Eve (1988) 2, Suppl S124-SI39

Vasoproliferative Retinopathies: Clinical, Morphogenetic

and Modulatory Aspects

M E BOULTON,! D McLEOD? and A GARNER?

London

In 1948, the year of inception of the Institute of
Ophthalmology, Isaac Michaelson presented his
now classic paper on retinal neovascularisation
to the Ophthalmological Society of the United
Kingdom.! In it he postulated the existence and
role of a biochemical factor of extravascular
retinal origin which promotes the growth of
capillary blood vessels in both the fetal
development of the retinal circulation and
preretinally in such pathological conditions as
Eales’ Disease, proliferative diabetic retinopathy
(PDR) and after retinal vein occlusion (RVO),
Subsequent events have served to support
Michaelson’s basic hypothesis, although it was
not until the early 1980s that the existence of an
angiogenic factor in the retina was convincingly
demonstrated and still its precise nature and
origin is unknown.

This review will focus particularly on
advances in knowledge of neovascular morpho-
genesis, the role of angiogenic factors occurring
in the retina, the retinal pigment epithelium
(RPE) and the vitreous, and will consider the
clinical implications of Michaelson’s ideas. This
will reflect improved laboratory and clinical
investigational methods and the opportunities to
influence vasoproliferative retinopathies (VPRs)
clinically by retinal photocoagulation and
vitrectomy.

(I) Clinical Considerations
The Retinal Metabolic Defect
Michaelson' suggested

that  preretinal

neovascularisation reflected a disturbance in
metabolism due to an insufficiency or complete
occlusion of retinal circulation. However, it was
Ashton’s Indian ink injection studies of post-
mortem diabetic eyes? which first specifically
demonstrated the relationship between VPRs
and retinal capillary non-perfusion (wherein the
capillaries remained as basement membrane
tubes eventually invaded by glia). Ashton? went
on to show that the neovascularisation of PDR
and that following central RVO was invariably
associated with such underlying areas of
obliterated retinal capillaries, and that the
neovascular response was proportionate to the
extent of persistent vaso-obliteration.* These
concepts were confirmed in a wider clinical
context with the advent of fluorescein
angiography including the demonstration of a
quantitative relationship between the area of
capillary non-perfusion and the development of
neovascularisation after branch RVO>¢ and in
PDR.”® This quantitative relationship lends
support to Michaelson’s original hypothesis.
The delay period of weeks or months between
the onset of inner retinal ischaemia (say after
branch RVO) and the development of clinically-
manifest neovascularisation, together with the
commonly slow progression of neovascularisa-
tion thereafter over weeks or months, suggests
that tissue necrosis per se is unlikely to be
responsible for the angiogenic stimulation.
Metabolic exchange with the vitreous or via the
outer retina may mitigate the effects of retinal
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capillary non-perfusion on the inner retina, and
it is widely held**10!! that the angiogenic factor
is derived from hypoxic (rather than anoxic)
retinal tissue. This concept is supported by the
disappearance of neovascularisation in pulseless
disease after surgical restoration of the carotid
arterial supply.’> The lack of a neovascular
response to retinal arterial occlusion (RAOs),
whether central or branch RAO, has also been
explained on a similar basis ie the affected retina
is allegedly anoxic as opposed to merely hypoxic
after RVO. However, there is no difference
between the haemorrhagic infarction or RVO and
the “white infarct” of RAO in respect of the
resulting visual functional deficit or the
ischaemic obstruction of axoplasmic transport
visible ophthalmoscopically in the retinal nerve-
fibre layer.® Rather, the absence of
neovascularisation probably reflects the fact that
RAOs are usually transient. Thus, re-perfusion
of the capillary bed of.the necrotic inner retina
would ‘“wash out” any angiogenic factors into
the general circulation, and, teleologically, no
neovascularisation would be required.

The Extraretinal Neovascular Response
Michaelson' demonstrated both clinically and
histopathologically that preretinal neovascu-
larisation arises from intraretinal venules, a
concept confirmed many times over. However,
pre-capillary new vessels sometimes have their
origin from the posterior ciliary circulation and
occasionally preretinal neovascularisation may
have a choroidal origin via a chorio-retinal scar.
The proximity of preretinal neovascularisation
to the associated area of capillary non-perfusion
and the directionality of the neovascular
proliferation towards the under-perfused retina
are both in keeping with Michaelson’s hypothe-
sis of an angiogenic factor. That new vessels
arise immediately adjacent to an area of vaso-
obliteration was first shown in experimental
ROP* but is equally true for sickle-cell disease,
RVO and FDR (Fig 1). An alternative or
complimentary explanation for the proximity of
neovascularisation to areas of retinal capillary
non-perfusion is that the responding vessels
must be altered or ““conditioned” in some way by
the original ischaemic episode.!''* However, the
capability of vessels distant from a discrete area
of non-perfusion also to develop new vessels®
suggests at the very least that conditioning of the
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retinal vasculature is
neovascularisation.

