have direct antiangiogenic effects through both
increasing the levels of the potent angiostatic
protein endostatin and reducing the levels of
PDGF2-mediated VGEF secretion through the
HIF1-pathway. Another multicenter phase-II
clinical trial is studying an intravitreous im-
plant (Retisert Implant) containing fluocino-
lone in isolation or in conjunction with PDT
(Control Delivery Systems – Bausch and Lomb
Pharmaceuticals – CDS FL 004).

10.2.4.4
Broad-Acting Antiangiogenic Drugs

As described above, angiogenesis involves a
process of endothelial activation, invasion, pro-
liferation, and differentiation (Folkman and
Shing 1992; Diaz-Flores et al. 1994; Folkman
2003). Each stage represents a potential target
for anti-angiogenesis therapy (Kieran and Bil-
lett 2001; Tosetti et al. 2002).

10.2.4.4.1
Antiangiogenic Steroids

The Anecortave Acetate Clinical Study Group
has initiated a trial to compare the clinical effi-
cacy of anecortave acetate versus placebo in pa-
tients with primary or recurrent subfoveal CNV
secondary to AMD (D’Amico et al. 2003). Ane-
cortave acetate is a synthetic corticosteroid de-
rivative specifically modified to eliminate its
corticosteroid activity in vivo, eliminating side
effects such as elevated intraocular pressure or
accelerated cataract progression (Ciardella et
al. 2002; D’Amico et al. 2003). It is a unique an-
giostatic agent that inhibits both urokinase-like
plasminogen activator and matrix matallopro-
teinase-3, two enzymes necessary for vascular
endothelial cell migration during blood vessel
growth (Blei et al. 1993; DeFaller and Clark
2000; Penn et al. 2001; D’Amico et al. 2003). The
6- and 12-month analyses of clinical safety and
efficacy have shown that anecortave acetate in a
single dose of 15 mg as a posterior juxtascleral
injection onto the posterior scleral surface is ef-
fective for preserving or improving vision and
for inhibiting lesion growth in patients with
subfoveal AMD (D’Amico et al. 2003; Slakter
2003). Its antiangiogenic activity has been
proven effective as well in several neovascular
models, including rabbit cornea neovascular-
ization, hypoxic retinal neovascularization in
rats and kitten, and murine uveal melanoma
(BenEzra et al. 1997; Clark et al. 1999; McNatt et
al. 1999; Penn et al. 2001). Topical ocular anecor-
tave acetate significantly inhibits the regrowth
of ocular fibrovascular membranes in patient
with recurrent pterygium (DeFaller and Clark
2000). It is important to remark that no statisti-
cally significant difference is conferred by us-
ing anecortave acetate in conjunction with Ver-
teporfin, but it is suggested that the combina-
tion maintains visual acuity better than PDT
alone. Of the patients who received combined
therapy, 78% had no significant loss of visual
acuity compared with 67% for the group that
was treated with PDT alone (Alcon Press Re-
lease Results for Anecortave Acetate Therapy
for Wet Age-Related Macular Degeneration –
ARVO 05/06/02).A phase-III pivotal trial is now
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recruiting patients with predominantly classic
CNV who will be randomized to treatment with
either anecortave acetate 15 mg or PDT with
Verteporfin (Alcon Research- Study ID Number
C-01-99). A clinical trial to evaluate anecortave
for the prevention of CNV in high-risk eyes is
currently being organized.

10.2.4.4.2
Other Antiangiogenic Drugs

Squalamine, a broad-spectrum aminosterol
antibiotic originally isolated from the dogfish
shark Squalus acanthias has been reported to
inhibit tumor-induced angiogenesis and tumor
growth (Moore et al. 1993; Sills et al. 1998; Teich-
er et al. 1998; Higgins et al. 2000; Rao et al.
2000). On a cellular level, squalamine inhibits
growth factor-mediated endothelial cell pro-
liferation and migration, including that of
VEGF (Sills et al. 1998; Higgins et al. 2000). Hig-
gins et al. have shown in a mouse model of oxy-
gen-induced retinopathy that squalamine is ef-
fective in reducing retinal neovascularization
(Higgins et al. 2000). A more recent publication
from Genaidy et al. has shown that systemic but
not intravitreally injected squalamine on iris
neovascularization in monkeys is effective in
inhibiting the development of iris neovascular-
ization and causing partial regression of new
vessels (Genaidy et al. 2002). A phase I/II clini-
cal trial of squalamine antiangiogenic proper-
ties for the treatment of AMD recently emitted
a press release in which there is evidence that
squalamine produces a shrinkage of size of
CNV lesions in some patients, and stabilization
of lesions in others (Genaera Corporation press
release – 10/07/03). Early trends for visual acu-
ity shows some improvement of up to three
lines of vision, in some patients, and stabiliza-
tion of vision in all patients thus far in the 4
months after initiation of therapy. The study is
evaluating visual acuity, ocular angiography,
and fundus photography in 40 patients with
each angiographic subtype of wet AMD, includ-
ing classic, occult, and mixed CNV for the safe-
ty and efficacy of squalamine treatment.

