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Abstract I The central retina mediates high acuity vision, and its progressive dysfunction 

due to macular degeneration is the leading cause of visual disability among adults in 

industrialized societies. Here, we summarize recent progress in understanding the 

pathophysiology of macular degeneration and the implications of this new knowledge for 

treatment and prevention. The past decade has witnessed remarkable advances in this 

field, including the development of new, non-invasive retinal imaging technologies, the 

development of animal models for macular disease, and the isolation of many of the genes 
responsible for both early- and late-onset macular diseases. These advances have set the 

stage for the development of effective mechanism-based therapies. 

As an exercise in functional anatomy, the reader is 
invited to consider the following question: which are 
the most valuable several cubic millimetres of tissue 
in the human body? Or phrased in a slightly different 
way: which tew cubic millimetres of tissue, iflost, would 
result in the greatest decrement in function or in quality 
oflife? For most organs, the loss of so small an amount of 
tissue would be inconsequential. Even in brain regions 
where function is highly localized, such as the visual or 
motor cortices, the loss of a few cubic millimetres of 
tissue would generally go unnoticed. However, a few 
anatomical sites would be substantially affected by such 
a loss. At or near the top of the list would be the macula, 
the central region of the retina ( and, in particular, the 
central 2-3 square millimetres of the macula, the fovea), 
the only retinal region that transmits visual information 
ofhigh spatial resolution f!CS 1 ,2a). 

This review focuses on a group of diseases, referred 
to as macular degeneration, that affect the central retina. 
Symptoms of macular degeneration range from subtle 
distortions in the perception of fine details to a com­
plete loss of central vision resulting in legal blindness. 
Macular degeneration principally affects the elderly, ,vith 
disease incidence rising sharply after the seventh decade 
(age-related macular degeneration; AMD). In younger 
individuals, macular degeneration is typically found in 
the context of any one of several monogenic disorders. 

The past several years have witnessed remarkable 
progress in understanding macular degeneration. New, 
non-invasive imaging technologies have provided 

unprecedented diagnostic capability, animal models 
have revealed previously unknown pathophysiologi­
cal mechanisms, and genetic analyses have identified 
many of the genes relevant to both early- and late-onset 
macular degeneration. In the text that follows we hope 
to convey some of the excitement and promise of this 
research. 

The structure of the retina 
The vertebrate retina consists of three layers of neurons 
and is -200 µmin thickness w:c 1 b;. The outermost 
layer ( that is, the layer furthest from the centre of the 
eye) consists exclusively of photoreceptor cells, each 
of which elaborates a modified cilium, the outer seg­
ment, which houses the light-sensing visual pigments 
and other phototransduction proteins. The distal tips of 
the outer segments abut the retinal pigment epithelium 
(RPE), a monolayer of cells that are specialized to serv­
ice the adjacent photoreceptors. The RPE, in turn, rests 
atop a specialized basement 'membrane; referred to as 
Bruch's membrane (the word 'membrane' is used here 
in the classic histological sense to mean an organized 
layering of extracellular matrix). 

A rich vascular plexus, the choroidal circulation, 
resides immediately beyond Bruch's membrane, and 
supplies oxygen and nutrients to the RPE and the 
photoreceptors. In most mammalian retinas, including 
the human retina, there is a sharp division of labour 
between the choroidal and intraretinal vasculatures, 
with the latter serving only the inner two layers of the 
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Figure 11 The structure of the human eye and retina. a I Cut-away 
view of the eye, with the cornea at the bottom and the optic nerve at the 
top. b I Schematic diagram of the retina and choroid (CH), showing the 
major cell types. The choroidal vasculature is at the top and the inner 
retina is at the bottom. The vasculature of the inner retina is shown on the 
lower right. Arrows indicate the local diffusion of oxygen, nutrients and 
waste products between choroidal vasculature and the outer retina 

(upper arrows), and the retinal vasculature and the inner retina (lower 
arrows). c I The density of rod and cone photoreceptors changes 
dramatically as a function of retinal eccentricity141

. d I Visual acuity is 
highest at the fovea and declines steeply with eccentricity, closely 
tracking the density of cones. GCL, ganglion cell layer; INL, innernuclear 
layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer 
plexiform layer; OS, outer segments; RPE, retinal pigment epithelium. 

retina t=ic b). Why does the outer retina require such 
a rich blood supply? As Otto Warburg first reported 
in 1928, when normalized for its weight, the retina is 
the most oxygen-consuming tissue in the body, with 
a consumption level -0 50% higher than the brain or 
kidneys1

. Most of this oxygen consumption occurs in 
photoreceptors. One drawback of this vascular arrange­
ment, at least on a timescale of decades, is that it consti­
tutively exposes the RPE and the distal outer segments 
to an oxygen concentration roughly equivalent to that 
found in arterial blood2

. This results in the accumula­
tion of oxidative and photo-oxidative damage, the latter 
reflecting the unique vulnerability of the retina as the 
only neural tissue that is exposed directly to light and 
hence to chemically reactive species generated by light 
absorption. 

The RPE serves the photoreceptors in several 
distinct ways3

. Because the capillaries of the choroi­
dal vasculature are fenestrated, the RPE constitutes 
the blood-retina barrier, which is analogous to the 
blood-brain barrier. The RPE participates in the light­
dependent cycling and re-isomerization of retinal (the 
vitamin A derivative that serves as the chromophore 
for the visual pigments) from the all-trans to the 11-cis 
configuration to regenerate photolysed visual pigments 
in the outer segments (the retinoid cycle), and it also 
stores retinyl esters, which can be mobilized to re-enter 
the retinoid cycle when needed. Of particular relevance 
to the pathogenesis of macular degeneration, the RPE 
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daily engulfs and degrades the distal 10% of each outer 
segment, thus serving as the disposal and recycling arm 
for the constant renewal of outer segments. As each 
RPE cell contacts -50-100 photoreceptor outer seg­
ments, and each outer segment has roughly the same 
biomass as an erythrocyte, each RPE cell daily engulfs 
and degrades an outer segment mass equivalent to 5-10 
erythrocytes. This remarkable level of phagocytic activ­
ity continues throughout life ,vith little or no turnover 
of the RPE cells themselves. One consequence of such 
prodigious phagocytic activity is a progressive build-up 
oflipofuscin that comes from the indigestible residue of 
outer segment metabolism. As discussed below, lipofus­
cin build-up could be one factor that predisposes the 
RPE to disease. 

