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The central retina in primates is adapted for high acuity vision. The most significant
adaptations to neural retina in this respect are: 1. The very high density of cone
photoreceptors on the visual axis; 2. The dominance of Midget pathways arising from
these cones and 3. The diminishment of retinal blood supply in the macula, and its
absence on the visual axis. Restricted blood supply to the part of the retina that has the
highest density of neural elements is paradoxical. Inhibition of vascular growth and
proliferation is evident during foetal life and results in metabolic stress in ganglion cells
and Miiller cells, which is resolved during formation of the foveal depression. In this
review we argue that at the macula stressed retinal neurons adapt during development
to a limited blood supply from the choriocapillaris, which supplies little in excess of
metabolic demand of the neural retina under normal conditions.

We argue also that while adaptation of the choriocapillaris underlying the foveal region
may initially augment the local supply of oxygen and nutrients by diffusion, in the long
term these adaptations make the region more vulnerable to age-related changes, includ-
ing the accumulation of insoluble material in Bruch’s membrane and beneath the retinal
pigment epithelium. These changes eventually impact on delivery of oxygen and nutri-
ents to the RPE and outer neural retina because of reduced flow in the choriocapillaris
and the increasing barriers to effective diffusion. Both the inflammatory response and
the sequelae of oxidative stress are predictable outcomes in this scenario.
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The macula comprises less than four per
cent of total retinal area in humans but is
responsible for almost all of our useful,
photopic vision. Within the macula, a two
millimetre lesion centred on the fovea will
affect an estimated 225,000 cones in the
average individual, 25 per cent of the to-
tal ganglion cell output to the brain, and
result in legal blindness. In this review, we
will focus on the anatomical specialisations
of the macula and its development, and
explore the reasons why the region is

vulnerable to degeneration associated with
aging. Finally, we identify key areas for
research to deepen our understanding of
mechanisms leading to macular degenera-
tion, to develop strategies for intervention
and to promote healthy aging in the popu-
lation.

KEY FEATURES OF THE MACULA

A range of adaptations, including eye
position and size, confer considerable
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optical advantage and are significant fac-
tors in the enhanced visual performance
of primates. However, the most significant
adaptive advantages are to the neural en-
vironment of the retina and its circuitry
within the macular region.

The term macula derives from the pres-
ence of the xanthophyll pigments, lutein
and zeaxanthin, in a region five to six mil-
limetres in diameter at the posterior pole
of the eye, appearing as a yellow spot
(macula lutea), when viewed in red-free
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light. Concentrations of these pigments
decrease with eccentricity from the fovea,'
with zeaxanthin being the most abundant
pigment within the fovea of monkeys.?
Initially, Wald® proposed that the role of
these pigments was to eliminate harmful
effects of blue and violet wavelengths not
absorbed by the lens, a proposition sup-
ported by later research.*® More recently,
it has been suggested that xanthophyll
pigments act as antioxidants by quench-
ing reactive oxygen species,*® thus playing
a role in prevention or delay of photore-
ceptor death.”

Specialisation of the neural retina
The macula corresponds roughly to the area
covered by the four anatomical regions,
originally defined by Polyak® and named in
relation to, and including, the fovea centra-
lis (fovea), as shown in Figure 1. The outer-
most region—the perifovea—can be
viewed as a transition zone, between the
highly specialised central zones and the
periphery. The high density of the retinal
vasculature (Figure 1A), as well as the high
rod:cone ratio (Figures 1B and 2)? are fea-
tures common to the perifovea and
periphery. The above average cone’ and
ganglion cell'” densities distinguish the
perifovea from the retinal periphery (Fig-
ures 1B and 2). The parafovea bounds the
foveal region and is characterised by a rela-
tively low density of retinal vessels (Figure
1A), a very high density of ganglion cells"’
and below average spatial densities of rods’
(Figures 1B and 2), so that the rod:cone
ratio is around 4:1, compared with 33-130:1
in the perifovea. These trends are devel-
oped further in the foveal region, which
is best considered in two parts—the foveal
slope and the foveola (asterisk, Figure 1
A, B and Figure 2). On the foveal slope,
there are two significant transitions: from
rod- to cone-dominated retina and from
vascularised to avascular retina. As shown
in Figure 1B, rods still dominate the pho-
toreceptor mosaic on the foveal rim
(~Imm eccentricity) and only the lower
part of the foveal slope is ‘cone domi-
nated’ (Figure 2). Similarly, the upper part
of the slope contains the perifoveal capil-
lary plexus, the three layers of which anas-
tomose toward the base of the slope, form-
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Figure 1. A: The anatomical regions of the fundus, according to

