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Abstract

This review summarises our current under-
standing of the molecular basis of subretinal
neovascularisation (SRNV) in age-related
macular degeneration (AMD). The term neo-
vascular AMD (NVAMD) is derived from the
dominant early clinical features of haemor-
rhage, fluid, and lipid in the subretinal space
(SRS) and the historical role of fluorescein
angiography in detecting the presence of NV
tissue. However, at the cellular level, SRNV
resembles an aberrant but stereotypical tissue
repair response that incorporates both an early
inflammatory phase and a late fibrotic phase in
addition to the neovascular (NV) component
that dominates the early clinical presentation.
This review will seek not only to highlight the
important molecules involved in each of these
components but to demonstrate that the
development of SRNV has its origins in the
earliest events in non-NV AMD pathogenesis.
Current evidence suggests that this early-stage
pathogenesis is characterised by complement-
mediated immune dysregulation, leading to a
state of chronic inflammation in the retinal
pigment epithelium/Bruch’s membrane/
choriocapillaris complex. These initial events
can be seamlessly and inextricably linked to
late-stage development of SRNV in AMD by
the process of dynamic reciprocity (DyR), the
ongoing bidirectional communication between
cells, and their surrounding matrix. Moreover,
this correlation between disease onset and
eventual outcome is reflected in the temporal
and spatial correlation between chronic
inflammation, NV, and fibrosis within the
reparative microenvironment of the SRS.
In summary, the downstream consequences
of the earliest dysfunctional molecular events
in AMD can result in the late-stage entity
we recognize clinically as SRNV and is

characterized by a spectrum of predictable,
related, and stereotypical processes referred
to as DyR.
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Introduction

Age-related macular degeneration (AMD)
remains one of the biggest ongoing vision-
related public health issues in the developed
world.1 With the ageing population, the burden
on society from AMD will likely continue to rise
not only in terms of treatment but also in
funding ongoing research and in the provision of
services for those rendered blind by the
condition.2 AMD, which most commonly affects
those over the age of 60 years, is a continuum of
chronic inflammatory disease. In advanced
cases, it is associated with degeneration of the
photoreceptors resulting from either progressive
degeneration of the retinal pigment epithelium
(RPE) and Bruch’s membrane (BM), termed
geographic atrophy, or the development of
subretinal neovascularisation (SRNV) and
termed neovascular AMD (NVAMD).3 Drusen
are the earliest clinical hallmark of the disease
and are extracellular deposits that build up
between the RPE and BM.4 They consist of
aggregations of intracellular, extracellular, and
secreted proteins together with lipids and other
cellular components such as double-stranded
RNAs.4–7 Current evidence implicates
dysfunctionality of inflammatory activation
pathways, in particular the complement
pathway, as being pivotal in contributing to the
development of AMD.8–11 SRNV most
commonly takes the form of choroidal
neovascularisation (CNV), the ingrowth of
NV tissue through BM into the subretinal
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space (SRS), or occasionally retinal angiomatous
proliferation, the ingrowth of NV tissue from either the
deep capillary plexus of the retina or the choroid also into
the SRS but which has a predilection for the neurosensory
retina (NSR).12 Currently, the only effective therapy is for
NVAMD and although this affects modest numbers
(10–15% of advanced forms of AMD9–11,13–15)
compared with non-NVAMD (NNVAMD), it carries a
disproportionate risk for patients in terms of severity of
vision loss.16–20 Anti-angiogenic therapy (also called anti-
vascular endothelial growth factor (VEGF) therapy) is
now the gold standard for the treatment of NVAMD.16–19

Over the past number of years, it has revolutionized our
ability to not only preserve but also improve vision in
many sufferers. Meanwhile, several clinical trials are
evaluating newer agents as treatments for NNVAMD but
for this larger group of patients, dietary supplements as
per the Age-Related Eye Disease Study data remain their
only recourse to what is essentially a low-efficacy
intervention.21–23

