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Abstract

Purpose To investigate the possible roles of

retinal photoreceptors in macular oedema and

retinal angiogenesis with particular reference

to the mode of action of laser therapy.

Methods (i) Studies in rats made hypoxic for

2 h by administering an oxygen/nitrogen

mixture of reduced oxygen content, and

growth factors determined by RT-PCR,

western blotting, and immunohistochemistry.

Assessment of blood–retinal barrier integrity

using fluorescent and electron-dense tracers.

(ii) Studies in pigs with one retina made

hypoxic by selective embolisation of the

retinal capillary circulation with fluorescent

microspheres. (iii) Assessment of laser therapy

in selected cases of retinal neovascularisation

indicating a role for photoreceptors.

Results In the hypoxic retina, angiogenic and

vascular permeability factors such as vascular

endothelial growth factor (VEGF), nitric oxide

synthases (NOSs), and insulin-like growth

factor-1 are upregulated in retinal astrocytes

and Müller cells but are also present in large

amount in the photoreceptors. Hypoxia-

inducible factor-1 (HIF-1) is upregulated in

retinal glial cells but not in the photoreceptors,

suggesting that growth factors in the

photoreceptors may not have been generated

there. The tracer dye, rhodium isothiocyanate,

leaking from an abnormally permeable inner

blood–retinal barrier in the hypoxic retina

accumulates in the photoreceptors.

Conclusions The results indicate that laser

treatment of macular oedema or retinal

neovascularisation may obtain its effect not

only by improving oxygen availability in the

inner retina, but also by reducing the load of

angiogenic/permeability factors that

accumulate in the photoreceptors in hypoxic/

ischaemic conditions.
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Introduction

It is well recognised that retinal hypoxia has a

major role in the genesis of intraocular

neovascularisation, such as occurs in

proliferative diabetic retinopathy and after

ischaemic retinal vein occlusion.1–4 There is also

evidence that hypoxia has a role in some forms

of retinal oedema, including diabetic macular

oedema, which is the commonest cause of

visual loss in individuals suffering from type II

diabetes.5 It is well recognised that vascular

endothelial growth factor (VEGF) is

upregulated in the retina in response to

hypoxia, and the fact that anti-VEGF therapy

has also been shown to have a beneficial effect

in reducing retinal thickness in a number of

conditions in which macular oedema is a

feature6–8 is evidence that hypoxia has a

significant role in the aetiology of hypoxia-

induced macular oedema in addition to its

undoubted role in angiogenesis.

The aetiological roles of retinal hypoxia in

angiogenesis and in the breakdown of the inner

blood–retinal barrier that leads to macular

oedema operate through the upregulation of

hypoxia-inducible factor-1 (HIF-1), which in

turn leads to an upregulation of VEGF and
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NOSs, the latter leading to an increase in retinal nitric

oxide (NO) levels.9–12

Both VEGF and NO are angiogenic13 and cause

vasodilatation and increased vascular permeability

leading to extracellular oedema. Indeed, VEGF has also

been known as a vascular permeability factor.14 We have

investigated the effects of hypoxia on the rat retina and of

inner retinal hypoxia on the pig retina, and now relate

some of our cellular and molecular findings to clinical

conditions in which hypoxia is thought to have a role and

which suggest additional reasons, to those currently

accepted, for the efficacy of laser treatment in the

management of intraocular new vessel formation and of

some forms of macular oedema.

It is accepted on the basis of clinical experience and the

results of randomised trials that laser panretinal photo-

coagulation is an effective treatment for proliferative

diabetic retinopathy15–17 and that laser treatment is of

benefit in controlling the neovascularisation that

characterises the retinopathy of prematurity18,19 and

ischaemic branch retinal vein occlusion.20,21

In spite of the fact that laser panretinal photo-

coagulation for diabetic retinopathy has been used

since it was first suggested by Meyer-Schwickerath

almost 50 years ago,22 and that grid laser treatment in the

management of macular oedema has been used for

some 40 years,23 some aspects of the mode of action of

laser in these and similar conditions remain incompletely

explained. Thus, although it has been established both

experimentally24–27 and clinically28–31 that laser treatment

results in an increase in oxygen availability in the inner

retina, explanations for this finding have varied between

an increased inward diffusion of oxygen from the

choroid through laser-disrupted tight junctions in the

retinal pigment epithelium (RPE),32 and a reduced

oxygen demand in the outer retina (and a consequent

increased availability of oxygen in the inner retina)