Monogenic early-onset macular diseases 
A small number of monogenic diseases cause early­
onset macular degeneration: autosomal recessive Stargardt 
macular dystrophy, v1tdlitc:-rni rnacular dystrnpby (VMD; 
Best macular dystrophy), Sorsby\ fondti:: dy,, rophy 
(SFD), malattia lcvcT:,-incsc (identical to Doyne honey­
comb retinal dystrophy and dominant radial drusen), and 
autosomal dominant Stargardt-like macular dystrophy. 
The genes for each of these disorders have been identified 
(summarized in TABLE ), and varying degrees of progress 
have been made in elucidating the mechanisms by which 
mutations in these genes cause disease. A brief summary 
of this progress is presented here. 
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Figure 21 The central retina as seen through the 
ophthalmoscope. a I Typical fundus image. The large and 
small concentric circles indicate the macula and the fovea, 
respectively. The retinal vessels enter the globe at the optic 
disc (right) and form arcades that sweep above and below 
the fovea (centre). The darker colouration of the central 
retina derives from the high concentration of the macular 
pigments zeaxanthin and leutein. b I A retina with 
numerous large drusen. c I Autosomal recessive Stargardt 
disease. Numerous yellow deposits are seen; these arise 
from the accumulation of retinal pigment epithelium 
lipofuscin, an important component of which is A2E. 

Vitelliform macular dystrophy. VMD is an auto­
somal dominant disorder in which large quantities of 
yellow material accumulate in or beneath the RPE in a 
single contiguous region centred on the macula, with 
an appearance that is reminiscent of an egg yolk. The 
VMD gene codes for an integral membrane protein, 
bestrophin, which is the founding member of a novel 
family of anion channels4

-
6

. The dominant nature of 

862 I NOVEMBER 2006 I VOLCME 7 

© 2006 Nature Publishing Group 

VMD has been confirmed in transfection experiments 
in which VMD-associated and wild-type bestrophins 
were observed to co-assemble efficiently into hetero­
meric complexes that reduced channel activity. In the 
eye, bestrophin is present on the basal plasma mem­
brane of the RPE celF; it might also be present at lower 
levels in internal membranes. At present, the connection 
behveen defective channel activity and macular disease 
is unclear. 

Sorsby's dystrophy and malattia leventinese. The genes 
responsible for malattia leventinese and SFD code for 
proteins that are part of or regulate the extracellular 
matrix, and they presumably exert their pathological 
effect by altering Bruch's membrane. SFD is an auto­
somal dominant disorder caused by various point muta­
tions that in every case introduce a new cysteine into the 
car boxy ( C)-terminal domain of the tissue inhibitor of 
metalloproteinase 3 (REFS) (TIMP3). In SFD there is a 
massive thickening ofBruch's membrane, possibly due to 
local inhibition of matrix turnover by metalloproteinases, 
which impairs the diffusion of small molecules behveen 
the choroid and retina9

. All cases of malattia leventinese 
investigated so far arise from a single Arg345Trp founder 
mutation in fibulin-like extracellular matrix: protein 1 
(EFEivlPI, also called fibulin 3), a protein that consists 
largely of epidermal growth factor (EGF) repeats10

. 

At present, it is unclear how this defect leads to the 
formation of drusen, the sub-RPE deposits that are the 
hallmark of malattia leventinese and are strongly associa­
ted with AMD. It is intriguing that hvo recent studies 
indicate that the C-terminus ofTIMP3 can bind directly 
to EFEMPI, suggesting a potential role for EFEMPI in 
regulating the localization ofTIMP3 and the metabolism 
of the extracellular matrix 11, and that TIMP3 binds to 
vascular endothelial growth factor (VEGF) receptor 2, 
thereby inhibiting VEGF-stimulated angiogenesis. The 
latter finding indicates that a failure to appropriately 
inhibit VEGF might account for the pathological growth 
of choroidal blood vessels into the retina (choroidal 
neovascularization; CNV) associated with SFD12. 

These results are reminiscent of observations with 
a related extracellular matrix protein, fibrillin 1, which 
is mutated in !VIarfan syndrome, a connective tissue 
disorder with symptoms that include joint laxity and 
a predisposition to aortic aneurysm13

. Surprisingly, 
fibrillin 1 mutations seem to cause disease not through 
a defect in the structural integrity of the extracellular 
matrix, but because they disrupt the function of fibril­
Jin 1 as a binding partner and reservoir for transform­
ing growth factor-~, which locally orchestrates tissue 
growth13

. Taken together, the TIMP3/EFEMP1 and 
fibrillin 1 data suggest that it would be of interest to 
systematically analyse Bruch's membrane for bound 
signalling molecules that might have a role in macular 
degeneration. 

Recessive Stargardt macular dystrophy. Autosomal 
recessive Stargardt's disease is the most common of the 
early-onset types of macular degeneration, affecting 
approximately one person in 10,000. Numerous small, 
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Table 11 Genes responsible for macular degeneration 

TIMP3 

ELOVL4 

BF 

Fundus 

Metalloproteinase 
inhibitor 

Enzyme for long-chain 
fatty acid synthesis 

Positive regulator of the 
complement cascade 

Sorsby's fundus dystrophy 

Dominant Stargardt-like disease 

Age-related macular 
degeneration 

8,11,12 

28,29 

83 

yellow deposits in or beneath the RPE give the fundus 

a distinctive appearance and inspired the alternative 
name fundus flavimaculatus (flavi = yellow) for this 
disease 2c;. Stargardt disease arises from mutations 
in a photoreceptor-specific ABC transporter, vari­
ously referred to as ABCR or A/lCA4, which resides in 
the internal (disc) membranes of photoreceptor outer 
segments14- 17. Current evidence indicates that ABCR 
functions in the retinoid cycle to flip all-trans retinal­
phosphatidylethanolamine adducts from the luminal to 
the cytosolic leaflet of the disc membrane, thereby facili­
tating reduction of all-trans retinal to all-trans retinal, 
an essential step in recycling the isomerized chromo­
phore18

•
19 (F!G 3a). As demonstrated in studies of patients 

with Stargardt disease and Aber+!- and Aber-'- mice, and 
consistent ,vith biochemical studies of purified ABCR, 
a decrease or absence of ABCR leads to a slowing of 
the retinoid cycle with an acute light-dependent build­
up of all-trans retinal, delayed dark adaptation and a 
slow and progressive light-dependent accumulation 
of a distinctive bis-retinal/ethanolamine adduct, referred 
to as A2E, in the RPE19

-
23 (FIG 3a]. 