Microglia, resident inflammatory cells of the retina,
contributes to retinal homestasis by migrating from their
normal perivascular location in the inner layers of the
NSR to the SRS where they assist in the normal
elimination of visual byproducts.24 With increasing age,
these cells assume an activated morphology possibly as a
response to chronic oxidative stress associated with
ageing that originates within the RPE. Activated
microglial cells produce various cytokines that lead to the
recruitment of monocytes. In addition, there is an age-
related impairment in microglial migration, leading to
their accumulation within the SRS.24 The overall result is
chronic immune activation. It is possibly at this juncture
that the alternative complement pathway assumes its
pathological role in the development of AMD. Single-
nucleotide polymorphisms in complement factor H and
other components of the alternative pathway lead to less
regulation of the pathway and the promotion of a
hyperinflammatory state, the downstream consequences
of which is the eventual development of AMD.25–29

This mini review summarises our current
understanding of the molecular basis underlying
NVAMD and how the earliest pathological events in
AMD are inextricably linked to the late-stage entity we
recognise as NVAMD by a process called dynamic
reciprocity (DyR). At the cellular level, NVAMD is in fact
an aberrant tissue repair response, characterized not only
by NV but also by inflammation and fibrosis as evidenced
by the identification of molecular markers other than
those involved in NV formation and progression.30–35

The fact that we refer to a condition characterized by
aberrant repair as NVAMD reflects the clinical and
angiographic dominance of NV in this disease
process.36,37 If terminology is important, then subretinal

repair (SRR) is probably a more accurate pathological
description than SRNV to describe this late stage of
AMD.38 Furthermore, when describing the formation
of new blood vessels in SRR/SRNV, the term
neovascularisation is preferred to angiogenesis, because
neovascularisation encompasses the contribution of bone
marrow-derived cells in the repair process.34,38 However,
for the purposes of this study the terms NVAMD and
SRNV will be used interchangeably.

Inflammation

From a wound-healing perspective, the precise sequence
of molecular events leading to the development of SRNV
in AMD is uncertain, because conventional wound-
healing models are based mainly on what occurs in the
skin.35 Yet, the processes in the skin and the submacular
space bear a striking resemblance to each other, therefore
making it reasonable to extrapolate occurrences in the
skin to the submacular space.30–33 The fact that there are
similarities between the two locations is not too
surprising, because tissue repair is such a stereotypical
process regardless of the tissues involved.32 Unlike the
skin, the submacular space in not routinely accessible to
biopsy material. However, surgical excision of SRNV
demonstrates the presence of a provisional matrix of both
fibrin and fibronectin, major components of the early
wound-healing matrix that are not seen in the later
maturational stage of SRNV development.31,39–42

Furthermore, other wound-healing matricellular proteins
such as secreted protein acidic and rich in cysteine,
tenacin, and thrombospondin are present in CNV and
again are key factors in early matrix formation, and are
involved in a number of key RPE and monocyte functions
such as adhesion, proliferation, and migration.43–48

Certainly, the presence of the RPE cells with their
elaboration of a multitude of cytokines and growth
factors, including transforming growth factor-β (TGF-β),
fibroblast growth factor (FGF)-1, FGF-2, and tumour
necrosis factor-α (TNF-α), provide many of the essential
ingredients to prime the whole reparative process
towards completion.32 In the skin, these same mediators
are present in abundance in both the inflammatory and
granulation phase of wound healing, again highlighting
the stereotypical wound-healing process occurring in
SRNV.49–53 Meanwhile, it is the elaboration of TNF-α by
newly arrived monocytes/macrophages that promotes
the release of interleukin (IL)-8 and monocyte
chemoattractant protein (MCP)-1 by RPE, with the MCP-1
probably amplifying macrophage infiltration.30,54–56

TNF-α expression by these CNV-associated macrophages
also stimulates the production of VEGF by RPE, as
well as placental growth factor (PIGF), platelet-derived
growth factor (PDGF)-β, and stromal-derived factor

NVAMD and dynamic reciprocity
D Kent

1417

Eye



(SDF)-1.52,57–62 VEGF heralds the onset of the proliferative
phase of tissue repair of which two cells are pivotal,
endothelial cells and de-differentiated RPE, the former of
course involved in NV and the latter in recruitment of
disciform scar tissue.