The development of preretinal neovasculari-
sation remote from the abnormal retina eg at the
optic disc or elsewhere in the retina, also lends
credence to Michaelson’s hypothesis of a dif-
fusible factor. In PDR, the development of disc
neovascularisation has a quantitative implication
indicating very extensive areas of capillary non-
perfusion.® However, the development of disc
neovascularisation without new vessels else-
where on the retina is not so readily explained.
Henkind!! speculated that the disc vasculature
has an enhanced susceptibility to angiogenic
factors compared with the retinal vessels. If so,
this might possibly reflect the presence of pri-
mary hyaloid remnants (both vascular as well as
glial) on the disc, or localised attenuation of the
inner limiting lamina (ILL) over the disc.

Michaelson postulated that distant neovas-
cularisation on the iris reflects the diffusion of
angiogenic factors into the anterior chamber
from the posterior part of the globe.! Again, a
quantitative relationship between rubeosis and
the area of retinal capillary non-perfusion has
subsequently been demonstrated in PDR.3
Furthermore, rubeosis is very frequent after
ischaemic central RVO' but is seldom seen
after branch RVO.

not obligatory for

Intraocular Diffusion of Angiogenic Factors

Ashton* suggested that the angiogenic factor
from hypoxic retina “seeps into the vitreous”
where it reaches a concentration sufficient to
stimulate inward growth of new vessels. The
hyaluronic acid component of the vitreous gel is
probably important in impeding the diffusion of
angiogenic factor and thus in maintaining a high
concentration immediately preretinally.!” It has
also been reported that the vitreous gel contains
an inhibitor of neovascularisation (for review see
Garner)'® perhaps similar to that held respon-
sible for the regression of the primary hyaloid
vascular system in-utero. The role of the vitreous
as a diffusion barrier to angiogenic factors
(rather than a source of anti-angiogenic activity)
is illustrated by the effect of vitrectomy in PDR.
Any residual fibrovascular tissue on the retina
after vitrectomy undergoes involution or regres-
sion of its vascular component,'®20 implying
that the gel is normally important in localising
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Fig. 1. Diabetic fibrovascular epiretinal membrane
inferotemporal to left macula illustrating proximity
and directional (arrows) of new vessels in relation to
midperipheral inner retinal ischaemia.

angiogenic factors in proximity to the retina.
More anteriorly, however, post-operative neo-
vascularisation may arise in the vitreous base
and on residual anterior vitreous in phakic eyes
(“retrolental neovascularisation)?! or on the
iris, especially if the eye is aphakic.??

As well as forming a barrier to diffusion of
angiogenic factors and possessing anti-
angiogenic activity, clinical observations suggest
that the vitreous also has an important role as a
scaffold or substrate for preretinal neovasculari-
sation. This is suggested firstly by the spread of
neovascularisation in the same plane as the
retinal surface (but within the lamellae of cor-
tical vitreous collagen) to form vascularised
epiretinal membranes (Fig 1). The possible role
of the vitreous as a substrate is suggested
secondly by the effect of prior posterior vitreous
detachment (PVD) in protecting the retina from
preretinal neovascularisation.?? This is not to
deny any preretinal neovascularisation after
PVD. In ischaemic diabetic retinopathy, and
indeed in other such retinopathies, “abortive”
neovascular outgrowths from the surface of the
retina may be observed behind the detached
vitreous face.?* Abortive neovascular out-
growths comprise discrete spherical neovascular
lesions typically located in the zone bordering
areas of capillary non-perfusion and showing all
the usual features of pre-retinal neovasculari-
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sation except for extension of neovascular pro-
cesses over the retinal surface from their site of
outgrowth from the retina (Fig 2). Localised
prepapillary  neovascularisation may also
develop despite prior PVD.?