Polyak;® B: graphs showing the densities of rods,

18 cones!''® and

ganglion cells' in the fovea, parafovea and perifovea

ing a single vascular ring that surrounds
the foveola. Rods, ganglion cells and all
inner nuclear layer neurons are absent
from the foveola, so that cone cell bod-
ies—with the exception of a few parasol
(P-) ganglion cells—form the innermost
celllayer (Figure 2). A second striking fea-
ture is the gradient of cone densities
within the foveola, such that the peak den-
sity (zero eccentricity) is approximately
three times the density at the base of the
foveal slope? (Figure 1B).
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A further characteristic of the central
regions of primate retina, not apparent
using simple histology, is the preponder-
ance of ‘midget’ (M-) pathways in the reti-
nal circuitry."'* M-pathways originate from
both long (LWS) and medium (MWS)
wavelength-sensitive cones (the only types
present in the foveola), each one estab-
lishing two ‘private lines’ to the brain,
through hyperpolarising (OFF-) and de-
polarising (ON-) midget bipolar cells, then
via OFF- and ON- midget ganglion cells,
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Foveola

Periphery

Figure 2. Photomicrographs showing the relative thickness of the
adult human retina, and its constituent layers, at different
locations. The GCL and INL are absent at the foveola, where
only cones are present; all layers are present on the foveal slope,
where rods are also found (long arrow). The retina is thickest in
the parafovea where there is a dense capillary plexus in the INL
(thick arrows). Cone nuclei form a single layer along the external
limiting membrane (arrowhead), the darker-staining rod nuclei
being stacked several cells deep on the inner aspect of the cones.
The retina has a similar appearance in the perifovea but the cones
are thicker, rods more numerous and the overall retinal profile
thinner. Peripheral retina is about one-third thinner than the
parafovea; the GCL and INL are considerably reduced compared
with other locations. GCL, ganglion cell layer; INL, inner nuclear
layer; ONL, outer nuclear layer.

Figure 3. Electron micrographs showing sub-retinal structures and
some examples of pathological deposits in aged retinae.

A. Two drusen (Dr) sitting on the inner aspect of Bruch’s
membrane (BM). Towards the right, BM is relatively normal having
a distinct elastic lamina (EL) dividing it into inner (above) and
outer (below) collagenous zones. The EL is fragmented beneath
the drusen and to the left of the image and contains a large amount
of vesicular material.

B. A single druse (Dr) associated with a badly deteriorated BM,
which has no EL and many different types of extraneous material.
The choriocapillaris (CC) is a slit-like space (arrowed) and
considerable amounts of membranous material are present in the
interstitial space (lower left).

C. Showing membranous (MD) and basal laminar deposits
(BlamD) associated with pathology of Bruch’s membrane (BM).
EC, endothelial cell.

respectively. These M-pathways are distinc-
tive in the absence of convergence of pho-
toreceptor signals onto bipolar and gan-
glion cells—which accounts for the very
high densities of cells in the inner, central
retina.'”® More importantly, the predomi-
nance of M-pathways in the central few
millimetres of retina makes possible the
formation of a foveal depression. Because
the M-pathways run essentially in parallel

to one another they can be drawn apart—
without losing contacts or remaking
synapses—by whatever forces promote the
cell displacements that lead to formation
of the foveal depression during develop-
ment. This would be impossible if ‘para-
sol’ (P)-pathways, in which inputs from
several cones converge onto diffuse bipo-
lar cells, which in turn converge onto the
P-ganglion cell, were predominant. In-
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deed, it has been shown in macaque that
some P-ganglion cells are trapped in the
fovea,'® their complex connections mak-
ing displacement along with the other M-
ganglion cells an impossibility.

Specialisation of sub-retinal
structures

A dual mechanism has evolved to supply
nutrients to the retina. The choroid and
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its capillary bed—the choriocapillaris—are
present in all mammalian species, indi-
rectly supplying oxygen and nutrients to
the photoreceptors. The retinal vascula-
ture has evolved separately, to supply the
inner retina in species where the retina
has increased in thickness, by the expan-
sion of cell populations in the inner
nuclear (INL) and ganglion cell (GCL)
layers."”

The choriocapillaris is separated from
the neural retina by the retinal pigment
epithelium (RPE) and Bruch’s Membrane
(Figures 2 and 3). Bruch’s membrane is a
specialised extracellular matrix complex
that lies between the basement mem-
branes of the RPE and the endothelial cells
of the choriocapillaris and comprises two
collagen-rich layers—the inner and outer
collagenous layers—with a central elastic
lamina rich in elastin and elastin-associated
proteins (Figure 3). The choriocapillaris
is a labyrinth of thin-walled, fenestrated,
capillaries with a high flow rate that deliv-
ers oxygen by diffusion to the RPE and to
the inner segments of photoreceptors,
fuelling the oxidative metabolism that
drives phototransduction. In the foveola,
oxygen diffuses about 100 pm to reach the
inner segments of the foveal cones, and
there is no alternative supply from retinal
vessels. In other parts of the retina oxy-
gen diffuses 50 to 60 pm from the
choriocapillaris to reach photoreceptor
inner segments, in addition to oxygen and
other nutrients being available from the
deep retinal capillaries over a distance of
50 pm (periphery) to 100 pm (parafovea).
Experimental studies in the macaque
indicate that under dark adaptation photo-
receptors ‘draw down’ 10 per cent of their
oxygen requirements from the retinal
blood supply,' although how cones in the
foveola obtain their full quota of oxygen
is not known.