A2E forms by non-enzymatic reactions in photo­
receptor outer segments and RPE phagolysosomes, 
apparently as a minor and unavoidable by-product 
of the retinoid cycle22

•
24

•
25 [=10 3a;. In the presence of 

oxygen and light, A2E generates free radicals and kills 
those cells in which it resides21

"
27 (FG 3b}. When housed 

in complete darkness, Aber+ mice show virtually no 
change in A2E levels, implying that A2E is quite stable22

. 

These data strongly suggest that it should be possible 
to slow the progressive loss of central vision in patients 
with Stargardt disease by any strategy that decreases the 
production of all-trans retinal. 

The ocsterlcr rsglcn of the eye, 

including ~he retina, retinal 

pigment eplt'."1eliun and 

cho:oid. 

Dominant Stargardt-like macular dystrophy. Dominant 
Stargardt- like macular dystrophy is characterized by 
numerous yellow deposits ( of unknown chemical com­
position) and macular atrophy. The gene responsible 
codes for ELO\/lA, a member of an ancient family of 
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fatty acid-elongating enzymes, which is expressed in 
photoreceptors28

•
29

. The mechanistic link between defec­
tive photoreceptor lipid synthesis and macular disease is 
at present unclear. 

A long-standing and still open question regarding all 
types of macular degeneration is why there is a predi­
lection for vision loss in the central retina. Each gene 
identified so far that has a role in monogenic macular 
degeneration is expressed in both the central and the 
peripheral retina and/or RPE. As described below, 
the complement proteins implicated in AMD are 
present in serum, and some might also be synthesized 
by the RPE. It is possible that the special susceptibility 
of the macula is related to the relatively high density of 
photoreceptors in this region (FG I c). 

Age-related macular degeneration 
Epidemiology of AMD. In the industrialized world, 
AMD is the leading cause of severe vision loss in indi­
viduals over 60 years of age 30

. The number of people 
affected depends on how AMD is defined. Most large 
epidemiological studies make a distinction between early 
AMD and late AMD (epidemiologists generally use the 
less weighted term 'age-related maculopathy' (ARM) to 
refer to both stages). Early AMD is characterized by the 
presence oflarge and poorly demarcated drusen ('sofl:' 
drusen in clinical parlance) and regions of RPE hypo­
and hyperpigmentation, indicative of underlying RPE 
abnormalities31 WIGS 2b,4). By contrast, small and well­
demarcated drusen ('hard' drusen) are common and not 
associated ,vith Alv[D. Although early AMD is generally 
not associated with appreciable loss of visual acuity, there 
is a positive correlation between the number of drusen 
and a slov1,ing of dark adaptation32

•
33

. More importantly, 
early AMD is associated with a substantial risk of pro­
gression to late AMD. Late AMD is characterized by 
local regions of RPE cell loss (geographic atrophy) and 
by the growth of new blood vessels from the choroid that 
breach Bruch's membrane and enter the retina (CNV) 
where they are often a source oflocal bleeding31 (BOX I ; 

F,G. 4). There is a substantial loss of visual function in 
the regions affected. Three large surveys (the Beaver 
Dam Eye Study (Wisconsin, USA), the Rotterdam 
Study (Netherlands) and the Blue Mountains Eye Study 
(Australia)), as well as many smaller ones, are in rough 
agreement that the prevalence oflate AMD is - 1.5% in 
individuals of European descent over the age of 50, and 
rises progressivelyv1,ith age, reaching - I 0% in individuals 
aged 75 years or older30

•
34

-
36

. 

Clinical studies of AMD have been difficult ov1,ing to 
the slow rate of disease progression and the general dif­
ficulties of working v1,ith an older population in which 
other health issues present confounding variables. 
Despite these technical challenges, a number of general 
principles have emerged. Epidemiological studies show 
that the strongest risk factors for AMD are family his­
tory, age and cigarette smoking30

•
37

•
38

. The first of these 
almost certainly reflects genetics, as concordance rates for 
AMD among monozygotic twins are reported in several 
small studies to be I 00%, and family studies indicate a 
-twofold elevated risk if there is an affected first-degree 
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Figure 3 I The retinoid cycle and A2E. a I The principal chemical 
species in the retinoid cycle. For the steps shown with more than one 
arrow, one or more intermediate compounds have been omitted from 
the diagram. The steps enclosed in the box occur in the photoreceptor 
outer segment; the remaining steps occur in the retinal pigment 
epithelium (RPE). A2E, an aberrant side product, is formed by the 
condensation of two molecules of all-trans retinal with the ethanolamine 

of phosphatidylethanolamine, a reaction sequence that begins in the 
photoreceptor outer segment and is completed in the phagolysosomes of 
the RPE. b I A2E is phototoxic. RPE cells in culture were exposed to 100 µM 
of A2E and either maintained in darkness or exposed to blue light. Cell 
death, as measured by DNA fragmentation, is produced by exposure to 
both A2E and light. Panel b reproduced, with permission, from REF 1 L2 
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relative37
•
39

A
0

. The risk associated with cigarette smoking 
suggests a role for oxidative damage and/ or vascular insuf­
ficiency. Consistent ,vith a role for oxidative damage, the 
Age-Related Eye Disease Study (AREDS) found that daily 
supplements of zinc and the antioxidants f3-carotene and 
vitamins C and E led to a 25% reduction in the rate of pro­
gression to late AMD compared with a placebo group41

. 