Interplay of Clinical and Surgical Influences

While the progressive quantitative relationship
between the area of capillary non-perfusion and
the development of preretinal, prepapillary and
iris neovascularisation respectively is in keeping
with Michaelson’s hypothesis, exceptions to this
trend are also seen, for example in PDR and
after central RVO. Thus, diabetic patients may
present with rubeosis iridis complicating severe
retinal ischaemia but without any preretinal neo-
vascularisation. Such patients usually have a
complete PVD thus illustrating the role of the
vitreous gel in providing a substrate for
epiretinal vaso-proliferation. Similarly, after
ischaemic central RVO, the principal clinical
manifestation of neovascularisation is rubeosis
iridis rather than VPR. Chan and Little?* con-
sidered that this reflects the complete destruction
of any potentially ‘“reactive” retinal vascular

Fig. 2. Abortive neovascular outgrowth (between
arrows) overlying an arteriole and arising from a
venule superotemporal to right macula in a diabetic
with complete posterior vitreous detachment.
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endothelium following central RVO, but the
paradox of rubeosis without VPR could equally
be explained by associated PVD or other
mechanisms, for example secondary sclerosis
throughout the venous tree following the
retrolaminar RVO. A similar apparent paradox
arises from observations of eyes with ischaemic
retinopathy, PVD and abortive neovascular out-
growths. Such eyes appear to be relatively
protected from rubeosis iridis, implying that the
detached vitreous imposes a barrier to anterior
diffusion of angiogenic factors (thus preventing
rubeosis) while maintaining a sufficient con-
centration of angiogenic factors in the retro-
hyaloid compartment to stimulate preretinal
neovascularisation, albeit in an arrested form.

The relationship between vaso-proliferation
and retinal detachment also provides some
interesting examples of the interplay of clinical
influences. Although detachment of immature
feline retina resulted in preretinal (and sub-
retinal) neovascularisation,2® detachment of the
mature (cat) retina was not associated with
secondary neovascularisation. In retinal detach-
ments in clinical practice, however, occasional
examples of neovascularisation in the peripheral
vitreous base are indeed seen following very
chronic retinal detachment, and rubeosis iridis is
a frequent sequel to severe proliferative vitreo-
retinopathy. In PDR, the onset of traction retinal
detachment may precipitate the development of
rubeosis iridis (presumably by increasing the
production of angiogenic factors) and retinal
detachment in an aphakic vitrectomised diabetic
eye is invariably complicated by rubeosis
iridis.?% Reversal of rubeosis in each of these
instances may result from reattachment of the
retina per se (presumably by reducing the pro-
duction of angiogenic factors).

Replacement of the vitreous gel by silicone oil
has both predictable and paradoxical effects on
neovascularisation in PDR.?” The reimposition
of a barrier to diffusion of angiogenic factors
away from the retina appears to be the basis for
retrosilicone  oil  neovascularisation  (Fig
3).212829 The consequences for iris neovas-
cularisation are variable, but intravitreal silicone
oil appears to be protective against rubeosis if
the retina remains detached?’ (presumably by
the diffusion barrier mechanism), while offering
little or no protection from (or indeed apparently
exacerbating) rubeosis in some instances if the
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Fig. 3. Reproliferation of vascularised membranes
(arrows) after complete vitrectomy, removal of all
fibrovascular membranes and injection of silicone oil
for diabetic traction detachment.

ischaemic retina is attached.?’

Controlled clinical studies have demonstrated
the efficacy of scatter photocoagulation in pre-
venting or reversing retinal neovascularisation in
PDR,3%3! branch RVO3? and for rubeosis com-
plicating ischaemic central RVO.3 Scatter
endophotocoagulation during vitrectomy for
PDR also reduces the risk of post-operative
retrolenticular neovascularisation, ir1s neo-
vascularisation3* and retrosilicone oil neovas-
cularisation.? How scatter photocoagulation
exerts its beneficial effects on preretinal neo-
vascularisation is unknown, but there are several
theories. There may be a reduction in production
of angiogenic factors either directly (by dest-
ruction of their retinal source) or indirectly by
approximation of the inner retina to the choroid
following photocoagulation, and improvement in
oxygenation.* Alternatively, photocoagulation
may increase the egress of angiogenic factors
into the choroid via the RPE* or may stimulate
productidn of an inhibitor of
neovascularisation.3”-38

II. Morphogenesis

Initial events in the parent vessel

Dilatation of the parent vessel, which is usually
a vein, commonly precedes neovascularisation
and, by analogy with observations in experi-
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mental situations such as the rabbit ear and
hamster cheek pouch,3**° this appears to
involve a functional dilatation as well as in-
creased bulk of the endothelial lining. The
endothelial cell swelling incurs an increase in
intracytoplasmic organelles as an index of
enhanced metabolic activity and, in vessels in
other parts of the body including the choroid,*!
is accompanied by a reduction and eventual
absence of intercellular junctions. The corres-
ponding stage with respect to the retina has yet
to be described in detail and it is uncertain to
what extent the much firmer tight junctions of
the retinal circulation undergo an equivalent
dissolution.