Combretastatin A-4 phosphate (CA4P), de-
rived from the bark of the South African willow

tree, is a structural analogue of colchicine that
binds tubulin and causes necrosis and shrink-
age of tumors by damaging their blood vessels
(Pettit et al. 1989; Woods et al. 1995; Griggs et al.
2002). Recently it has been shown that adminis-
tration of this agent result in microthrombus
formation of new vessels surrounding a hyper-
plastic thyroid, indicating that its effects are not
limited to tumor vasculature (Griggs et al.
2001a). In a paper Nambu H et al. have suggest-
ed that CA4P suppresses the development of
VEGF-induced neovascularization in the retina
and both blocks development and promotes re-
gression of CNV in a murine model of VEGF
overexpression and mouse model of experi-
mental CNV (Nambu et al. 2003). Approximate-
ly 20 patients will be undergoing a phase I/II
safety study in patients with wet AMD ap-
proved by the FDA (Oxigene Protocol number:
FBO-206). In addition to the wet AMD trial,
CA4P is being studied in four clinical trials in
cancer patients (Oxigene Protocol Numbers:
UKR-104, UKCTC-207, ICC-2302, and PH1/092;
Griggs et al. 2001b, 2002; Tozer et al. 2002).

10.2.4.5
Targeted Molecular Therapy

A different approach to the treatment of ocular
neovascularization is antiangiogenic therapy
with targeted molecular therapy. One of the po-
tential targets for antiangiogenic therapy is
VEGF.

10.2.4.5.1
RhuFab (Lucentis)

Growth factors, cytokines, or other types of sig-
naling molecules regulate important cell func-
tions in the disease process by activating specif-
ic receptors on target cells such as endothelium
(Distler et al. 2003). Antibodies, which bind to
specific growth factors, thereby preventing
their activation of cellular receptors, have re-
cently become important therapeutic agents
(Mordenti et al. 1999). RhuFab is genetically
modified anti-VEGF monoclonal antibody rep-
resenting the small antigen-binding fragment
of a recombinant humanized anti-VEGF mono-
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clonal antibody (Krzystolik et al. 2002). Safety
and efficacy data from several phase I/II studies
using monthly intravitreal injections of Rhu-
Fab indicate that the drug is well tolerated and
highly effective in the treatment of neovascular
AMD (Krzystolik et al. 2002). A significant
number of patients have improved visual acu-
ity. Confirmatory phase-III trials are underway.

10.2.4.5.2
Macugen (Eyetech 001)

Aptamers are oligonucleotides designed to
bind to specific protein targets, thereby inter-
fering with receptor binding or other functions
(similar to antibodies; Aiello et al. 1995). Macu-
gen is a polyethylene glycol (PEG)-conjugated
oligonucleotide aptamer that binds to the ma-
jor soluble human VEGF isoform,VEGF165, with
high specificity and affinity. Pegylation im-
proves the pharmacokinetics by decreasing
clearance from the vitreous (Drolet et al. 2000).
When injected into the vitreous, the compound
is typically conjugated to polyethylene glycol,
which slows its disappearance (Eyetech Study
Group 2002). Phase-II trials show good safety
and tolerance of multiple intravitreal injec-
tions, with a trend toward improved vision (Ey-
etech Study Group 2003). The phase III trial has
been completed, but the results are currently
unavailable. While the aptamer only binds one
isoform of VEGF, rhuFab has a broader spec-
trum of activity, binding all four known iso-
mers of VEGF (Presta et al. 1997; Csaky 2003).