Extracellular deposits and AMD. AMD is characterized 
both by relatively discrete deposits of protein and lipid 
between Bruch's membrane and the RPE ( drusen) and by 
nearly continuous deposits in Bruch's membrane (basal 
laminar or basal linear deposits; FIGS 4.5)42- 44. \Vbether 
either or both of these deposits have a causal role in RPE 
and photoreceptor loss or merely reflect some other 
underlying disease process is unclear. In favour of a causal 
role is the likelihood that both types of deposit diminish 
diffusion from the choroidal circulation to the retina, 
with adverse effects on both the RPE and photorecep­
tors. Consistent with this idea is the finding that RPE cells 
overlying drusen appear vacuolated and swollen45

. Also 
suggestive of a causal role are recent imm1mochemical and 
proteomic studies of drusen, which show an intriguing 
and complex protein composition that includes immuno­
glo bulins, activated complement components (C3a and 
CSa), complement regulators (vitronectin, clusterin and 
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complement factor H ( CFH) ), acute phase proteins and 
the Alzheimer's disease amyloid-f3 (Af3) peptide46

-
51 

(FIG 5J. Most of these are abundant serum proteins. Other 
serum proteins involved in coagulation and fibrinolysis 
are also present in and/or immediately adjacent to 
drusen46- 48•50. The choroidal circulation is the probable 
source of these serum proteins. 

Other drusen components - lipids, including oxidized 
lipids, and intracellular proteins, including ubiquitin and 
cytosolic stress response proteins such as crystallins - are 
presumed to arise from the overlying RPE cells50

. \i\'ith 
respect to oxidation products, tandem mass spectrometry 
and immunoblotting has identified carboxyethyl pyrole 
protein adducts, which arise from docosahexanoate 
oxidation, in greater abundance in Bruch's membrane 
and drusen from post-mortem AMD samples relative to 
controls5(). Docosahexanoate is a major lipid constituent 
of outer segments, and therefore the presence of carboxy­
ethyl pyrole adducts in sub-RPE deposits suggests that 
phagocytosed and oxidized outer segment membranes 
are extruded by the RPE into Bruch's membrane. 

Current evidence suggests that at least some sub-RPE 
deposits have a dynamic natural history in which accu­
mulation reflects a balance between deposition and clear­
ance. For example, fundus photographs taken several 
years apart often show both the appearance of new 
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Figure 41 The retinal pigment epithelium, Bruch's membrane and the 
choroid. a I Electron micrograph of the mouse retinal pigment 
epithelium (RPE) and choroid (CH). The choroidal vasculature is at the 
top and photoreceptor outer segments (OS) are at the bottom. The 
apical face of the RPE cell is covered with microvilli that contact the 
outer segments. On the basal face of the RPE cell a highly folded plasma 
membrane faces the choroid. Numerous melanin granules (black) are 

seen in the RPE cell; the nucleus is at the far left. b-f, Schematic 
illustration of the RPE and Bruch's membrane (BM) histopathology 
associated with various macular degenerative processes. b I Normal 
retina and RPE. c I The RPE with lipofuscin accumulation. d I A druse 
sandwiched between the RPE and Bruch's membrane. e I A druse with 
adjacent geographic RPE atrophy and loss of overlying photoreceptors. 
f I Choroidal neovascularization. IS, inner segments. 
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drusen and a regression of older ones52
•
53

. In the Beaver 
Dam Eye Study, 12% of eyes with 'soft' drusen at the time 
of enrolment showed no drusen 5 years later53

. 

The identification of immunoglobulins and comple­
ment proteins in drusen fits well with earlier observations 
of chronic inflammatory cells associated with atrophic 
RPE and with neovascular lesions54

•
55

. Taken together, 
these data strongly suggest that AMD pathogenesis has a 
chronic inflammatory component'5,.

7
•
48

. A second, albeit 
rare, connection vvith chronic inflammation comes from 
the observation that patients with membranoproliferative 
glomerulonephritis type II (MPGN-II) develop drusen 
early in life, and these closely resemble the drusen associ­
ated with AMD in both appearance and composition56

-
60

. 

MPGN-II is one of a group of renal diseases in which 
deposition of complement proteins, immunoglobulins 
and/or other serum proteins in the glomerular basement 
membrane is associated with impaired renal filtration, 
mesangialcell proliteration and thickening of the glomer­
ular basement membrane. Although the initiating event( s) 
in MPGN-II are obscure, the disease is associated with 
abnormally low levels of circulating complement factor 3 
(C3)61, indicating excessive activation of the complement 
cascade (F G 5). A small number of patients with MPGN-II 
have been reported to harbour partial loss-of-function 
mutations in CFH, the principal negative regulator of 
the alternative pathway of complement activation62

•
63 

(FIG 6), and in some patients with the related disorder 
MPGN-I, CFHis absent due to homozygosityorcompound 
heterozygosity for two complete loss-of-function 
alleles64

. 

Finally, we note that the pathogenic sequence outlined 
above for autosomal recessive Stargardt disease might 
also be relevant to macular disease in the general popu­
lation, because A2E is a principal component of RPE 
lipofuscin in the normal human eye and accumulates 
steadily •..vith age6s.66

. Therefore, individuals with Stargardt 
disease might simply manifest an accelerated version of 
the 'normal' accumulation of A2E in much the same 
way that individuals with familial hypercl1olesterolemia 
due to low-density lipoprotein receptor mutations 
manifest an accelerated rate of atherosclerosis. This line 
of thinking rests on the plausible hypothesis that, with 
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age, an increasing burden of A2E-dependent toxicity 
contributes to the physiological stress experienced by 
RPE cells in the general population. Vie note, however, 
that population studies oflifetime light exposure (which 
should correlate positively with A2E levels and with 
photo-oxidative damage) and direct measurements of 
A2E accumulation by fundus autofluorescence using 
confocal scanning laser ophthalmoscopy (cSLO) have been 
equivocal regarding a correlation with AMD risk30

•
67

. 

Genetics of AMD. As described above, twin and family 
studies have pointed to a substantial genetic component 
for AMD. The first attempts to identify individual genes 
relevant to AMD focused on the genes responsible 
for early-onset monogenic macular diseases, with the 
general idea that some cases of AMD might be caused 
by alleles that confer a mild or delayed phenotype. 
Unfortunately for this hypothesis, genotyping of many 
thousands of DNA samples from patients with AMD in 
multiple laboratories failed to identify disease-associated 
sequence variants in these genes in the vast majority of 
these patients68

. However, current evidence suggests that 
the genes coding for ABCR and fibulin 5, a dose relative 
offibulin 3/EFEMPl (the protein that is altered in malat­
tia leventinese), might have a causal role in a few percent 
of patients with AMD. Two lines of evidence implicate 
ABCR: ABCR variants Gly 1961 Glu or Asp 2177 Asn were 
found in -3.5% of~ 1,200 AMD patients versus ~ 1 % 
of~ 1,200 controls69

, and in Stargardt disease pedigrees 
an elevated frequency of AMD was found in older rela­
tives who are heterozygous for disease-associated ABCR 
alleles 7°. When different members of the fibulin gene 
family were screened for sequence variants in a cohort 
of 402 AMD patients, fibulin 5 missense variants were 
identified in seven of the AMD patients (-1.5%) but no 
variants were seen in 429 controls71

. 