Basement membrane lysis

Again by analogy with non-ocular tissues, blebs
form on the abluminal side of the activated
endothelial cells and these extend through newly
formed gaps in the vascular basement mem-
brane. Such penetration appears to be integral to
vasoproliferation and is probably facilitated by
localised enzymatic lysis. In part, the degrading
of the basement membrane collagen may be due
to plasminogen activation such that the plasmin
product further activates latent collagenases.*?
Both the plasminogen activator and the procol-
lagenase are produced directly by the vascular
endothelial cells and their synthesis can be
stimulated in tissue culture by exposure of the
cells to crude retinal extracts.*?> The retinal
component responsible for initiating the col-
lagenolytic system is uncertain but there is
evidence implicating the release of a small
molecule (approx 300-400 Da) shown to be
present in the retinae of several animal species®3
(and also in the vitreous of patients with
PDR).* The same substance can also stimulate
proliferative and migratory activity on the part of
the endothelium and has been designated endo-
thelial cell stimulating angiogenesis factor
(ESAF).* ESAF is a potent activator of latent
procollagenase and, whilst it is most efficient in
the presence of heparin, it can function in its
absence.*® Vascular endothelium can also form
a collagenase specific for the type IV collagen of
basement membrane.4’

Endothelial cell migration and proliferation
As the activated endothelium herniates through
the basement membrane a bleb is formed which
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soon develops into a bud as adjacent cells, freed
by disappearance of their intercellular junctions,
slide over the bleb on the abluminal side to
become the leading tip of the nascent vessel.*?
Subsequently the cells proximal to the tip
undergo mitotic division and these, in turn,
migrate in a ‘leap frog’ fashion to form a new tip.
Thus for angiogenesis to occur both migration
and proliferation are needed.

Lumen formation

For the initially solid bud to become a new
vessel a lumen has to develop and there is some
controversy as to how this occurs. One
mechanism postulated on the basis of in vitro
culture of vascular endothelium is that the cells
curl up and form junctions as the opposing tips
of cells come into contact.*® As documented,
however, this model presents a conceptual dif-
ficulty in that the curling appears to be such as
to culminate in a basement membrane situated
on the inner surface of the new vessel.*® A
variation of this mode of lumen formation
involves the use of a ‘sacrificial’ endothelial cell
which acts as a focus for the migrating cells to
surround: subsequent degeneration of the sac-
rificial cell and the formation of junctional
complexes between the encircling cells gives rise
to a central lumen.® The relevance of this
scheme, observed in tissue culture, to in vivo
development remains to be seen. One method
which has been observed in vivo presumes that
the primary bleb consists of two (or more) con-
tiguous cells which begin to separate at their
proximal borders to form a lumen continuous
with that of the parent vessel.”!

Emergence from the retina

Since the vessels of the retina are confined to its
inner layers and because many of the parent
vessels are veins which lie almost adjacent to the
surface, the new vessels proliferating towards the
vitreous do not have far to go before meeting an
obstruction in the form of the ILL. By virtue, in
all probability, of collagenolytic mechanisms
comparable to those responsible for the initial
breaching of the vascular basement membrane,
the newly formed capillary bud is able to pene-
trate this potential barrier. That this is a fairly
specific capacity is suggested by a study of
spontaneously hypertensive rats in which a VPR
is accompanied by migration of RPE cells to the
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inner retina:>> whereas the new vessels cross
the ILL with ease, the pigment epithelium is
held back, possibly because such cells lack the
appropriate enzymes Or enzyme-activating
potential. The precise nature of the collagen-
olytic enzymes remains to be shown, although
Glaser> states that the endothelium of develop-
ing blood vessels can activate tissue plasminogen
which has the capacity to digest all the elements
of basement membrane by virtue of a urokinase