resulting from laser destruction of highly energy-

demanding photoreceptors26,33 or from destruction of

other retinal neural elements,34 or from a combination of

these factors, including diffusion of oxygen from the

anterior chamber in eyes undergoing concomitant

vitrectomy and laser treatment.35

Originally it was suggested that laser panretinal

photocoagulation obtained its effect from destruction of

ischaemic retina, but in diabetes and after ischaemic

retinal vein occlusion, retinal capillary closure leading to

retinal ischaemia and hypoxia affects the inner retina

while laser is preferentially absorbed, and produces its

effects in the RPE and outer retina.

Even gentle laser restricted to the RPE and

photoreceptors (Figure 1a) can be effective in controlling

neovascularisation.36 Gentle laser can cause regression of

optic disc new vessels in as short as 3 days (Figure 1b),

which is too short a period for trans-neuronal

degeneration to affect the inner retina.

In an illustrative case it appears that gentle laser can

cause regression of new vessels even when applied to an

area of the retina in which the inner retina is functionally

‘dead’. The case in question was a man who suffered

an upper hemiretinal vein occlusion that led to optic

nerve head neovascularisation. This was treated before

Figure 1 Histological appearance (a) of a gentle laser burn restricted to the RPE and photoreceptors (arrow). Fundus photographs (b)
to show rapid resolution (over 3 days) of the optic disc new vessels in a diabetic eye after gentle laser treatment.
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his referral to one of the authors by heavy xenon

photocoagulation applied immediately above the optic

disc, which had the effect of closing most of the vascular

blood supply to the upper retina with an absolute loss of

the lower half of the visual field, however, without

beneficially affecting the new vessels that were present

(Figure 2a).

Gentle scatter laser applied to the upper non-

functional retina resulted in a rapid disappearance of the

optic disc new vessels (Figure 2b).

In this case, although the inner retina was functionally

‘dead’, the outer retina would have remained functional.

It is probable that the inner retina still received some

perfusion that was inadequate to maintain the

functionality of the retinal ganglion cells but was

sufficient to maintain the integrity of the retinal glial

cells, which have lower energy demands than neuronal

cells. Retinal Müller cells are relatively resistant to

hypoxia and are a major source of VEGF and other

angiogenic factors in hypoxic retina.37,38 VEGF elaborated

in hypoxic Müller cells was the probable cause of the

optic disc neovascularisation in this case.

Gentle laser applied to the apparently non-functional

upper retina would have been unlikely to have affected

the Müller cells directly, and the only tissues directly

affected by the laser would have been the RPE and

photoreceptors. As the retinal ganglion cells in the upper

affected area of retina were nonfunctional, it is unlikely

that the disappearance of optic disc new vessels in this

case was effected by an increased availability of oxygen

in the inner retina.

The mode of action of grid laser photocoagulation as a

therapeutic strategy for diabetic and other forms of

macular oedema in which hypoxia has a role remains

even less explained.

From our studies on the effects of retinal hypoxia in

experimental animals,12,39–42 we believe that we have

found an additional explanation for the beneficial effects

of both laser panretinal photocoagulation for

neovascularisation and grid laser treatment for macular

oedema.

Methods

Firstly, the experimental animals used (adult rats of 200 g

body weight) were made hypoxic by breathing a 7%

oxygen/93% nitrogen mixture for 2 h and were followed

up subsequently for periods up to 2 weeks. In summary,

108 rats made hypoxic for 2 h were followed up in

normoxic conditions for 3 h, 24 h, or 3 , 7, or 14 days

before killing. Twenty-five non-hypoxic rats were used as

controls. Another 25 rats received an intraperitoneal

injection of melatonin in normal saline (10 mg/kg body

weight) immediately before and immediately after

hypoxic exposure, and again 1 h later, and were followed

up for 3 h, 24 h, 3 days, or 7 days. At these time intervals,

Figure 2 An illustrative case. (a) Fundus photographs and fluorescein angiograms showing new vessels on the optic disc (OD) after
treatment of an upper hemiretinal vein occlusion with heavy xenon photocoagulation above the OD that closed most of the upper
retinal blood supply with total loss of the inferior visual field. (b) Resolution of new vessels after the application of gentle laser to the
non-functional upper retina.
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the effect of hypoxia on retinal growth factors,