Classic linkage analyses of AMD have been tech­
nically challenging because the late onset of disease 
results in only a small number of affected individuals 
per pedigree. Even in families ,,vi.th a substantial genetic 
load, younger individuals generally do not show the 
phenotype, some of the older individuals who might 
have shown the phenotype die before it is manifest, and 
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Box 11 The retina is uniq!Jely accessible to clinical study 

With Hermann von Helmholt:z'sinventiori of the 
ophthalmoscope in 1851, the retina, the intraretinal 
vasculature and the retinal pigment epithelium {RPE) 
became immediately accessible to direct examination 
(FIG 2a). More than 150 years later, the retina remains 
the only part of the CNS that can be observed directly 
and in a non-invasive manner, and, in consequence, the 
assessment of retinal disease routinely includes both 
functional testing and micro-anatomical examination. 
In the clinic, routine visual field and visual acuity testing 
provides an assessment of retinal function with a 
resolution in the central retina of ~100 µm. In the 1960s, 
the power of ophthalmoscopy was greatly enhanced 
by the use of fluorescein angiography to visualize the 
normal intra-retinal vasculature and any pathological 
neovascularization, subretinal or intraretinal 
haemorrhage, and regions of RPE atrophy126

•
117

• Panel a 
shows leakage of fluorescent dye (arrow)secondaryto 
choroidal neovascularization (CNV). RPE atrophy is of 

C 

special significance in macular degeneration, and can be identified as a zone of hyperfluorescence in which the 
fluorescein in the choroid al circulation is no longer hidden by RPE melanin. 

During the past decade, two new technologiesforfundus imaging • confocal Scanning laser ophthalmoscopy (cSLO) 
and optkal coherence tomography (OCT)- have shown substantia[utitity in the investigation and diagnosifof macufor 
degenerationm-m_flrst devetoped in the 1980s13°, cSLO offers rapid data acquisition (thereby minimizing image 
degradation due to eye movements), lowJevels oflllumination, relatively high spatial resolution in the plane of the retina 
(-20 µm)and the uSe of wavelengths with substantial tissue penetration (for example, infrared). cSLOhas been used to 
analyse the location and density of the intrinsically fluorescent lipofuscin in the RPE66

, and has permitted more precise 
measurements of blood floWdynamicsWith fluoteScein and iridocyanirfo green angiography. Pane[b Shows fundus 
autofluorescence visualized with cSLOrn; the fluorescence derives from RPE lipofuscin, principallyAZE. Three areas 
currently urid er development ate: the use of cSLO iri conjunction with Jdaptlve optics {a method borrowed from 
astronomy that corrects optical aberrations in realtime with a flexible mirror array), a combination that can improve 
iri-planMesolution tq ~ 2 µm 112

; cSLO till aging ofindividualleukocytes within theTetina[vasculature,which could 
potentially offer a real-time assessment of intra-ocular inflammatiori"'"34; and Coupling t:StO to alaser beam that 
tnonitors eye movements bylocking ontofeatures in the retinal image,therebyimproving both imaging and therapeutic 
laser illllminationm. 

Like ultrasound imaging, OCTis based on the priridple ofinterfercimefry136
• Low coherence lasedight is spl1t irito 

reference and measurementb#ams, with the lattef directed into the ey#. Li ghtreflected from intra-ocular structures 
emerges from the eye and is recombined with theteference beam and allowed to interfef'e destructively or constructively 
with it. The path length of the reference beam is systematically varied, so that the resulting patternofdestructive or 
constructive interference maps out the axial distarfoes of reflective structures within the eYe. Currently, OCTgenerates 
images with an axialresolution of~ 1Oµrn,which is sufficientto resolvethe principal layers of the retina and to be of 
clinical utility in the diagnosis of retinal oedema, microscopic retinal holes, and retinal and RPE detachments 129 . Still 
under development are ultra-high-resolution refinements of OCT, with a reported axial resolution of-3 ,umrn.n5, and the 
integration of adaptive optics and OCT139. Panel c shows an in vivo cross-section through the human fovea obtained by 
ultra-high-resolution OCT136. The foveal pit is seen at the centre and the nerve fibre layer (NFL), outer nuclear layer (ONL) 
and choroid (CH) are indicated. This technology provides a spatial resolution approaching that of a tissue biopsy. Finally, 
cSLO and OCT have recently been integrated into a single instrument to take advantage of the complementary strengths 
of these two techniques 14°. Panel b reproduced, with permission, from Rff 131 <9 (2005) Association for Research in 
Vision and Ophthalmology. Panel c reproduced, with permission, from Rff ' 38 rg, (2006) Optical Society of America. 

other potentially relevant members of the pedigree (for 
example, parents and siblings of affected individuals) 
will also have died prior to ascertainment. As a result, 
AMD linkage analyses have generally pooled data from 
large numbers of small pedigrees, which individually 
have little statistical power. An additional challenge has 
been to standardize the grading of the retinal phenotype 
based on fondus photographs and visual acuity measure­
ments. At present, grading of fi.mdus photographs is not 
automated, and numerical scores from multiple graders 
are used to assess the presence, absence and severity of 
disease. Despite these challenges, linkage analyses have 
consistently implicated several chromosomal regions 

,a11:ith logarithm of tl1e odds (LOO) scores above 2 as relevant 
to AMD risk in the general population72

. 