Activated

Angiogenic factors

endothelium
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type of activator functioning in the absence of
fibrin. It is also possible that such collagenolytic
activity is triggered by the stimulus to angio-
genesis itself, as proposed in the context of the
initial bleb formation.*64” Enzymatic activity of
this type can also be expected to enable the
vessels to spread over the surface of the ILL
within the condensed collagen fibres that con-
stitute the posterior hyaloid membrane. It is not
necessary to postulate focal thinning of the ILL
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Fig. 4. Schematic representation of the initial development of new blood vessels prior to their penetration of

the inner limiting lamina of the retina.
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as a prerequisite for preretinal vascular invasion
unless it is seen as a reflection of collagenolytic
activity. It is also difficult to reconcile the
hypothesis that attenuation of the ILL must
precede preretinal angiogenesis with the thicken-
ing of this membrane and increase in constituent
proteins reported in patients with diabetic
VPR.3* The sequence of events occurring in the
initial phases of proliferative retinopathy are
summarised in Figure 4.

Preretinal vasoproliferation
Archer™ in a detailed study of proliferative
retinopathy in primates showed that the capil-
laries entering the preretinal space were in the
shape of delicate loops but the mechanism of
their formation is obscure and the same is
probably true of the human retina (Fig 5). It is
possible that, as has been claimed in respect of
capillaries in other tissues,®® adjacent newly-
formed vascular columns come into contact near
their tips and fuse to create a loop. A further
possibility is that in situ proliferation of endo-
thelium occurs within a vessel resulting in
elongation and subsequent kinking of the
affected segment: a similar process has been
proposed in respect of microaneurysm formation
in diabetic retinopathy.35-56

It may be questioned as to why the new
capillaries enter the preretinal zone in preference
to proliferating within the retina. After all if it is
reasoned, as Michaelson! and others have done,
that the stimulus to neovascularisation is the
metabolic deprivation of the retinal tissue this
would be the expected site of maximum angio-

Fig. 5. Flat preparation of retina from a patient with
proliferative diabetic retinopathy showing new vessels
in the form of fine loops (Indian ink injection, x 85).
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genesis. Undoubtedly, a measure of intraretinal
angiogenesis can occur, as several investigators
have shown,%” but, other than in experimentally
induced hyperoxic retinopathy in Kittens,® is
usually very limited. Ashton* drew attention to
the importance of poor drainage in allowing suf-
ficient angiogenic factor to accumulate in the
tissues for an effect to be produced. It could be,
that the newly formed capillary buds turn to the
vitreous because it is there that the highest
concentration of angiogenic stimulants is to be
found, given the limited drainage facility.

Initially, at least, the extraretinal angiogenesis
is along the surface of the inner limiting mem-
brane where further budding leads to a congerie
of interconnecting capillaries. Sometimes,
especially in ROP but also in respect of new
vessels growing over the optic disc in PDR and
central RVO, histological preparations reveal a
zone of apparently dissociated cells in front of
the definitive new capillaries.’®% The nature of
these cells is uncertain, although they are com-
monly spindle-shaped and are richly endowed
with glycogen® and, as such, resemble the
presumed mesenchymal cells that precede the
advancing edge of the normal intraretinal cir-
culation in utero.%? It may be that these cells are
the precursors of differentiated vascular endo-
thelium,®%* in which case it would be
necessary to postulate a form of angiogenesis
which differs from the budding process in
allowing for the formation of vessels from
primitive endothelium in a way that is com-
parable to that apparently pertaining in tissue
culture systems.*>33%9 Alternatively the wave of
glycogen-rich cells may provide a supportive
role as an energy source for the budding
vessels.® Yet again, it has been suggested that
the spindle-shaped cells are of glial derivation®
with specific implication of the Muller cells.%
Finally, by analogy with the spindle cell van-
guard described in normal retinal angiogenesis
and in ROP,% it is conceivable that they are a
source of angiogenic factor.%8

The new vessels need a substrate on which to
grow, it having been observed that proliferation
in response to an ESAF as described by Elstow
et al® will not occur in the absence of collagen.
The presence of a collagenous substrate may also
be a factor in the capacity to form a lumen’™®”
and on pericyte differentiation.”> In part the
effect of the collagen is to offer structural sup-
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port, possibly by providing a surface on which
laminin and fibronectin can be deposited.”