inflammatory cytokines, and other factors was

investigated in all animals by RT-PCR, western blotting,

and immunohistochemistry, and also by light and

electron microscopy. Retinal VEGF levels were also

investigated, as previously described,12 using a

Chemikine VEGF EIA kit (Chemicon International Inc.,

Temeccula, CA, USA), and NO levels by determining

the retinal nitrite levels by the Griess reaction.

Secondly inner retinal ischaemia was induced in pigs

by embolisation of retinal capillaries with fluorescent

microspheres of 10 or 15-mm diameter (Fluospheres,

Molecular Probes, Eugene, OR, USA). The microspheres

were delivered to the origin of the external ophthalmic

artery that supplies blood to the eye in this species.

A custom-built cannula of 2.5 mm external diameter was

introduced into one common carotid artery and advanced

past the origin of the internal carotid artery into the external

carotid and maxillary arteries, the latter of which gives

origin to the external ophthalmic artery in this species.

In this way the microspheres were delivered to the eye

and not to the central nervous system. The microspheres

were of a size sufficient to block retinal but not choroidal

capillaries (Foulds WS et al, unpublished). Closure of

inner retinal capillaries, thus restricting ischaemia to the

inner retina, reproduces some of the features of retinal

capillary closure, which is a characteristic of advanced

diabetic eye disease.

We certify that in relation to the animal research

undertaken, all applicable institutional and

governmental regulations regarding the ethical use of

animals were followed during this research.

Results

We have reported that in the hypoxic adult rat retina

there is an upregulation of HIF-1a,12 VEGF,12 NOSs,12

insulin-like growth factors,39 angiopoetin-2,39 glial

fibrillary acidic protein (GFAP),40 and aquaporin-4,40 and

a downregulation of pigment epithelial-derived factor.39

In the rat model, VEGF and inducible nitric oxide

synthase (iNOS), which are absent from the

photoreceptor layer in the retina of control eyes, are

markedly present in the photoreceptor layer in the post-

hypoxic rat retina, and it appears that factors such as

iNOS actually concentrate in the photoreceptors (and

possibly in their outer segments, although there is some

diffusion into the surrounding interphotoreceptor

matrix). The photoreceptor cell bodies do not show

evidence of iNOS (Figures 3a–d).

In the embolised pig retina there was increased retinal

vascular permeability with diffuse fluorescein leakage at

3 weeks after embolisation (Figure 3e) and a significant

increase in retinal thickness. VEGF, which is not present

in the photoreceptors of control eyes, was markedly

present in the photoreceptors of the embolised retina

(Figure 3f).

The integrity of the blood–retinal barriers in the

hypoxic rat retina was investigated using of the

fluorescent dye tracer rhodium isothiocyanate (RhIC)

and the electron-dense horseradish peroxidase (HRP)

product. The results and methodology are fully

described elsewhere.40 In summary, three post-hypoxic

rats, three control rats, and three hypoxic rats also

injected with melatonin intraperitoneally (as described

above), were given RhIC (5 ml 1% RhiC/g body weight)

by intraperitoneal injection at 24 h after hypoxic

exposure. Six hypoxic rats and six control animals were

given an intravenous injection of HRP (0.5 ml/g body

weight) at 24 h after hypoxic exposure.

Animals given RhIC were killed 6 h after tracer

administration and were studied by double

immunofluorescence (RhIC and GFAP). Animals given

HRP were killed 3 or 24 h after and were studied

by electron microscopy.

It was found that although there was no leakage of

either tracer in any of the control eyes, in the post-

hypoxic rat retina both tracers leaked copiously from a

breakdown in the inner blood–retinal barrier.