Two of the chromosomal regions implicated by 
linkage analysis have been emphatically confirmed and 
refined by association studies using single nucleotide 
polymorphisms (SNPs). One locus, at chromosome lq32, 
shows tight association with the CFH gene. One CFH 
haplotype that codes for the protein variant His402 
confers a several-fold increase in disease risk in the 
homozygous state relative to the risk associated with 
homozygosity for Tyr402, the most common haplotype; 
His402/Tyr402 heterozygotes have an intermediate dis­
ease risk73

-
76

. The importance of CFH sequence variation 
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Figure S I Location and composition of drusen. a I Anti-complement factor S (CS) immunostaining (green) shows 
accumulation of CS or CS cleavage products beneath the retinal pigment epithelium (RPE). b I Wheat germ agglutinin 
staining (green) highlights rod outer segments (05). The granular line of bright yellow fluorescence in panels a and bis 
RPE lipofuscin, principally AZE. c I Hematoxylin and eosin staining showing drusen with disruption of the RPE monolayer 
and some photoreceptor loss at the right. d I Anti-CSb-9 membrane attack complex immunostaining (red) localizes to a 
druse (centre) and to deposits surrounding choroid al capillaries. 

in the general population is underscored by the observa­
tion of Hageman et al. 74 that in a cohort of 900 AMD 
patients and 400 controls, homozygosity for the His402 
allele is found in 24% of AMD patients but in only 8% of 
controls. CFH binds to activated C3 ( C3b) and promotes 
its proteolytic inactivation by complement factor 162

•
63 

(clC 6). Position 402 resides in the seventh of twenty 
homologous repeats (variously referred to as SCRs 
(short consensus repeats) or CCPs (complement control 
protein modules)) that comprise the bulk of the CFH 
protein. Repeats 7, 9, 13 and 20 contain anion-binding 
sites that are presumed to influence the localization of 
CFH77,78_ 

Interestingly, a recent analysis of 84 CFH gene poly­
morphisms in 726 individuals with AMD reveals a more 
complex relationship between sequence variation and 
AMD risk79. Twenty of the 84 polymorphisms showed 
a stronger association ·with AMD than did the His402 
variant, and many of these sequence changes are located 
outside the CrH coding region. These data suggest that 
variation in CFH e"'-pression could be a strong determinant 
of AMD risk. 

A second susceptibility locus, at 10q26, shows tight 
association with a sequence,LOC387715, that by computer­
based analyses is predicted to be a gene (a 'hypothetical 
gene')80

-
82

. One haplotype, which codes for Ala69 in the 
predicted LOC387715 open reading frame, confers a 
relatively higher risk for AMD, whereas a second haplo­
type that codes for Ser69 confers a relatively reduced risk. 

Both alleles are common. In ~2,000 German individuals 
in one study, the frequencies of Ala69/ Ala69, Ala69/ 
Ser69 and Ser69/Ser69 haplotypes were 47%, 39% and 
13%81

. In the same study, Ser69/Ser69 homozygotes were 
at -eightfold greater risk for AMD relative to Ala69/ 
Ala69 homozygotes, with Ala69/Ser69 heterozygotes 
showing an intermediate risk. The AMD risks associa­
ted with LOC387715 and CFH seem to be independent 
and multiplicative, as individuals homozygous for high­
risk haplotypes at both loci are -55 times more likely to 
have AMD than individuals who are homozygous for 
both low-risk haplotypes. At present, the function of the 
hypothetical LOC387715 gene is obscure. The predicted 
sequence of 107 amino acids includes no knovvn motifs 
and the only close homologue in the GrnBa;1k dat~base 
is a nearly identical chimpanzee sequence81

. 

Motivated by the connection between CFH and 
AMD, Gold et al. 83 identified common sequence vari­
ants in two additional complement regulatory proteins, 
factor B (BF) and component 2 (C2), that show a two­
to threefold difference in frequency in AMD versus 
control cohorts. BF and C2 are encoded by neighbour­
ing and highly homologous genes located in the major 
histocornpatibility complex. BF is a positive activator of 
the alternative complement pathway and competes with 
CFH for binding to C3b62

•
63 (FIG 6]. On binding to C3b, 

BF is cleaved by complement factor D, forming the active 
C3bBb protease. C3bBb cleaves additional molecules of 
C3 to C3b (hence its name, 'C3 convertase'), generating 
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a positive feedback loop of activated complement and 
releasing the pro-inflammatory peptide C3a. C3bBb also 
proteolytically activates complement factor S ( CS), which 
leads ultimately to the assembly of the membrane attack 
complex (MAC) and to the production of additional 
proinflammatory peptides. C2 has a somewhat analo­
gous role to BF in the context of the classical pathway 
of complement activation62

•
63

. Proteolytically activated 
C2 binds to activated C4 to form the complex C4bC2a, 
which then proteolytically activates C3 and CS. 

Taken together, the sequence variants described so 
far in the CFH, LOC387715, BF and C2 loci account for 
more than SO% of the genetic loading for AMD risk. 
The identification of these main AMD susceptibility loci 
represents one of the most spectacular triumphs of 
modern complex trait genetics. 

Animal models 
Another important advance in AMD research is the 
recent development of animal models that substantially 
reproduce the natural history of AMD. Although rodents 
lack a fovea and have a lifespan considerably shorter 
than the time course of most human macular diseases, 
it seems that the essential features of both early-onset 
macular disease and AMD can be reproduced in the 
mouse. 

The earliest AMD models focused on CNV following 
focal laser injury to Bruch's membrane and the RPE84

. 

These models have proven valuable for testing anti­
angiogenic treatments and they established the concept 
that Bruch's membrane and the RPE act as a physical barrier 
to the growth of choroidal vessels. This concept has 
been further developed with the realization that the RPE 
secretes both anti-angiogenic signals, such as pigment 
epithelium derived factor, and the pro-angiogenic factor 

Figure 6 I The alternative complement pathway and the roles of complement 
factors Band H. Proteolytic cleavage of complement factor 3 (C3) generates active 
fragment C3b which, on association with complement factor B (BF), promotes BF's 
proteolytic activation to form the C3bBb complex. C3bBb is itself a protease, and it 
cleaves C3 to form C3b, generating a positive feedback loop for C3 activation. The 
positive feedback loop is negatively regulated by complement factor H (CFH), which 
displaces factor Bb from the C3bBb complex and promotes the proteolytic inactivation 
of C3b by complement factor I (not shown). Sequence variations in the complement 
factor Band H genes show strong associations with age-related macular degeneration 
risk. MAC, membrane attack complex. 
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VEGF85
•
86

. It is likely that CNV occurs in the context of 
a breakdown in both a physical barrier and the trophic 
control of angiogenesis. Consistent with this view, high­
level transgenic expression ofVEGF in photoreceptors 
or RPE induces neovascular grm-vth from the intraretinal 
but not from the choroidal vasculature; CNV is seen in 
these models only ifBruch's membrane and the overlying 
RPE are disrupted87

. 