One adaptation of sub-retinal structures
is that in young healthy retinas, the
choriocapillaris has a wider bore within the
labyrinth at the fovea—there is less ‘in-
tervascular’ space.'” A second area of spe-
cialisation is within Bruch’s membrane
itself. Several studies suggest that the struc-
ture and composition of Bruch’s mem-
brane varies with topography (centre ver-

sus periphery) and with age. Post mortem
studies indicate that the elastic lamina at
the macula is significantly thinner and
more porous than in other regions at all
ages.” The study also indicates that its in-
tegrity is reduced in donor eyes with in-
cipient macular degeneration (AMD) or
active forms of the disease, compared to
normal age-matched controls.?

KEY EVENTS IN DEVELOPMENT OF
THE MACULA

Differentiation of the foveal
region

The retina develops in centro-peripheral
sequence so that during development,
central regions are developmentally more
advanced than peripheral ?'** At any loca-
tion in the retina, there is a fixed birth
sequence of retinal cells, so that ganglion
cells, horizontal cells and cone photo-
receptors are born first, followed by ama-
crine and bipolar cells, with rod photo-
receptors and Miiller cells being the last
to differentiate.”*?! In humans, a region
in the outer nuclear layer of central retina
that comprises only differentiating cone
photoreceptors is the first indication that
at 10 to 11 weeks’ gestation (WG) retinal
cells are exiting the cell cycle, and is the
first indicator of the location of the devel-
oping foveal region.?** Weeks later, when
rod photoreceptors are fitted into the
outer nuclear layer (ONL) surrounding
the foveal cone mosaic (15 to 16 WG), the
rod free region that characterises the fovea
is defined.?*?*

From the outset the foveal region of the
primate retina is different. First, its very
early differentiation makes the region dis-
tinctive. Second, some cell types are ex-
cluded from the foveal region or at least
reduced in number. Rods are excluded
from the photoreceptor mosaic at the fovea
in both humans and macaques;***** short-
wavelength-sensitive (SWS) cones are ex-
cluded from the foveal cone mosaic in
humans and are present in reduced num-
bers in the macaque retina.” By implica-
tion, rod- and blue-cone bipolar cells are
also absent. Third, non-neuronal cells be-
have differently in the developing foveal
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region; microglial cells, which initially are
spread evenly throughout the incipient
fovea, migrate out of the foveal region®
and at later stages of development, both
endothelial cells and astrocytes are pre-
vented from migrating into the develop-
ing fovea (see below).” Finally, while ini-
tially the rule of a centro-peripheral
maturation gradient is adhered to, the lat-
ter stages of maturation of the fovea are
very protracted, so that it is the last region
to mature, between two and four years of
age in humans*?* (Figure 4).

The protracted development of the
foveal region means that while foveal
cones are among the first cells in the retina
to differentiate, they are the last to attain
adult morphological characteristics. The
slender morphology and stacked nuclei of
cones in the foveola and on the foveal
slope (Figure 2) develop entirely in the
postnatal period,** from a monolayer of
short, thick, cone photoreceptors in the
fovea of the late-stage foetal/early postna-
tal retina (Figure 5). In comparison, cones
in the periphery are mature in the peri-
natal human retina (Figure 5).

Development of the perifoveal
vasculature

Despite its early differentiation, the cen-
tral retina develops a blood supply rather
late, compared with other regions.** Reti-
nal vessels appear at the optic disc at 14
WG and grow rapidly into the superior and
inferior quadrants of temporal and nasal
retina. By 22 WG, the retina is greater than
50 per cent covered with a retinal plexus
that supplies the inner retina but the reti-
nal vessels are still several millimetres from
the ‘foveal’ ganglion cell layer—that is, the
ganglion cells that will later be displaced
to form the foveal depression. These few
millimetres of retina are very slowly vascu-
larised over the next three to four weeks,
forming a ring of vessels around an avas-
cular area, in which the fovea will form, at
25 to 26 WG.*'* Formation of the deeper
layers of retinal vessels is similarly re-
tarded. While precise data from human
retinas is not available, in macaques the
deep layers of capillaries assemble around
the foveal depression in the perinatal pe-
riod®'; assuming developmental equiva-
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Figure 4. A timeline showing key events in development of human cental retina. WG: weeks