Subretinal neovascularisation

The foregoing outlines the role of inflammation in both
the first stage of wound healing and the necessary process
to create the milieu conducive to NV (proliferative phase).
The first pillar of wound healing dictates that to activate a
reparative response an ischaemic or hypoxic insult is
necessary.35 Despite this, there is as yet no direct evidence
of either retinal or choroidal hypoxia/ischaemia
underlying the development of SRNV in AMD.38,63 Yet, it
is not inconceivable that there are localized micropockets
of hypoxia in what is essentially the diseased
microenvironment of the submacula and this will trigger
the initial inflammation, as outlined in the previous
section, that is required to promote an ECM conducive to
supporting NV.64–67 Alternatively, stabilization of
hypoxic-inducible factor (HIF)-1 and, therefore, the
promotion of NV may be triggered by the AMD-
associated pathological oxidative stress within the RPE
and photoreceptors, and this in turn will provoke the
necessary initial inflammation that primes repair and
leads to NV.23,68,69 Moreover, activation of HIF
transcription factors are being increasingly implicated in
inflammation, repair, fibrosis, and epithelial-to-
mesenchymal transition, all pivotal features of chronic
inflammatory diseases, including AMD.70 Whatever the
precise mechanism, hypoxic or non-hypoxic, the
induction of the key transcription factor HIF-1
upregulates the expression of hypoxia-regulated genes
and their products, including PIGF, PDGF-β, and SDF-1 in
addition to VEGF.58–62 Of course the expression of SDF-1
and VEGF also highlights the role of vasculogenesis in
SRNV, although again the precise mechanism of how this
is achieved is unclear.34,63,71

The role of VEGF in NV is also intimately associated
with the angiopoietins and their tyrosine kinase receptors
Tie-1 and Tie-2 that are expressed on endothelial cells and
also on some macrophage subtypes involved in
angiogenesis.72 Initially, Ang-2 expression, in concert
with VEGF, promotes vascular instability and promotion
of endothelial cell sprouting. As neovascularisation
develops, blood vessel formation proceeds from
immature endothelial-lined tubes to a mature vascular
plexus. In normal tissue repair, basement membrane
deposition and recruitment of pericytes heralds the onset
of both vascular competence and onset of vessel
maturation. Ang-1 and its receptor Tie-2 are fundamental
to this maturation process by promoting adhesion and

survival of endothelial cells. The completion of the
wound-healing process sees levels of VEGF decline, and
in the absence of VEGF and Ang-2, probably in
conjunction with Ang-1, there is promotion of vascular
regression, maturation, and stability.73,74

Scarring

Scars are the result of a complete healing response.
However, clearly with AMD we can argue that the
formation of scar tissue (disciform) is an undesirable
endpoint, because it appears excessive with the exuberant
fibrosis leading to irreversible loss of photoreceptors.75

Even though PDGF is produced early in repair by
platelets and injured capillaries, there is ample evidence
of its major role in scar tissue formation and fibrosis. In
cutaneous healing, PDGF, via its receptors and activation
of tyrosine kinase, is a potent mitogen of fibroblasts,
stimulates the production of the ECM, and also induces
the myofibroblast phenotype.76 In the SRS, PDGF could
be the pivotal factor in promoting the RPE fibroblast
phenotype that similarly divides and contributes to
pathological matrix formation.77 Other evidence suggests
that aberrant scar tissue formation may also be related to
early recruitment of CD4+ T-helper cells. This T-helper
response can be either predominantly T-helper 1 (TH1) or
T-helper 2 (TH2). The TH2 response via the elaboration of
IL-4, IL-5, IL-10, and IL-13 has been linked to fibrogenesis,
whereas the possible beneficial effects on fibrosis by
TH1 cells may result from the promotion of pro-apoptotic
genes, collagenase activity, and matrix remodelling.78–81

As fibrosis is such a dominant component of NVAMD, it
suggests that the immune system may have a role in
AMD, and that TH2 cells may be the predominant
T-helper cell involved.82–84 In contrast to TH1 cells,
TH2-linked genes include procollagen I, III, and V, matrix
metalloproteinase-2 and 9 (MMP2 and MMP9), and tissue
inhibitors of MMP-1 (TIMP-1).85