Maturation of preretinal vessels

As revealed by fluorescein angiography in a
study of PDR, the tips of the actively growing
capillaries are unduly permeable due possibly to
the presence of interendothelial clefts and short
adherent regions.”™ Although tight encircling
junctions have been claimed to form quite early
in the proliferation according to an investigation
of primates with neovascularisation secondary to
experimentally-induced venous stasis™ there is
some disagreement on the matter.”* Analysis of
preretinal angiogenesis in rabbits by de Juan et
al™ showed that the increased permeability is
selective to the extent that whilst fluorescein
leakage occurs, larger molecules such as horse-
radish peroxidase are retained. An initial
fenestration has also been described’®”’ which
may be a reflection of the abnormal milieu
occasioned by the preretinal situation,’® since
the converse situation in which normally
fenestrated choroidal capillaries lose their
fenestrations on crossing Bruch’s membrane™
suggests that the retina might normally inhibit
this development. Fenestrations were rare, how-
ever in a study of preretinal membranes in
diabetic patients by Williams et al® which
implies that they are an unlikely explanation of
the persistent increase in permeability. Some
other work indicates that the presence of glial
tissue may be necessary to induce tight junction
formation:®' in its absence an effective blood-
retinal barrier is not to be expected.

Complications

As the new vessels mature they commonly
acquire a mantle of fibrous tissue, although this
may vary considerably in extent. The origin of
the fibroblasts in this situation is debatable with
identified possibilities including pericyte meta-
plasia, blood-borne precursors, hyalocytes and,
perhaps, particularly when retinal tears are pre-
sent, the RPE. It has been suggested that the
hyperpermeable vessels leak excessive amounts
of fluid rich in electrolyte ions which then serve
to undermine the protein-glycoaminoglycan link-
ages essential for the stability of the vitreous
gel 8
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Involution

In time the fibrovascular proliferation stabilises
and the vessels may even undergo spontaneous
regression. In experimental situations it has been
observed that newly formed capillaries regress
once the stimulating factor is withdrawn.?3 In
part this may be due to thrombosis of the feeder
vessel, as has been reported in respect of sickle
retinopathy® but atrophy of the underlying
retina with reduced metabolic demands may also
be involved. As a result of the involutionary pro-
cess the vessels are reduced to ghost outlines
consisting of basement membranes and little
else.

III. In Vitro Studies of Modulatory Influences
In the absence of a practical animal model with

. which to study retinal neovascularisation, recent

research into the cellular mechanisms of retinal
new vessel formation has mainly relied on either
in vivo new vessel formation in non-retinal
vascular beds (such as corneal pockets®># or
chorioallantoic membrane assays)®’ or the use
of in vitro techniques. Studies of vascular endo-
thelial cell proliferation in vitro have often
involved aortic endothelial cells but this is far
from ideal since there are important differences
between the endothelial cells of large and small
blood vessels.® Furthermore, attempts to avoid
this problem by using non-retinal microvascular
endothelial cells have been frustrated by the
observation that even among small vessels there
is considerable heterogeneity between different
vascular beds.?® Differences might also be
expected to exist between retinal microvascular
endothelial cells of the arterioles and venules
since retinal new vessels always originate from
the venous side of the retinal vasculature,
although in vitro studies suggest that both
arteriolar and venular retinal vessels have
similar growth characteristics (Rosen unpub-
lished). Despite these difficulties there has been
an enormous research effort to understand the
underlying mechanisms of new vessel
formation.

As already described retinal neovasculari-
sation consists of four major events; (1) basement
membrane breakdowns, (2) endothelial cell
migration, (3) endothelial cell proliferation, (4)
vessel remodelling. '8

The progress of these various activities is sub-
ject to modification by a range of soluble factors,
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some of the more readily identifiable being those
which affect endothelial cell proliferation and
which are referred to as angiogenic factors.

Angiogenic Factors

The term ‘“‘angiogenic” is misleading since the
majority of these factors are general mitogens
and are not specific for vascular cells. It is
possible to subdivide these factors into two
groups; those of known origin and those of
unknown origin. Perhaps the first truly
angiogenic factor for capillary endothelial cells
identified was tumour angiogenic factor.”® A
low molecular weight factor (ESAF) similar to
that described by Folkman has been identified
from bovine and feline retina and has been
shown to promote mitosis of both cultured brain
and retinal capillary endothelial cells.®® This
factor may play a major role in angiogenesis
since the measured amount of ESAF in the
retinae of kittens with vascular proliferation
secondary to oxygen induced retinopathy was
three times greater that in control animals.”!
Although the nature of ESAF is not yet known it
has been demonstrated in a variety of animal
species and tissues and shown to have both
mitogenic and migratory properties, as well as
the collagenolytic activity referred to earlier. It
carries a negative charge,® stimulates small but
not large vessel endothelium® and requires a
collagen substrate to be effective.??