gestation; PN: postnatal

Figure 5. Photomicrographs showing the relative thickness of the newborn

human retina and its constituent layers at different locations. All retinal
layers are present in the foveola at birth; radial displacement of cells in
the GCL and INL takes place entirely within the postnatal period in
humans. Note the immature morphology of cones in the foveola (example
outlined) and the lack of elongated axons (fibres of Henle; compare Figure
2). Cones on the foveal slope have started to develop elongated axons but
these are more pronounced in the parafovea. The central-most rods are
encountered in the perifovea (compare with the foveal slope in the adult).
Note also that the thickest part of the newborn retina is at the perifovea
(compare with the parafovea in the adult). These differences are due to
the protracted period of centripetal photoreceptor displacement that takes
place in the fist few years postnatal (see cone density graph, Figure 2).
GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear

layer.
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lence in the two species, this would sug-
gest that in human infants the perifoveal
capillary plexus is not complete until three
to four weeks postnatally.

The paradox is that while the central
region of the retina is the first to differen-
tiate and is developmentally advanced
compared to the rest of the retina through-
out most of development, it is the very last
region of the retina to develop a blood
supply to supplement delivery of nutrients
and oxygen from the choriocapillaris. It is
possible that this is the cause of, or at least
related to, the retarded differentiation of
cone photoreceptors in the central retina.””
Lack of a retinal blood supply is also likely
to cause metabolic stress in neurons of the
central retina prior to formation of the
foveal depression and the establishment
of the perifoveal capillary plexus.*

Stress at the incipient fovea

Two lines of evidence indicate that at the
incipient fovea retinal cells are in a state
of stress; expression of glial fibrillary acidic
protein (GFAP) in Miller cells and of vas-
cular endothelial growth factor (VEGF) by
ganglion cells.

Immunoreactivity (-IR) to the interme-
diate filament protein, GFAP, in Muller
cells is an indicator of incipient pathology
and/or ‘stress’ in those cells.*** In a nor-
mal environment GFAP-IR is confined to
retinal astrocytes, while Miiller cells are
vimentin-IR. GFAP-IR in Miiller cells is
commonly regarded as a response to in-
jury** and is detected in AMD retinae,*
diabetic retinopathy,* in animal models
of retinal degenerations*, in light-
damaged retinae* and in response to
FGF2 injected intravitreally,"” although the
mechanism mediating the response is not
understood.*®

In developing retina, GFAP-IR is de-
tected in ‘foveal’ Miiller cells just prior to
and during formation of the fovea® (Fig-
ure 6), where it persists postnatally for an
undetermined period. The source of stress
is not known but we hypothesised that, due
to lack of a retinal blood supply in the
developing central retina, the inner retina
(particularly ganglion cells) experiences
metabolic stress and used expression of
vascular endothelial growth factor mRNA
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Figure 6. Images of immunofluorescence indicating
GFAP-immunoreactivity in Miiller cells in the foetal

macaque retina.

A: Foetal day 95, at the foveal cone mosaic, prior to
formation of the foveal depression. Oblique arrows
indicate strong immunoreactivity in the endfeet of
Miller cells, while arrowheads indicated weaker
immunoreactivity in the inner and outer processes.

B: At postnatal day 1, Miiller cells at the fovea are
intensely immunoreactive to GFAP (arrowheads),
including the outer processes that separate the cone
fibres of Henle, (asterisk). Some immunoreactive
astrocytes are also present in the inner retina (a). elm:
external limiting membrane; GCL: ganglion cell layer;
INL: inner nuclear layer; ONL: outer nuclear layer.

as an indicator of developmental hypoxia.
VEGF is the major angiogenic growth fac-
tor in the retina, is expressed by retinal
astrocytes,*** as well as some neuronal cell
types,” and mediates the differentiation,
proliferation, migration and survival of
retinal endothelial cells.”**” VEGF expres-
sion is mediated by the hypoxia-induced
transcription factor, HIF-o (hypoxia induc-
ible factor). During development of the
retinal vasculature, VEGF is localised to
astrocytes migrating ahead of endothelial
cells to promote their differentiation
and/or proliferation and their migration
along the astrocyte template™ (Figure 7B),
adherence to which is mediated by
R-cadherin.?*%

In situ hybridisation for VEGF mRNA
confirmed expression by astrocytes guid-
ing retinal capillaries towards the foveal
region of macaque retina® (Figure 7C)
and in human foetal retina (T Sandercoe,
unpublished data). We also found high
levels of VEGF expression in the ganglion
cell layer overlying the pure cone mosaic
of the foveal region, suggestive of hypoxic
conditions.” The findings indicate thatin
macaques, hypoxic conditions prevail at
the incipient fovea until a ring of capillar-
ies forms around the foveal avascular zone
(by Fd105, equivalent to about 25 WG in
humans) and are further ameliorated as
the retinal profile thins through formation
of the foveal depression® (Figure 4).
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Evidence for expression of
inhibitory molecules

If expression of VEGF mediates develop-
ment of retinal blood vessels and VEGF is
expressed in the foveal region at high lev-
els during early development, why does
the fovea remain avascular? The answer
appears to be that (as yet unidentified)
inhibitory factors are expressed at the in-
cipient and developing fovea. Three lines
of evidence indicate the expression of
inhibitory factor/s.