Similar to T-helper cells, there appears to be at least two
distinct types of macrophages, M1 and M2, involved in
repair and both are deployed within the first 24 h in the
inflammatory phase of wound healing.86–89 The first type,
activated by TH1 cytokines, degrade matrix and produce
pro-inflammatory cytokines. The second type, activated
by TH2 cytokines and apoptotic cells, produce anti-
inflammatory cytokines such as IL-4 as well as TGF-β, and
participates in immunoregulation in addition to
repair.90,91 In a murine model of liver fibrosis, for
example, the amount of fibrosis seems to be dependent on
whether macrophage depletion is early (less fibrosis) or
late (more fibrosis), suggesting that functionally distinct
sub-populations exist in the same fibrotic tissue.88 This
raises the possibility that targeting early CNV in AMD
may be important in terms of therapeutically modifying
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late-onset scar tissue recruitment.92 Moreover, it raises
several other questions. First, could one of the
mechanisms by which current anti-VEGF therapy prevent
scar tissue recruitment be indirectly through its effects on
macrophages?93,94 Second, would it be more beneficial to
influence monocyte/macrophage behaviour even earlier
in the evolution of AMD, before the onset of NV? Finally,
do the conflicting results of previous studies of the role of
macrophages in various models of NVAMD accurately
mimic the disease in humans?95–98

TGF-β is a multi-functional cytokine and is usually
secreted in its latent form, thus allowing for sustained
release throughout the repair process.76 It can both
stimulate and inhibit mitogenesis and stimulate
angiogenesis, fibroblast differentiation, and matrix
deposition.99 Early in acute injury, TGF-β1 and 2 are
released by platelets and act as potent chemoattractants
for neutrophils, macrophages, and fibroblasts. These cells
in turn secrete further TGF-β, thus amplifying its overall
effect. The association of TGF-β1 and 2 with excessive scar
tissue formation is well established because of elevated
and persistent levels of the cytokine in fibroblasts
associated with hypertrophic scars and keloid
formation.100 In fetal scarless wounds, TGF is only
transiently expressed, whereas fetal wounds treated with
TGF generates scar tissue formation.101 TGF-β3 on the
other hand is expressed in the later stages of healing and
reduces ECM deposition.101 Furthermore, the anti-fibrotic
role of decorin in fibrogenesis is being increasingly
recognised.102–109 Decorin is a small proteoglycan that
modulates collagen, fibronectin, and glycosaminoglycan
synthesis by binding to and neutralizing TGF-β.110 The
fact that low levels of decorin are found in hypertrophic
scar tissue suggests that an imbalance between it and
TGF-β produces a more pro-fibrotic state.111,112

Timely breakdown and remodelling of the ECM is also
an important component of normal repair and is
regulated by MMPs, a family of structurally related
enzymes. Secreted in an inactive form, they are
transcriptionally regulated by cytokines, growth factors,
cell–cell, and cell–matrix interactions.113 MMP activities
are further regulated by the activation of precursor
zymogens and curtailed by their endogenous inhibitor
TIMPs.114 Ultimately, it is the balance between MMPs and
TIMPs that appear crucial for remodelling of the ECM.
Yet, another process by which tissue repair in the
submacular space could modulate scar tissue formation is
through the process of collagen-contraction/remodelling-
induced apoptosis (CrIA). For example, fibroblasts seeded
on an in-vitro collagen matrix undergo CrIA following
contraction and remodelling of the gel.115,116 Therefore, it
is not unreasonable to extrapolate that de-differentiated
fibroblastic RPE, which behave similar to fibroblasts in
in-vitro models of repair, will do likewise in AMD.117

In general, as a wound matures and deposition of scar
tissue occurs, there is a gradual decrease in fibroblast cell
density that eventually resembles normal non-injured
tissue cellularity.88 This process is also mediated in part
by the induction of apoptosis, whereas in aberrant
scarring, such as NVAMD, inadequate apoptosis may
occur.118–120