In an intriguing link to work on sub-RPE deposits 
and inflammation, c3-i- mice or mice in which com­
plement has been depleted with snake venom show 
an almost complete inhibition of the CNV response 
following laser injury, indicating a requirement for a 
functional complement system in this model of CNV88

. 

Similarly, genetic ablation of the receptors for C3a or 
CS a - two proinflammatory cleavage products of C3 
and CS that are found in drusen - also inhibits the 
CNV response51

. In both studies, inhibition of CNV 
seems to reflect a decrease in complement-mediated 
induction ofVEGF. 

Several mouse models of AMD implicate a com­
bination of oxidative or photo-oxidative damage and 
hyperlipiclemia - presumably leading to increased lipid 
oxidation - in the production of basal laminar deposits 
and drusen. Espinosa-Heidman et al. 89 reported that 
mice maintained on a high-fat diet and exposed to 
blue-green light developed basal laminar deposits and 
a thickened Bruch's membrane, both of which were 
abrogated by treatment with high doses of the antioxi­
dant vitamin E. In an extension of this work, cigarette 
smoke and hydroquinone, a major oxidant found in 
cigarette smoke, were shown to promote sub-RPE and 
Bruch's membrane deposits and a thickening ofBruch's 
membrane90

. Oxidative damage is also presumed to be 
the source of RPE and photoreceptor demise in mice 
suffering from iron overload due to a lack of the fer­
roxidases ceruloplasmin and hephaestin, a model 
that also features sub-RPE deposits and subretinal 
neovascularization91

. 

Two models show especially good concordance 
with human AMD pathology, and exhibit age-depend­
ent development of drusen, diffuse sub-RPE deposits 
and CNV. In the first of these models, mice carrying 
a targeted knock-in of the human apolipoprotein E £4 
(APOE*t:4) allele were maintained on a high-fat and 
high-cholesterol diet for 1-2 years92

. In the second 
model, superoxide dismutase 1 (Sod])+ mice housed 
and fed under standard conditions were observed to 
accumulate drusen starting at -6 months of age, increas­
ing to more than 100 drusen per eye at 18 months93

. The 
drusen in the eyes of Sod1-1- mice contained many of 
the same immune system and complement components 
seen in human drusen, including immunoglobulin G 
(IgG), CS and vitronectin. Most interestingly, when 
young Sod1-1- mice were chronically exposed to white 
light, with an intensity roughly equal to midday sunlight, 
multiple drusen developed over several weeks. 

Mouse models based on genetic ablation of either the 
gene for monocyte chemoattractant protein 1 (MCPl/ 
Cc/2) or the MCPl receptor C-C chemokine receptor 2 
( Cc,2) also exhibit the principal hallmarks of AMD after 
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defect in macrophage recruitment and macrophage­
mediated clearance of sub-RPE deposits. 'Nith respect to 
CFH as a risk factor, renal pathology resembling MPGN 
is observed in CFH-deficient pigs and in CFH-knockout 
mice95

•
96

, and it will be of great interest to characterize 
any ocular pathology in these models. 

Mouse models exist for several of the early-onset 
monogenic macular diseases, including SFD, Stargardt 
disease and autosomal dominant Stargardt-like 
disease19•97•98. The Abcri- mouse has served as a proof­
of-principle that a retinoid cycle defect can lead to the 
accumulation of A2E22

. More recently, experiments 
with Aber+ mice have shown that compounds that 
competitively inhibit RPE65, the isomerase in the RPE 
that converts retinoids from all-trans to 1 I-cis, slow the 
light-dependent accumulation of A2E99

•
100 (FIG 3). 

Finally, surveys of captive primates have identified 
a colony of cynomolgus monkeys (Macaca fascicularis) 
with early-onset macular degeneration that is ophthal­
moscopically and histologically indistinguishable from 
human AMD101

. As in the SodJ+ mouse, immunostain­
ing of monkey drusen reveals a collection of protein 
components very much like those identified in human 
drusen. 

Treatment strategies 
Until recently, the only approved treatment for any of 
the macular degenerative diseases was laser ablation 
of new choroidal blood vessels. Originally developed 
in the 1960s when lasers were first used in ophthal­
mology, the simplest technique relies on the ability of 
focused laser light to locally heat and kill target cells 
(photocoagulation) 102

•
103

. At best, there is scarring at 
the ablation site but minimal damage to surrounding 
retinal tissue. An important advance in this area was 
the development of photosensitizing agents that could 
be delivered intravenously just prior to laser treatment, 
a technique referred to as photodynamic therapy104

. By 
matching the wavelength of the laser and the absorp­
tion peak of the photosensitizing agent, efficient photo­
excitation can be confined largely to the irradiated blood 
vessels. The resulting production of free radicals results 
in localized vascular occlusion with minimal damage to 
both the overlying and surrounding retina. Despite their 
effectiveness, both photocoagulation and photodynamic 
therapy target only the end-stage of the disease and do 
not alter its underlying progression. 

An alternative approach for the treatment of macu­
lar oedema and CNV is the use of anti-VEGF therapies. 
Initially under development in the context of tumour 
angiogenesis, anti-VEGF therapies have shown efficacy 
on a 1-2 year timescale, as measured by stabilization 
or improvement in visual acuity105- 107_ Currently, three 
preparations - a polyethylene gycol (PEG)ylated anti­
VEGF aptamer (Macugen), a humanized anti-VEGF 
monoclonal antibody (Avastin) and a high-affinity 
anti-VEGF Fab (Lucentis) - have been tested by intra­
ocular injection at roughly 1 month intervals. Much of 
the short-term improvement in visual acuity probably 
reflects a decrease in macular oedema (measured by 
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optical coherence tomography (OCT)). This is an expected 
outcome ofblocking VEGF, which is known to promote 
vascular permeability108

. 