Non-specific retinal vascular mitogens

(i) Extravascular retinal origin.

The culture medium from RPE cells has been
shown to stimulate microvascular endothelial
cell proliferation®% (Fig 6). However, this
effect is non-specific since this medium can also
stimulate the proliferation of astroglial cells,
retinal pericytes, Tenon’s fibroblasts and even
RPE cells themselves.”*%7 It is likely that this
non-specific mitogenic response is due to fibro-
blast growth factor (FGF), Schweigerer et al®®
having demonstrated that RPE cells are a rich
source of this factor. A further source of non-
specific mitogenic activity is the neural retina.
Extracts of retina are capable of stimulating the
proliferation of aortic and retinal microvascular
endothelial cells?*1% but, once again, this is a
non-specific effect since retinal extracts
stimulate other ocular and non-ocular cell types
(Boulton, unpublished). The retina-derived
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Fig. 6. Comparison of the in vitro effects of RPE-
conditioned medium (R) and fresh medium (F) on the
growth of bovine retinal microvascular endothelial
cells. Bar denotes SEM.

growth factor has been purified and character-
ised®! and shown to be similar, if not identical,
to FGF.'® Using immunohistochemical tech-
niques two species of FGF have been identified
in the retina;'?>1% gcidic FGF is located in the
ganglion cells, inner nuclear layer, photo-
receptor inner segments and extraretinal nerve
trunks while basic FGF is found in the micro-
vasculature of the inner nuclear layer. A possible
additional source of retina derived non-specific
activity are the glial cells. Astroglia from the
brain cortex have been shown to stimulate the
proliferation of vascular endothelial cells.”’
Although the mitogenic potential of culture
medium from retinal glia to promote vascular
endothelial cell proliferation has not been deter-
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mined, retinal glia have been reported to
stimulate the proliferation of RPE cells and
fibroblasts. 103

(ii) Retinal vascular origin

The function of pericytes remains unknown but
these cells may have some controlling influence
over vessel function. Recent studies have indi-
cated a direct relationship between pericytes and
capillary endothelial cells, Wong et al'% and
Orlidge and D’Amore® having shown that
retinal pericytes produce a factor which
stimulates proliferation of cultured retinal micro-
vessel endothelial cells. However, this is not a
simple matter since, when microvascular endo-
thelial cells are co-cultured with retinal peri-
cytes, their proliferation is inhibited if the
pericytes form a direct cell contact with the
endothelial cells.’® Mclntosh et al'”7 have
demonstrated that even retinal microvascular
endothelial cells are capable of stimulating their
own proliferation.

(iii) Others

A plethora of other mitogens have been identi-
fied, although not all have yet been adequately
defined. Those that have been identified include
platelet derived growth factor, epidermal growth
factor, insulin, heparin, interleukin, and a
number of arachidonic acid derivatives such as
the prostaglandins. '88

Extracellular Matrix

Although we have discussed mitogens in the true
sense the importance of extracellular matrix
components should not be ignored. There is con-
siderable evidence that angiogenesis is
dependent on the substrate available for cell
growth 87108 Certainly microvascular endothelial
cells in vitro need to attach to either a collagen,
gelatin, fibronectin or laminin basement mem-
brane for proliferation and migration to occur.
Furthermore, the reactivity of cells to growth
factors varies with the substrate on which the
cells are grown.

Vitreous

The normal vitreous has been shown to contain
a mixture of both mitogenic and antimitogenic
factors. With the exception of FGF which has
been identified by radioimmunoassay'®? the
remainder are defined by their molecular weight,
heat lability and proteolytic sensitivity. The net
mitogenic activity of the vitreous is under
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debate; embryonic and neonatal vitreous has an
overall inhibitory effect while adult vitreous has
been purported to be inhibitory.'!2 In most
studies on adult species the vitreous had been
“systematically processed” (including dialysis
and column separation) prior to examination.
However, some studies using unprocessed
vitreous report an overall stimulatory
response.3®!3 The exact source of these mole-
cules is unknown but they are thought to
originate from the retina and given the exclusion
capacity of the vitreous these may in fact form a
concentration gradient. "

As  previously discussed, Michaelson'
hypothesised that non-perfused extravascular
retina produces a diffusible angiogenic factor
and attempts have been made to identify such
factors in the vitreous of patients with PDR.
Studies indicate that vitrectomy samples from
diabetic eyes have significantly more mitogenic
activity than those from non-diseased eyes'’
(Wong and Boulton, unpublished). Two stimula-
tory factors have been identified. Baird et al'
reported higher than normal levels of FGF in
vitrectomy samples from patients with PDR and
suggested that FGF may contribute to the
neovascular event, while Hill et al** demon-
strated the presence of ESAF.