Similar to that in the earlier stages of repair, the bone
marrow is also intrinsically involved in fibrogenesis.
Fibrocytes in the peripheral blood are derived from
mesenchymal stem cells in the bone marrow and are
involved not only in scar tissue deposition but are also
thought to have a role in the inflammatory and
proliferative (NV) phases of repair.121 Similar to
fibroblasts in morphology, their haematopoietic origin is
confirmed by the expression of CD11b, CD13, CD34, and
CD45 markers.122,123 They have a multifunctional role
that includes the secretion of cytokines, growth factors
and chemokines, the promotion of angiogenesis, the
synthesis of collagen and fibronectin, and are involved in
scar tissue contraction and remodelling through MMP
production.122,124 In pathological repair, bone marrow-
derived peripheral blood mononuclear cells more readily
differentiate to fibrocytes whereas the fibrotic tissue itself
contains more of these cells than the normal scar tissue.125

Finally, fibrocytes can act as precursors of fibroblasts,
which can also be involved in aberrant scarring.122

Dynamic reciprocity

The foregoing provides a general description of the
molecular events involved in NVAMD in the context of a
wound-healing response. It can be seen that the entire
process we refer to clinically as SRNV involves much
more that NV. Initially, there is the chronic inflammation
that defines NNVAMD that can eventually lead to SRNV,
which without treatment will give rise to fibrosis and
irreversible loss of vision. In short, AMD involves a
seamless transition between early asymptomatic disease
that can lead to an end-stage reparative process
(NVAMD), which without therapeutic intervention will
almost always have destructive consequences for the
retina and vision. At the molecular level, the initiation,
coordination, progression, and termination of this entire
process can be understood and explained by the concept
of DyR. At its most, fundamental repair involves
interactions between cells and the immediate ECM. It is
through these interactive processes that cell behaviours,
such as differentiation/de-differentiation, proliferation,
and migration are modified. This ongoing, continuously
evolving, bidirectional ‘cross-talk’ between cells and the
ECM is referred to as DyR.126 It is with this concept of
DyR that we can interpret and understand how the key
components of inflammation, neovascularisation, and
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scarring are seamlessly interlinked and continuously
evolving in the wound microenvironment that
characterizes NVAMD (Figure 1).127–133 Without an initial
injury, there is no inflammation and therefore no
proliferative phase of healing, and consequently no NV,
no scar tissue formation, and ultimately no wound
quiescence. Integrins are the key cell membrane
components that facilitate this bidirectional
communication between a cell and its matrix. Integrins
are transmembrane multi-domain receptors whose
extracellular portion interacts with ECM molecules, while
the intracellular portion interacts with protein signalling
pathways linked to gene expression in the nucleus and
cytoskeletal adjustments on the cell surface.134,135 If
normal wound healing involves an orderly transition
arising from cell–matrix interactions via a multitude of
different signalling pathways, is it an alteration in the
sequence, in the directionality, or timing of these

pathways that gives rise to aberrant repair such as we see
in NVAMD?

Bringing it all together: AMD and DyR

Fundamentally, AMD is a chronic inflammatory disease
that eventually leads to SRNV in ~ 10% of cases.9–11,13–15

In general, the basic tenets of inciting a wound-healing
response are present.32 However, by definition, chronic
wounds are wounds that do not heal and in the context
of DyR the cross-talk between cells and matrix is
dysfunctional once chronic inflammation becomes
established in the early asymptomatic stage of
NNVAMD. It is a testament to the durability of repair in
these hostile conditions that patients can maintain normal
or near-normal vision despite potentially decades of
chronic inflammatory dysfunction that is recognized
clinically by the presence of drusen, atrophy, and

Figure 1 DyR: the algorithm is similar between acute and chronic injury, but with completely different clinical outcomes. With an
acute injury to the RPE (eg, therapeutic thermal macular laser), there is restoration of normal or near-normal retinal architecture and
function. Chronic injury (eg, AMD) induces chronic inflammation and therefore a pathological outcome. This maladaptation occurs
early in the process with predictable consequences namely pathological neovascularisation and fibrosis in the case of NVAMD.
Untreated, this stereotypical cascade of molecular events is manifested clinically as the equally stereotypical disciform scar.
Abbreviations: AMD, age-related macular degeneration; NV, neovascular; RPE, retinal pigment epithelium.
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pigmentation within the retina. This in turn suggests that
future therapies should be ideally delivered early in the
disease, perhaps even years before symptoms arise. In
short, the normal reparative sequence is hindered
virtually from the outset due to absence of the normal
matrix and cells within the RPE/BM/choriocapillaris
(CC) complex and this in turn gives rise to further
undesirable downstream cell–matrix interactions that
delay or prevent healing. In other words, the process of
DyR can have either a physiological (restoration of
normal or near-normal tissue) or a pathological outcome
(disciform scar formation and irreversible destruction of
the photoreceptors) that is dependent on the health or
otherwise of the tissue within which the wound-healing
response is activated (Figure 1). In AMD, the neovessels
(SRNV) associated with the proliferative phase of repair
are not only abnormal with respect to their location but