ASTROCYTES DO NOT ENTER THE
INCIPIENT FOVEA

Astrocytes lead the migration of vessel-
associated cells across the retina, the reti-
nal vessels forming to an astrocytic tem-
plate. During development of retinal
vessels in the periphery, astrocytes lead
endothelial cells by a margin of about
200 pm but as vessels approach the incipi-
ent fovea this margin is reduced, so that
at Fd 105 in the macaque the leading en-
dothelial cells are in contact with the lead-
ing astrocytes, which form a ring around
but do not enter the incipient fovea™ (Fig-
ure 7A). Our evidence indicates that
astrocytes are prevented from entering the
incipient fovea and that as a consequence,
retinal vessels do not form there.

ASTROCYTES AND MICROGLIA ARE
REPELLED FROM THE INCIPIENT FOVEA
Shortly after the perifoveal ring of capil-
laries is established, astrocytes retreat from
central retina, so that by birth very few
astrocytes remain centrally.*"%"% While the
evidence is not clear-cut, it appears that
astrocytes withdraw from the central re-
gion rather than being eliminated by
apoptosis.® Microglia also withdraw from
the foveal region during development but
at a much earlier stage. In human retina
at 14 WG, we found parenchymal micro-
glia regularly distributed throughout cen-
tral retina but by 20 WG a microglial-free
region is approximately centred on the
incipient fovea.*

LOW RATES OF ASTROCYTE AND
ENDOTHELIAL CELL PROLIFERATION
Evidence for expression of an anti-prolif-
erative factor in central retina and along
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Figure 7. Development of perifoveal capillaries and VEGF expression
in developing monkey retina.

A: Astrocytes (GFAP positive, green) and retinal vessels (CD31 positive,
red) in a macaque at foetal day 105. The leading astrocytes (thin arrows)
stop short of the central fovea and the usually ‘trailing’ endothelial cells
come into contact with the leading astrocytes (thick arrows).

B: Capillaries (red) growing towards the fovea are placed deep in the
ganglion cell layer (GCL) and closely associate with deeply placed
astrocytes (green, large arrows). GFAP-immunoreactive Miiller cell
processes are also present (arrowheads) and in inner retina, both
astrocytes and Miiller cell endfeet are GFAP immunoreactive (small
arrows).

C: Foetal day 100 (macaque) in situ hybridisation for VEGF mRNA,
using Fast Red (Roche). Expression of VEGF mRNA is high in the
ganglion cell layer overlying the foveal cone mosaic (asterisk), prior to
formation of the foveal depression. Despite this, vessels never enter
the region of the central fovea. The very high levels of mRNA labelling
to the left are associated with perifoveal capillaries growing towards
the central fovea (arrows). INL: inner nuclear layer; ONL: outer nuclear

layer.
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the horizontal meridian comes from analy-
sis of developing macaque retina. Using a
marker of proliferating cells (Ki67) and
double immunolabelling to identify pro-
liferating endothelial cells (Ki67-, CD31-
IR), we found that the frequency of cell
proliferation associated with vascular
growth along the horizontal meridian at
foetal day (Fd) 105, and around the in-
cipient fovea, is at the most only about 50
per cent the frequency in vessels growing
towards the periphery. Similarly at Fd 142
during early stages of formation of the
deep layers of the perifoveal plexus, the
rate of cell proliferation is less than half
that seen in sample areas at comparable
stages of formation in the periphery.®
These data suggest expression of an anti-
proliferative factor at the fovea, and along
the horizontal meridian, in a gradient re-
sembling the density distribution of cone
photoreceptors. The source and identity
of the factor/s is not known.

THE UNIQUE ENVIRONMENT OF
THE FOVEA

The evidence suggests that the foveal re-
gion is distinct from other parts of the
retina in a variety of ways. The most promi-
nent characteristics are the exceptionally
high density of neural elements and the
absence of retinal vasculature in the cen-
tral fovea. The more subtle characteristics
include expression of one or more factors
that promote the absence of astrocytes and
microglia, either by egress or death, and
the sequelae of a long period of exposure
of cells to an hypoxic environment dur-
ing development.