10.2.4.6
Gene Therapy

Gene therapy is a family of technologies de-
signed to transfer a specific gene into a specific
target cell for the purposes of inducing the tar-
get to endogenously synthesize the protein
product of the gene in question (Harjai et al.
2002). Typically, gene transfer is achieved by use
of a disabled (i.e., replication-defective) virus as
a vector containing the specified gene of choice,
especially adenovirus, retrovirus, or adeno-as-
sociated virus (Burton et al. 2002; Lai et al.
2002). Each has their respective strengths and
weaknesses as a vector. Also, other gene-trans-

duction technologies such as oligonucleotides
are being developed (Andersen et al. 2002).

Although replacement of genetically abnor-
mal genes is the most ambitious goal of gene
therapy, this technology can also be used to in-
duce a target cell to produce sustained synthe-
sis of a protein with beneficial properties in
disease treatment. Recently it has been demon-
strated that pigment epithelium-derived factor
(PEDF) is a potent antiangiogenic agent for
various models of neovascularization (Ras-
mussen et al. 2001). Periocular or intravitreal
injection of an adenoviral vector encoding
PEDF has been shown to inhibit choroidal neo-
vascularization in a mouse model of experi-
mental CNV (Mori et al. 2002; Renno et al. 2002;
Gehlbach et al. 2003). Based on these data, a
phase-I, single intravitreal administration of
adenovirus PEDF.11D in humans is underway to
test the inhibition of subfoveal CNV secondary
to AMD (Rasmussen et al. 2001).

10.2.4.7
Surgical Trials

10.2.4.7.1
Surgical Extraction of CNV or Blood

In the early 1990s, surgical removal of the CNV
was introduced as an alternative therapy to la-
ser photocoagulation for neovascular AMD (de
Juan and Machemer 1988; Submacular Surgery
Trials Pilot Study 2000a; Stone and Sternberg
2002). The rationale for the procedure was that,
unlike laser photocoagulation, surgical removal
of CNV might not destroy all central macular
photoreceptors, and evacuation of blood may
prevent toxicity from breakdown products of
hemorrhage (Submacular Surgery Trials Pilot
Study 2000a; Stone and Sternberg 2002). Pilot
data from various case reports have suggested
promising results, although recurrent CNV is a
common complication (de Juan and Machemer
1988; Vander et al. 1991; Mandelcorn and Me-
nezes 1993; Li and Gao 1995; Castellarin et al.
1998; Gandorfer et al. 1998). However, a com-
mittee appointed by the National Eye Institute
of the National Institutes of Health in the US
has recommended that surgery is not generally
indicated until further research verifies the ef-
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fectiveness and safety of the procedure (Sub-
macular Surgery Trials Pilot Study 2000a,
2000b; Stone and Sternberg 2002). This recom-
mendation led to the organization of the Sub-
macular Surgery Trials (SST) study group,
which has initiated a trio of multicenter, ran-
domized clinical trials with the goal of deter-
mining whether surgical removal of subfoveal
CNV stabilizes or improves vision more often
than observation (NIH clinical research studies
– Protocol number NEI-52). Three groups of
patients are under study – Group B (blood),
Group N (new CNV), and Group H (histoplas-
mosis/idiopathic; Stone and Sternberg 2002).
The final results are pending. In 2001 the Swed-
ish national survey of surgical excision for sub-
macular CNV was published (Berglin et al.
2001). The study compared visual outcomes af-
ter surgical removal of subfoveal CNV between
patients younger or older than 50 years of age.
It was concluded that surgical removal of sub-
macular CNV does not appear to improve visu-
al acuity in patients older than 50 years of age
(i.e., with AMD).

10.2.4.7.2
Macular Translocation

Surgical translocation of the macula is another
surgical alternative to laser or drug treatment
for wet AMD. In this technique, the neurosenso-
ry retina is surgically detached, then shifted
away from the underlying subfoveal CNV to
overly normal RPE (Au Eong et al. 2001; Fujii et
al. 2002). The CNV can then be treated with
thermal laser or other techniques. Two tech-
niques have been developed. In the macular
translocation surgery 360º (MTS360) tech-
nique, the entire retina is detached with 360º
retinectomy (segmentation of the retina from
its peripheral insertion) allowing macular rota-
tion 5–20° from its original location (Terasaki
2001; Toth and Freedman 2001). The procedure
is not without significant risks for intraopera-
tive and postoperative complications such as
retinal detachment, macular pucker, increased
lens opacity in the phakic eyes, diplopia, and
tilted image (Toth and Freedman 2001; Aisen-
brey et al. 2002; Fujii et al. 2002). Also, the vitre-
ous cavity is usually filled with silicone oil to

tamponade the retina in place, which often re-
quires surgical removal or can lead to associat-
ed toxicity (Kampik and Gandorfer 2000). Sub-
sequent extraocular muscles movement is usu-
ally required to realign the eye. However, recent
case reports indicate that, in the hands of expe-
rienced surgeons, MTS360 can achieve excel-
lent results in selected cases (Toth and Freed-
man 2001; Aisenbrey et al. 2002).