Moving a step closer to the underlying pathophysiol­
ogy of AMD and to the possibility of a truly prophylactic 
strategy, it would be desirable to tip the balance between 
deposition and removal of sub-RPE deposits in favour 
of removal. One strategy, first explored by Gass102

•
109

, is 
predicated on the observation that a single exposure of 
individual large drusen to relatively low-intensity laser 
illumination often causes their regression over the ensu­
ing 1-3 years110- 112, an effect that seems to be mediated 
by recruitment of macrophages to the site oflaser treat -
ment113

. The status of this approach as a viable therapy 
is currently uncertain as some patients can progress 
more rapidly to late AMD follm\-ing prophylactic laser 
treatment114

. The plausibility of a systemic therapy to 
enhance removal of sub-RPE deposits is bolstered by 
work along these lines in the context of Alzheimer's 
disease and atherosclerosis, both of which are charac­
terized by complex extracellular deposits that involve an 
immune system component. In the case of Alzheimer's 
disease, active or passive immunization to Al3 leads to a 
progressive regression of amyloid plaques115

•
116

. Similarly, 
an extremely low-fat diet and/or aggressive treatment 
v.>i.th statins leads to substantial reductions in the rate 
of accumulation, and in some cases regression, of 
atherosclerotic plaques117

•
113

. 

The importance of the complement regulatory 
proteins CFH and BF in the genetic predisposition to 
AMD, and the abundance of complement and other 
immune system proteins in drusen suggest that therapies 
aimed at decreasing complement activation might also 
be efficacious. By analogy with anticoagulation therapy, 
any anti-complement drug would need to be carefully 
titrated to find an appropriate therapeutic 'A>indow that 
does not compromise host defences against infection. 
From a drug-development point of view, this represents 
an attractive strategy for two reasons. First, complement 
activation is mediated by proteolysis, and developing 
high-throughput cell-free assays to identify and optimize 
protease inhibitors is straightforward. Second, proteases 
generally possess an active site that is amenable to bind­
ing by high-affinity ligands. Protease inhibitors currently 
in use include blockers of angiotensin 2 converting 
enzyme and HIV protease119

•
120

. 

Another prophylactic strategy is focused on 
decreasing the number of molecules of all trans-retinal 
produced in the photoreceptor outer segment, with the 
goal of decreasing the production of A2E. For patients 
,~>ith Stargardt disease, the preclinical evidence ( outlined 
above) that this strategy ,~11 slow disease progression 
is now overwhelming18

•
19

•
22

•
23

•
25

-
27

, although it has yet 
to be tested in a randomized clinical trial. Isotretinoin 
(Accutane), an orally bioavailable retinoid used to treat 
severe acne, is also, adventitiously, a competitive inhibi­
tor of the retinoid isomerase RPE65. Chronic adminis­
tration of isotretinoin or other RPE65 inhibitors slows 
both dark adaptation and the production of A2E in 
Abcr1- mice99•100. Interestingly, a reduction in the vita­
min A level in serum can also slow A2E production121

. 
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A complementary and non-pharmacological approach 
to reducing A2E accumulation and photo-oxidative 
damage would simply be to reduce lifetime light expo­
sure by wearing sunglasses when outside. Sunlight 
is -10-100 times brighter than indoor lighting, and 
therefore a 10-fold decrease in the retina's exposure to 
sunlight would have little effect on quality of life, and, 
unlike pharmacotherapy aimed at inhibiting the retinoid 
cycle, it would not slow dark adaptation. 

predicts response to therapy. Genetic stratification could 
allow a subset of responders to be identified in a clinical 
trial in which the aggregate response is not significant. 
It will also be of interest to systematically explore expo­
sure to a v.ide array of viruses and microbes in cohorts 
of AMD and control patients whose haplotypes at the 
major AMD-risk loci are known. 

Conclusions 
If, as current evidence suggests, the immune system 

has a role in the pathogenesis of AMD then it is pos­
sible that immune modulators might be able to delay 
disease. The newly developed mouse models of AMD 
provide the first real opportunity to explore this idea. 
The proposed role for the imm1me system has also led to 
the suggestion that antecedent infection might trigger or 
accelerate AMD pathogenesis74

. This idea has been the 
subject of intense interest for many years in the context of 
atherosclerosis. Seroepidemiological evidence shows an 
association between exposure to Chlamydia pneumoniae, 
an obligate intracellular bacterium, and atherosclerosis, 
and animal studies demonstrate a causal relationship 
between C. pneumoniae infection and atherosclerotic 
lesions122

•
123

. In the context of AMD, it is intrigu­
ing that one small study reported a modestly higher 
titre of anti-chlamidial antibodies in 25 patients with 
AMD compared v.ith 18 controls124

. In a second study, 
C. pneumoniae was detected by immunocytochemistry 
in CNV tissues from 4 of 9 patients with AMD compared 
·with 0 of 5 patients v.,ithout AMD125. 

Macular degeneration falls into a class of diseases that 
are generally considered difficult therapeutic targets: 
those that are characterized by the slow destruction of 
a complex non-renev.ing tissue, as seen, for example, in 
Parkinson's disease and Alzheimer's disease. At the other 
end of the therapeutic spectrum, the diseases that have 
been historically the most preventable and/ or treatable 
are those in which a foreign infectious agent, such as 
a bacterium, presents highly distinctive targets for a 
drug or vaccine, or in which a vitamin deficiency can 
be readily corrected by dietary modification. Inhabiting 
the middle ground are those diseases of human physiol­
ogy - such as hypercholesterolemia, hypertension and 
depression - in which treatment consists of pharma­
cological manipulation of a complex homeostatic net­
work. The trend of current research suggests that, as we 
learn more about the pathophysiology of the macular 
degenerations, we might be able to view them increas­
ingly as disorders of homeostasis. If this is the case, then 
there are good reasons to be optimistic. If retinal, RPE 
or immune system physiology can be modified by a 
treatment that slows the rate of disease progression by 
as little as 10-20%, and thereby delays the onset of vision 
loss by 5-10 years, the impact on human health will be 
substantial. 

In any programme aimed at developing a therapy 
for macular degeneration, it will be important to 
analyse genomic DNA from all clinical trial participants 
to determine whether stratification by genetic risk factors 
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