In most systems (including peripheral
retina) developing tissues demand the
energy they require for continued growth
and development. This demand is usually
met by increased vascular growth and pos-
sibly increased glycolytic metabolism, both
mediated by HIF1a.%+% At the developing
fovea, such a demand is signalled, as evi-
denced by expression of VEGF, but the
response is limited—appearing to be par-
tially inhibited in central retina, and com-
pletely blocked at the incipient fovea, by
an unidentified inhibitory/repellent fac-
tor, which appears to act on astrocytes and
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endothelial cells. Under experimental
conditions retardation of retinal vascular
development in rats is correlated with thin-
ning of the retina,*” although the mecha-
nisms accounting for reduced thickness
(reduced neurogenesis or increased cell
death) have not been identified. Neurons
in central primate retina survive pro-
longed absence of retinal blood supply
with no evidence of increased cell loss*—
suggesting perhaps a greater dependence
of these neurons on glycolysis as an energy
source, and the possibility that the VEGF
expressed by ganglion cells of the incipi-
ent fovea is neuroprotective, as reported
in other parts of the CNS.%7

In contrast with development of most
other tissues, what appears to happen at
the developing fovea is that the neurons
and glia adapt to their limited blood sup-
ply, rather than being provided with the
supply that is demanded. The metabolic
crisis triggered by the retarded vascular
development is slowly resolved as the cap-
illary plexus forms around the foveal re-
gion, and the depression, which thins the
retina, begins to form soon after. There-
fore, the foveal region should be under-
stood as an environment in which neurons
and glia are in critical balance with their
blood supply—a balance easily disturbed
by changes in blood flow, oxygen and
nutrient delivery.

AGE-RELATED MACULOPATHY: WHY
THE MACULA?

Macular degeneration is a disease that tar-
gets the critical central few millimetres of
retina, causing degeneration of photo-
receptors in the presence (the ‘wet’ form
of the disease) or absence (‘dry’ form) of
neovascularisation by vessels that originate
from the choroid. Why is the macula the
target of these disease processes? Here we
suggest that the two adaptations of the
macular region described above:
1. the critical balance between metabolic
rate and blood supply
2. modifications of structure in the
choriocapillaris and Bruch’s membrane
to facilitate nutrition of the macula—
ultimately resulting in a predisposition
of the region to degenerative change.

The critical balance: metabolic
rate and blood supply

We outlined above the argument for a criti-
cal relationship between the neural retina
and its blood supply (the unique environ-
ment of the fovea). Throughout most of
the macula, photoreceptor density is
above average (cones and rods—Figure 1).
Photoreceptors consume more oxygen
than any other cell type in the body but as
we described, their oxygen sources are lim-
ited. Furthermore, it is understood that
photoreceptors derive most of the oxygen
they require from the choriocapillaris™
and this supply is not autoregulated; that
is, there is no autonomic control that
might increase flow on demand. Studies
of oxygen profiles in the macaque retina
indicate that near the fovea, photo-
receptors draw some supply from the
retinal vessels, but in the foveola, where
photoreceptor density peaks, there are no
retinal vessels.'® In summary, photo-
receptors in the macula are highly depend-
ent on oxygen supplied by the choroid and
the evidence suggests that under normal
circumstances oxygen is not available in
excess. If choroidal blood flow were
reduced, even by a narrow margin, the
result would be oxidative stress and its
sequelae in photoreceptors, including
release of stress, survival factors and ang-
iogenic factors by retinal cells.

The evidence supporting the hypothesis
that metabolic stress is a significant factor
in development of macular degeneration
is growing. First, laser Doppler flowmetry
studies have shown that decreased choroi-
dal blood flow is associated with aging and
is correlated with decreased density and
volume of the choriocapillaris.” Investiga-
tions of AMD patients with large drusen
show they have 33 per cent less choroidal
volume and 37 per cent lower choroidal
blood flow than age-matched normal con-
trols.” Furthermore, choroidal volume
and flow also decline with increasing se-
verity of features predictive of choroidal
neovascularisation.” Second, it has been
shown that when choroidal blood flow is
reduced experimentally, retinal stress is
induced, including expression of GFAP by
Miiller cells—an established histopatho-
logical feature of AMD.”™
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The extra-retinal environment:
Bruch’s membrane and the
choriocapillaris

Increased calibre of choriocapillaris ves-
sels'” and reduced thickness of the elastic
lamina of Bruch’s membrane® are two
adaptations that in young, healthy indi-
viduals might secure a marginally higher
rate of oxygen and nutrient delivery to
photoreceptors at the macula per unit
time, compared with the periphery. Ironi-
cally, over a lifetime these adaptations
result in the macula becoming a reposi-
tory for a large variety of blood-borne sub-
stances that diffuse out or possibly are
forced out of the choriocapillaris under
hydrostatic pressure, into Bruch’s mem-
brane and the sub-RPE space. Accumula-
tion of lipids and other materials in
Bruch’s membrane increases with age and
is more prevalent at the macula; more-
over, a systemic, rather than local, origin
for the constituents of drusen and other
sub-RPE deposits can be argued. Accumu-
lation of foreign substances both in
Bruch’s membrane and sub-RPE, as well
as the possibility of low-grade choroidal
vascular disease, also implicate local in-
flammatory responses.