Photocoagulation and antiangiogenic factors

The possible existence of inhibitory or
antiangiogenic factors has been deduced from
the observation that retinal new vessels regress
following panretinal photocoagulation. Since the
melanin of the RPE is the prime absorber of
laser energy it has been postulated that the RPE
can in some way modulate new vessels. This
matter seemed to be resolved in 1985 when
Glaser and colleagues®” reported that RPE cells
release inhibitors of neovascularisation. In this
study RPE- conditioned medium inhibited the
mitogenic effect of retinal crude extract on fetal
aortic vascular endothelial cells and human
retinal microvascular endothelial cells. Part of
this inhibitory activity has been identified as
transforming growth factor-b (TGF-b), a peptide
growth factor capable of inhibiting vascular
endothelial cell proliferation.!” This contrasts
with the subsequent demonstration that RPE-
conditioned medium stimulates the proliferation
of microvascular endothelial  cells;?5:96:100
furthermore, Wong et al'® have shown that the
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Fig. 7. The mitogenic activity of RPE-conditioned
medium enhances the stimulatory effect of retinal
crude extract on the proliferation of retinal capillary
endothelial cells. (A) unconditioned medium +
varying concentrations of retinal crude extract, (E)
RPE-conditioned medium + varying concentrations of
retinal crude extract. Bar denotes SEM.

mitogenic effect of retinal crude extract is
enhanced by RPE conditioned medium (Fig 7).

A more direct approach to the problem has
been the measurement of inhibitory factors in the
vitreous following panretinal photocoagulation.
Two groups have conducted such studies by
photocoagulating the retina and have observed
inhibitory effects.®*! Boulton et al®* showed
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Fig. 8. Comparison of cell counts of bovine retinal
microvascular endothelial cells cultured in either
basal medium alone (B), growth medium (G), growth
medium + lasered vitreous (L) or growth medium +
non-lasered vitreous (C). Bar denotes SEM.
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that vitreous removed four days after panretinal
photocoagulation of adult pigs had no effect on
the proliferation of bovine retinal microvascular
endothelial cells in basal medium but inhibited
proliferation in growth medium (Fig 8).
Interestingly, while control vitreous was
mitogenic for the microvascular cells in basal
medium this effect was not observed in growth
medium. Glaser et al'® demonstrated that an
inhibitor of urokinase activity accumulated
within the retina two weeks following panretinal
photocoagulation of primates. It was suggested
that this inhibitor could block tissue invasion
early in the process of neovascularisation.

Conclusion
Experimental studies outlined in the previous
sections have concentrated on the cellular
mechanisms of retinal new vessel formation but
there are other factors, such as inflammatory and
systemic influences, which should not be
dismissed.
(i) Inflammation — Inflamed tissues are often
associated with neovascularisation, particularly
in the reparative phase. The proliferative activity
associated with inflammation involves macro-
phages, neutrophils, T-cells, lymphokines, a
range of prostaglandins, FGF and probably other
factors'® as well.
(ii) Systemic factors — Sera from patients with
diabetic retinopathy, particularly those with the
proliferative form, have been shown to stimulate
SH-thymidine incorporation by both large and
small vessel endothelial cells. 2

Although we have discussed a great number of
factors that modulate retinal microvascular
proliferation it must be remembered that the
actions of many growth factors (particularly
peptides) include both stimulation and inhibition
of cell proliferation. One factor can have both
stimulatory and inhibitory activity on a single
cell, depending on the context of the other signal
molecules present.”?! A particular example is
transforming growth factor-beta (TGF-b) which
has been found to both stimulate and inhibit cell
growth in a variety of systems.'?! Recent
evidence suggests that TGF-b may have a
bifunctional role in regulating neovas-
cularisation. 122

In summary, the pathogenesis of neovascula-
risation is highly complex. We have reviewed the
proliferative aspects of new vessel formation but
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many of the factors discussed also modulate
enzymes involved in basement membrane break-
down and endothelial cell migration. We are
therefore no longer dealing with a simple
diffusible factor as originally proposed by
Michaelson' in 1948 but a large number of
factors which together form a balance that
maintains the homoeostasis of the retinal
vasculature. It is only when this equilibrium is
shifted or factors change their activities that new
vessel formation is initiated.
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