Electron microscopy showed that the RPE tight

junctions remained intact and there was no leakage of

HRP across the posterior blood ocular barrier.40

In the post-hypoxic rat retina, the tracer RhIC not only

leaked copiously from the damaged inner blood–retinal

barrier, but also appeared to accumulate in Müller cells

and in the photoreceptors (Figure 4). As the RhIC was

derived from the blood circulating in the capillaries in

the inner retina through an inner BRB of increased

permeability and not generated within the retina, the fact

that this tracer accumulated in the photoreceptors

suggested a predilection for the absorption and

accumulation of this dye tracer in the photoreceptors.

As an upregulation of VEGF in the hypoxic rat retina or

embolised pig retina is a consequence of upregulated

HIF-1, the distribution of HIF-1 in the embolised retina

would be expected to be similar to that of VEGF. However,

immunohistochemistry of the embolised pig retina

showed that although HIF-1 is upregulated in the

astrocytes and Müller cells of the embolised pig retina, it is

not detectable in the photoreceptor layer in either control

or embolised eyes (Figure 5). This suggests that VEGF in

the photoreceptors may not have been elaborated there

but had accumulated from elsewhere in the retina.

Discussion

The findings suggest that the photoreceptors may act as

a repository for molecules elaborated in the inner and
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mid-retina that have diffused outward across the retina,

and that the resulting high concentration of growth

factors in the photoreceptors in hypoxic conditions may

form a reservoir from which their angiogenic and

vascular permeability effects might proceed.

Analysis of published data on how much laser

treatment is required to control neovascularisation in

conditions such as proliferative diabetic retinopathy15,36

indicates that it is the area lasered that is important

rather than the intensity, a larger area of gentle laser

being more effective than a smaller area of intense laser.

As even gentle laser destroys photoreceptors, this is

additional evidence that photoreceptor destruction is the

key to its effectiveness in the treatment of neovascular

retinopathies and of macular oedema.

As already indicated, it has been shown that that laser

photocoagulation results in an increase in oxygen

availability in the inner retina and in the pre-retinal

vitreous.

Diffusion of oxygen into the retina from the inner

blood vascular system or from the choroid is governed

by the relevant concentration gradients of oxygen across

the retina, although the heterogeneity of oxygen

distribution across the inner retina makes application

Figure 3 Immunohistochemistry to show VEGF in control (a) and post-hypoxic (b) adult rat retinas. VEGF is not present in the
photoreceptor layer of control eyes (blue arrow) (a), but is upregulated in astrocytes and Müller cells in the hypoxic eye (small white arrows)
and is markedly concentrated in the photoreceptor layer (red arrow). Immunohistochemistry to show inducible nitric oxide synthase
(iNOS) in control retina (c) and hypoxic retina (d). Inducible nitric oxide synthase is not present in the photoreceptors of control eyes, but is
markedly present in the photoreceptors in the hypoxic retina (red arrow), where it appears to be concentrated in the photoreceptor outer
segments (eFinset at higher magnification). Fluorescein angiogram (f) of a pig retina embolised with fluorescent microspheres showing
diffuse leakage of fluorescein from the embolised capillaries. Immunohistochemistry to show the distribution of VEGF in hypoxic embolised
pig retina (g). In the embolised eye VEGF is present in the astrocytes and Müller cells (white arrows) and in the photoreceptors (red arrow).

Figure 4 Control and hypoxic rat retina showing leakage of the
red tracer dye RhIC from the hypoxia-damaged inner blood–
retinal barrier. The leaking dye has accumulated in the Müller
cells (*) and markedly in the photoreceptors (yellow arrow).
None of the control eyes showed dye leakage (INL, inner nuclear
layer; ONL, outer nuclear layer).
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of simple models of diffusion difficult.43 Oxygen levels in

the inner retina are higher near arterioles,25 and in the

absence of a choroid, there would be an oxygen

concentration gradient favouring oxygen diffusion

towards the outer retina across the whole retina.

Similarly, it has been shown that in eyes without an inner

retinal circulation oxygen diffuses inwards from the

choroid across the whole retina in amounts sufficient to

meet the metabolic requirements of the normal inner

retina.44

In eyes with a dual blood supply but in which the

inner retinal circulation is deficient, the supply of oxygen

to the inner retina from the choroid is not sufficient to

overcome the inner retinal hypoxia.45

In relation to oxygen distribution in the retina,

experiments have shown that in eyes with a dual blood

supply the inner and outer retina behave as two separate

domains.46 In such eyes there are two oxygen

concentration gradients, one decreasing from the inner to

mid-retina and the other decreasing from the outer to

mid-retina, each reaching a similarly reduced

concentration at around this level, and in normal

circumstances, no further inward or outward diffusion of

oxygen from this locus.