LIPID DEPOSITION IN BRUCH’S
MEMBRANE

Accumulation of extracellular lipids in the
inner collagenous layer of Bruch’s mem-
brane has been reported as a function of
age.” In the macular region of aged reti-
nae, esterified cholesterol in Bruch’s mem-
brane is sevenfold higher than in periph-
eral retina.”” Other age-related changes to
Bruch’s membrane include a two-to-three-
fold increase in thickness from childhood
to adult life,” decreased collagen solubil-
ity and metalloproteinase (MMP) activ-
ity® and accumulation of advanced
glycation end products.” All of these age-
related changes are likely to reduce the
capacity of the choroid to deliver adequate
oxygen and nutrients (including vitamin
A) to the neural retina and RPE. In vitro
studies show that hydraulic conductivity of
Bruch’s membrane decreases with age®"*
and that lipid accumulation is a significant
factor affecting this decrease.® These find-
ings are supported by independent obser-
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vations that diffusion of hydrophilic sub-
stances is reduced in explants of Bruch’s
membrane as donor age increases.?® De-
creased diffusion of substances, including
vitamin A, will have consequences for con-
tinued normal photoreceptor®”* and RPE
function.” Therefore, the findings suggest
that while there are modest adaptations
to sub-retinal structures that might en-
hance oxygen and nutrient delivery to
macular photoreceptors in the normal
retina, these same adaptations may make
the macular structures, including photo-
receptors, more vulnerable to the aging
process.

These observations suggest a link be-
tween systemic vascular disease and macu-
lar degeneration. Epidemiologically, there
is no clear-cut relationship. While the Rot-
terdam Study, for example, reports that
measures of subclinical atherosclerosis
identify individuals with increased risk of
AMD,” the findings from Beaver Dam are
negative in this respect.” A difficulty is that
the measures of vascular disease used in
the analyses are different in the two stud-
ies.

INFLAMMATORY EVENTS

Leukostasis, associated with ICAM-1 ex-
pression by choroidal endothelial cells, is
a likely cause of closure of the chorio-
capillaris—a histopathological feature of
dry AMD that correlates topographically
with areas of photoreceptor degenera-
tion.”” Leukostasis is only one of several
lines of evidence that now point to a sig-
nificant inflammatory element in AMD
pathogenesis. Autoantibodes against reti-
nal cells have been reported in independ-
ent studies in AMD.?** The presence of
such autoantibodies, against antigens in-
side the blood-retinal-barrier, suggests bar-
rier breakdown—at either the retinal vas-
cular or choroid-RPE loci. To date, little
effort has been directed towards investi-
gation of the integrity of the retinal vascu-
lature in aging and/or AMD, but there is
strong evidence of breach of the outer
retinal barrier in both dry and wet forms
of AMD. In wet AMD, a clear breach oc-
curs when choroidal vessels penetrate
Bruch’s membrane and RPE (classical wet
AMD), although choroidal neovasculari-

zation can be restricted to the sub-retinal
space.”” On histopathological grounds,
breaches of the outer blood-retinal-barrier
appear to be mediated by macrophages™®
and dendritic cells.'”'* In the dry form,
breakdown of Bruch’s membrane is asso-
ciated with the formation of giant, multi-
nucleated cells that are seen at the level
of Bruch’s membrane near the edges of
ONL degeneration /10410

Hageman'” proposed that drusen for-
mation reflects barrier breakdown initi-
ated by RPE cell failure, triggering a cell-
mediated response involving dendritic,
antigen-presenting cells. Supporting his
hypothesis is the presence of the monocyte-
derived CD antigens within drusen, includ-
ing HLA-DR-positive ‘core-like’ domains
that appear to comprise processes of
choroidal dendritic cells.

An alternative hypothesis, proposed
here, is that ICAM-1-mediated choroidal
leukostasis reduces blood flow, particularly
in efferent vascular elements, causing lo-
cal increases in hydrostatic pressure in the
choroidal vascular bed, forcing blood-
borne elements through the thin-walled
fenestrated vessels and across Bruch’s
membrane into the sub-RPE space, where
they coalesce as drusen. Consistent with
this, drusen deposition has long been
observed to occur across intercapillary
spaces'®!%7 (Figure 3). Therefore, the hy-
pothesis predicts that many of the constitu-
ents of drusen, including complement
components, are systemically, rather than
locally, derived. Drusen and accumulation
of other deposits (like basal laminar de-
posit) diminish supply to the retina by act-
ing as diffusion barriers, and by increas-
ing the distance over which nutrients and
oxygen must diffuse to supply RPE cells
and photoreceptors (Figure 3). Our hy-
pothesis predicts that deterioration of RPE
cells overlying drusen and sequelae in the
retina'® result from diminished access to
oxygen and nutrients normally delivered
by diffusion from the choroid. The hypoth-
esis is consistent with findings showing
reduced choroidal flow in AMD patients
with large drusen” and the substantial
immunological literature documenting
the presence of blood-borne soluble forms
of immunoglobulin superfamily mem-
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bers,'™ including major histocompatibil-
ity complex antigens.''!'"?