are also characterized by decreased capillary density,
altered morphology, and increased permeability, and
is such a microangiopathy rather than a normal NV
response occurring as part of physiologic wound
healing.136 Moreover, bleeding from these vessels, which
is not a feature of normal repair, will compound the
dysfunctional reparative response in an increasingly
disordered matricellular environment that ultimately
leads to aggressive end-stage fibrosis.75 The injury in
NVAMD is therefore a ‘two-hit’ process. The first ‘hit’
occurs secondary to the primary underlying pathology
that causes the chronic inflammatory process, which gives
rise to AMD in the first place, whereas the second
‘hit’ results from recurrent bleeding from SRNV
(microangiopathy) and the additional inflammatory
process generated from the presence of this extravascular
blood. It is interesting to speculate whether it is the

Figure 2 DyR and AMD: the exposure of genetically predisposed individuals to environmental risk factors converts physiological
oxidative stress to the pathological equivalent, triggering a molecular cascade that ultimately leads to end-stage AMD as defined by the
process of DyR. Abbreviation: AMD, age-related macular degeneration.
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presence of this blood that ultimately generates the
exuberant fibrosis that we recognise clinically as disciform
scarring.75

Based on the concept of DyR, we can therefore
postulate the following sequence of events in AMD
(Figure 2). The RPE/BM/CC complex is the homeostatic
support system for the outer NSR. During everyday
maintenance, each RPE cell is exposed to oxidative stress.
This stress is maximal in the macular area and is
physiological in the sense that each cell employs efficient
‘housekeeping’ mechanisms to maintain normal cellular
activity.24 However, with ageing and/or in those who are
genetically predisposed, and/or those exposed to
environmental insults such as smoking, this physiological
oxidative stress can become pathological and overwhelm
normal cellular coping mechanisms, leading to build up
of RPE waste products.69 Alternatively, age-related
hypoxia may induce pathological oxidative stress.68

Either way, we can speculate that intracellular hypoxia
occurs and this generates a wound-healing response
possibly within the RPE. Initially, this will incite acute
inflammation; however, as the injurious agent
(pathological oxidative stress/chronic hypoxia) persists,
inflammation becomes chronic. Although originating
within the confines of the cell, the process of DyR dictates
that it will spill out into the ECM and so a pathological
feedback loop between cell and matrix, which could
include an immune component, is established
(bidirectional cross-talk), giving rise to a pathological
molecular cascade ending in GA or NVAMD, or
both.82–84,136 The abnormal local response may also
compromise the systemic input from the bone marrow or
both local and systemic components could be blunted by
co-existent disease.34,71,121,137

In summary, it appears that the process that is DyR
generates the stereotypical and even predictable wound
response that is seen in AMD. As outlined in the previous
sections of this study, all the necessary molecular
ingredients appear to be present, to generate a normal
reparative response. However, as DyR is occurring in a
chronically inflamed and disordered RPE/BM/CC
environment, it ensures that the repair process in AMD is
dysfunctional almost from the outset. Moreover, although
SRNV dominates the clinical picture, inflammation and
fibrogenesis are equally important in overall disease
progression and therefore future research and
therapeutics must also be directed at these key
components. DyR is the stereotypical seamless molecular
transition that links all three components that should
allow the prediction, both spatially and temporally, of the
key molecules, which are expressed at the various stages
in the progression of AMD and could in turn permit the
construction of more appropriate therapeutic algorithms

that can be customised according to the specific molecular
staging of AMD.
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