The actual availability of oxygen at any particular

locus in the retina is determined not only by the diffusion

pattern of oxygen but also by the uptake of oxygen by

cells using oxygen for their metabolic requirements.

Thus, the concentration of oxygen is high in the

outer retina, close to the choriocapillaris, but falls

dramatically at the level of the photoreceptor inner

segments that have the highest energy requirements in

the retina.47 This reduction of available oxygen at the

level of the photoreceptor inner segments is most marked

during darkness, when the rod metabolism is at its

highest.47–49

In conditions in which inner retinal hypoxia has a role

in pathophysiology, such as in diabetes, there is a

reduced availability of oxygen in the inner retina but a

normal availability in the outer retina. The resulting

altered concentration gradient would favour increased

diffusion of oxygen from the outer to inner retina, but as

has been shown experimentally, in normoxic conditions,

this would be insufficient to overcome the hypoxia

affecting the inner retina.45

The increased availability of oxygen in the inner retina

that follows laser treatment has given rise to a number of

separate possible explanations. Thus it has been

suggested26,33 that laser panretinal photocoagulation may

obtain its effect from the reduced oxygen demand

resulting from photoreceptor destruction with a

consequent improvement in retinal oxygenation.

Destruction of photoreceptors with their high oxygen

demand would increase the concentration of oxygen in

the retina at the level of the photoreceptor inner

segments and alter the concentration gradient of oxygen

towards an increased diffusion of oxygen to the

previously hypoxic inner retina.

An alternative explanation that has been suggested is

that, as laser treatment disrupts RPE tight junctions, this

might allow an increased inward diffusion of oxygen to

the retina through laser scars.32 However, there is

evidence that junctional complexes including tight

junctions form between cells within such laser scars,50

and also that the barrier function of the RPE is rapidly

restored after photocoagulation burns.51,52

An early suggestion was that grid laser might increase

outward water movement from the retina to the choroid

Figure 5 Immunohistochemistry of HIF-1 in control and embolised pig retina. HIF-1 is upregulated in the astrocytes and Müller cells
of the embolised retina (inset at higher magnification), but is not detectable in the control eye. HIF-1 is not present in the
photoreceptors of either the control or embolised eyes (arrowed).
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through a damaged and scarred RPE,53 but experimental

determination of the rate of water movement across the

photocoagulated retina to the choroid in rabbits

indicated that laser treatment reduced the rate of

outward water movement to the choroid rather than

increasing it.54 The fact that the outward movement of

small molecules from the retina to the choroid was

reduced following scatter photocoagulation might

suggest that inward diffusion of oxygen might be

similarly reduced by laser.

In addition, as laser can be effective in causing

regression of new vessels even when applied to retina

in which the oxygen demand has already been

diminished by loss of functional retinal ganglion cells,

as in the case already cited, this suggests that another

or an additional explanation may be operative.

If, as it appears, angiogenic and vascular permeability

factors concentrate in the photoreceptors in the hypoxic

retina, laser treatment may obtain its beneficial effect

in both intraocular neovascularisation and in the

reduction of macular oedema that follows grid laser

treatment, not only from an increased availability of

oxygen in the inner retina (most probably as a result of

reduced consumption of oxygen by the reduced number

of photoreceptor inner segments) but also by a reduction

in the load of angiogenic and permeability factors

accumulating in the photoreceptors that would also

follow laser-induced photoreceptor destruction.

Laser treatment is of necessity destructive, and a

more rational approach to the treatment of intraocular

neovascularisation or macular oedema would be the

development of medical means of reducing the

angiogenic and vascular permeability load in the

photoreceptors. In this regard, it is of interest that

melatonin administration in the post-hypoxic rat reduced

VEGF in the retina to levels comparable to those in

normal control animals and completely prevented

hypoxia-induced inner retinal blood–retinal barrier

breakdown,40 a finding that may point a way towards a

less-destructive approach to the problems of

neovascularisation and macular oedema.
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