Presence of activated complement
chains in drusen is also proposed as his-
topathological evidence of immune
mechanisms in AMD.'"!"* More convinc-
ing experimental evidence now shows that
complement, and more specifically, mem-
brane attack complex (MAC) deposition
at the site of injury, is essential for the de-
velopment of choroidal neovascularisation
in the mouse laser-model. Moreover, this
study shows that MAC is involved in the
induction of angiogenic factors including
VEGF, FGF and TGFB.'"® In addition, three
independent studies report polymorph-
isms in the complement factor H gene in
humans that associate highly with risk of
AMD and may account for up to 50 per
cent of cases. "

It is important to note that inflamma-
tory events are not independent of
oxidative stress mechanisms. Inflamma-
tory cells release both reactive oxygen and
nitrogen species;''*!*’ reactive species also
promote adhesion between blood cells
and endothelial cells,'?" contributing to
leukostasis. Therefore, it appears that
these interacting pathways contribute to
pathogenesis of AMD at several stages of
the disease.

LIMITED RESPONSIVENESS—THE
ABSENCE OF ASTROCYTES

Scarcity of astrocytes in the macular region
may exacerbate responses of the retina to
the stresses described above. Miiller cells
and astrocytes both maintain the retinal
extracellular environment, regulating ion
homeostasis and neurotransmitter uptake,
using energy-dependent mechanisms.
Outside the macula, both cell types are
present, suggesting division of labour be-
tween inner (mainly astrocytes) and outer
(Miller cells) retina. In the macula,
astrocytes occur at a greatly reduced den-
sity® and in aging retina the majority of
those present are undergoing apoptosis
(JM Provis and PL Penfold; unpublished
data). In the macular region, it appears
that Miiller cells maintain the extracellu-
lar environment across the full thickness
of retina, virtually exclusively. Therefore,
in the macula, neuronal dysfunction lead-
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ing to oxidative stress impacts directly on
Miiller glia, which function to neutralise
reactive species. Although protected to
some extent by their high rates of glyco-
Iytic and relatively low levels of oxidative
metabolism,'??> Muller cells in the macula
cannot rely on the support of fellow
astrocytes to deal with the consequences
of oxidative stress. Furthermore, the pres-
ence of reactive species at the macula may
promote immune cell activation, includ-
ing additional release of reactive species
by leucocytes and microglia''®'*" and
increased adhesion in blood-endothelial
cell interactions,'! further exacerbating
conditions.

SUMMARY: WHERE TO FROM HERE?

We have argued that adaptation of the
central retina for high acuity vision has led
to compromise of vascular supply, which
is manifest during foetal life in the slow
development of central retinal vasculature
and related metabolic stress in central
retina. Because vascular development is
retarded centrally, by unknown factors,
stressed retinal neurons adapt to the lim-
ited blood supply from the choriocapil-
laris; a condition ameliorated by thinning
of the retina associated with formation of
the foveal depression. Further, while ad-
aptation of the choriocapillaris underlying
the foveal region may initially augment the
local supply of oxygen and nutrients by
diffusion, in the long term, these adapta-
tions make the region more vulnerable to
age-related changes, including an appar-
ently higher rate of accumulation of in-
soluble material. Eventually, these changes
impact on delivery of oxygen and nutri-
ents to the RPE and outer neural retina
because of reduced flow in the chorio-
capillaris and the accumulation of barri-
ers to effective diffusion. Both the inflam-
matory response and the sequelae of
oxidative stress are predictable outcomes
in this scenario.

Recent findings concerning the special
role of complement in AMD and experi-
mental choroidal neovascularisation''>'!*
provide a major step forward in under-
standing the aetiology of AMD. A next
important step will be to characterise the

events leading to complement activation
in cases where aberration in the sequence
coding for complement factor H is not
implicated. Therefore, more work is re-
quired to characterise events that trigger
the immune response, and better under-
stand interaction with mechanisms of
oxidative stress. Another area where stud-
ies are lacking concerns the biology of
cone photoreceptors, in particular their
metabolism and the factors required for
cone maintenance throughout life. Simi-
larly, while much has been done to further
understanding of rod photoreceptor
function and metabolism, more work is re-
quired to improve understanding of RPE
cell function, the metabolic requirements
of the RPE and the many roles of retinoic
acid.
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