A less-extensive technique involves limited
macular translocation (LMTS; de Juan and Fujii
2001; Fujii et al. 2001b, 2002). It consists of par-
tial-thickness scleral resections near the equa-
tor at either the superotemporal or the infero-
temporal quadrant followed by a near-total ret-
inal detachment (de Juan et al. 1998; de Juan
and Vander 1999; de Juan and Fujii 2001). The
resected sclera edges are sutured, causing
shortening of the sclera with subsequent reat-
tachment of the retina, resulting in transloca-
tion of the fovea to an area overlying nonfoveal
RPE and choroid. Preliminary case reports in-
dicate the technique seems to be effective in se-
lected cases (de Juan and Vander 1999; Ho 2000;
Fujii et al. 2001a; Ohji et al. 2001; Sullivan et al.
2002; Chang et al. 2003). Currently a phase I/II
clinical trial is under way comparing this surgi-
cal technique with PDT in eyes with subfoveal
CNV secondary to AMD.

10.2.5
Future Research

10.2.5.1
Basic Scientific and Preclinical Research

As outlined above, many recent, exciting devel-
opments are occurring in clinical trials for the
treatment of wet AMD. To a great extent, this
progress is the result of outstanding basic sci-
entific and preclinical research. In particular,
excellent research data are available that ad-
dress the paradigm of angiogenesis for neovas-
cular AMD with in vitro systems and various
animal models. However, less well developed
are data supporting the potential contributions
for the other paradigms. As described above,
ongoing work from our and other laboratories
suggests how research in these other paradigms
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of CNV pathogenesis may result in improved
knowledge and new therapeutic ideas.

10.2.5.2
Prevention of Vision Loss

CNV causes the most severe cases of vision loss
in AMD (Green 1999), but minimal research is
available to define the specific mechanism for
retinal dysfunction. At least three possibilities
explain vision loss: permanent retinal dysfunc-
tion due to death of photoreceptors (Young
1987; Curcio et al. 1996); retinal dysfunction due
to leakage (Donati et al. 1999; Bressler 2001; Lim
2002); or dysfunction due to some other prop-
erty, such as disruption of the bipolar-photore-
ceptor synapse (Caicedo et al. 2003). The latter
two are potentially reversible. In fact, the phase-
II trials with Lucentis described above indicate
that blockade of VEGF and improvement of ret-
inal leakage results in improved vision in some

patients, proving reversible vision loss.
Recent work in our laboratory has suggested

another mechanism for preventable or rever-
sible vision loss in CNV. We hypothesize that
the following sequences of events are induced
in the retina overlying CNV. First, blood-de-
rived macrophages invade the retina at onset of
CNV, which infiltrate into the plexiform layers
and co-localize with Muller cells (Fig. 10.14).
Then, Muller cells become activated by media-
tors produced by infiltrating macrophages.
Muller cell activation results in subsequent loss
of neurotrophic factor production and other
changes in function. Finally, the changes in the
activated Muller cells result in disruption of the
bipolar photoreceptor synapse (Fig. 10.15; Cai-
cedo 2003; Caicedo et al. 2003). Much more
work needs to be done in order to clarify and
fully understand the pathogenesis that leads to
vision loss in AMD.
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Fig. 10.14. Fluorescent microscope photograph of a ver-
tical section of a choroidal neovascular (CNV) lesion
and retina under CNV. Left: Macrophages (green) in-
vade the retina under CNV and predominantly localize
to the outer and inner borders of the inner nuclear layer
were they can be seen in close association with glial
cells, such as Müller cells. Adjacent regions of the retina

away from CNV are practically devoid of macrophages.
Right: Confocal microscope photograph of a vertical
section of a retina under a CNV lesion showing activat-
ed Muller cells (white asterisks) in relation to a recruit-
ed circulating macrophage (white arrow). (CC chorioca-
pillaris, ONL outer nuclear layer, OPL outer plexiform
layer, INL inner nuclear layer, IPL inner plexiform layer)
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