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FEW men have been so honoured and beloved by their contemporaries or so greatly revered
by their successors as your world-famous compatriot Frans Cornelis Donders, and I
have no doubt that you will all be familiar with his achievements and, indeed, rightly
proud that such an illustrious scientist was a Dutchman. While I cannot, therefore, add
anything to your knowledge of his life work in introducing this address in his memory,
I could not begin without acknowledging most sincerely the profound honour you have
so graciously conferred upon me on the 75th Anniversary of the founding of the Netherlands
Ophthalmological Society.
Donders in Holland, together with von Graefe in Germany and Bowman in England,

were the founders of modern ophthalmology, and their names are for ever associated
with great forward strides in the science and practice of medicine. They lived in an exciting
pioneering age when relatively few investigators were exploring and mapping out whole
new territories, whereas to-day multitudes of professional scientists spend their lives tending
small allotments in special fields. Few men to-day, therefore, can make such rounded
and complete contributions to knowledge, for their individual discoveries must necessarily
be fragmentary and so only contributory to any complete new concept.

It was the great merit of Donders to have created order out of chaos by his classical
work in the field of refraction and accommodation, and as a general physiologist to have
shown a brilliant intellectual grasp ofmany ocular problems-colour vision, eye movements,
intra-ocular pressure, and so on. His outstanding achievements were thus typical of the
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NORMAN ASHTON

dramatic advances made on a broad front by the giants of those days, but, in speaking to
his memory I make no apology for selecting as my subject the comparatively confined
problem of the action of oxygen on the retina, for such concentrated and highly specialized
studies are in their turn characteristic of research in our time.
The story of this work begins as you know with the sudden appearance of retrolental

fibroplasia in premature babies in 1942, and amongst all the subsequent and extensive
research on this problem, which was often contradictory as regards the possible role of
oxygen, we discovered in 1953 (Ashton, Ward, and Serpell, 1953) a previously unsuspected
phenomenon (without a knowledge of which none of the current hypotheses could be
intelligible), namely, the quite remarkable and specific destructive effect of hyperoxia on
growing retinal vessels. It was this fundamental injury which resulted, on returning the
infant to air, in the evolution of the full pathological picture of retrolental fibroplasia.

These early experiments were carried out on the kitten, but we and others have since
investigated the action of oxygen at various ambient concentrations upon immature and
mature retinal vessels of several species of animal, and upon the retina itself, and upon
mature and immature vessels outside the retina. The effect of oxygen on the retina varies
in different species, either because of dissimilarities in tissue susceptibility, or because its
effect is modified by the particular distribution of the blood supply. The matter is further
complicated by the fact that sensitivity to hyperoxia varies considerably not only among
different species, but also between strains of the same species (Back, 1966; Robinson,
1966) and indeed in man between different individuals (Donald, 1947a, b). In this lecture
I should like to compare and discuss some of these differences.

A. EFFECTS OF OXYGEN ON THE IMMATURE RETINA
1. Kitten
Much of our work on the kitten retina has been fully described in numerous papers

published over the last 14 years, but in order to compare the oxygen effect in other animals
I must recapitulate the main points, and, as our work is still continuing, report some of our
most recent unpublished work under its appropriate heading. Our findings can be sum-
marized as follows:

(a) Effect of Hyperoxia.-High concentrations of oxygen at atmospheric pressure induce
in the growing retinal vessels of the kitten a type of vaso-constriction which progresses
to complete obliteration of the vessels (Ashton and others, 1953). The severity of this
effect is inversely proportional to the maturity of the vessels, and obliteration cannot be
produced once the retinal vasculature is fully mature. In normal animals it is directly
related to the duration of exposure to oxygen, and it takes about 36 hours to obtain
irreversible and total destruction of vessels in the most sensitive age groups. It is directly
related to the concentration of oxygen in the ambient atmosphere, wherein concentrations
of less than 35 per cent. oxygen have little or no effect in the most sensitive age groups.

(b) Relation to Other Vessels.-This phenomenon is confined to the growing retinal
vessels, occurring neither in the hyaloid vessels, the tunica vasculosa lentis, nor in mature
retinal vessels, nor in other vessels of the eye, nor in those of other organs, nor in growing
vessels as observed in the rabbit cornea (Michaelson, Herz, and Kertesz, 1954a; Ashton and
Cook, 1954; Henkind, 1964) or in rabbit ear chambers, nor in chick embryos, nor in cat
or rat embryos. Nor indeed does it occur in the retina itself when it is detached from the
choroid (Ashton and Cook, 1954).
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DONDERS LECTURE, 1967

(c) Study by Direct Observation in the Living Eye, by replacing the cornea with a glass
window, showed that the oxygen effect was divisible into two distinct phases: an immediate
reaction reversible in continued oxygen and a delayed reaction reversible only on transfer
to air (Ashton and Cook, 1954).

(d) Relationship to Concentration of Oxygen.-These experiments also showed that
vaso-obliteration bears a relationship to the expected concentration of oxygen in the
vessels. Thus the constriction and capillary closure begins on the arterial side-appearing
in injected specimens as a widening of the periarterial capillary-free zone-and gradually
involving the venous side. This is, of course, not necessarily a direct effect of oxygen, but
it is the effect of inspired 02, for we have shown that when pure oxygen is allowed to flow
across the front of the cornea through a contact chamber, while the animal breathes air,
for the same period of time as inspired oxygen would obliterate the retinal capillaries (3
days), no pathological change in the retina occurs (Ashton, 1964). Whether this is because
02 has no direct effect or because it does not reach the retina, is at the moment immaterial-
the point is that the retina is not injured by this route in these conditions.
We recognized from the beginning that the crucial factor in oxygen toxicity must be the

blood levels attained and not the ambient concentrations provided; it was for this reason that
we did not advocate an arbitrary percentage of oxygen as a safe level, but stressed that
"it should be given in the minimum quantity for the shortest period consistent with the
infant's survival". This could, of course, mean 100 per cent. oxygen if necessary, as is
only now being recognized, but it is clear that in order to control supplemental oxygen in a
scientific way we need to know the exact blood concentrations which are toxic to the retinal
vessels, and to adjust the oxygen accordingly. Research in this direction is still urgently
required.

(e) Study of Digest Preparations of the retinal vessels of the normal and oxygen-treated
kittens has revealed the nature of the vascular changes (Ashton and Pedler, 1962). Capillary
retraction, which is part of the normal process of capillary growth throughout the vascular
system, is greatly accelerated in the immature retina by raising the ambient oxygen levels.
As the capillary narrowing and obliteration extend, the endothelial cells migrate into
increasingly confined spaces, develop eosinophilic and basophilic inclusions in the cyto-
plasm, and finally die and disintegrate, until all that remains of the original vasculature is a
delicate reticulate skeleton of residual basement membrane. Thus our original term of
oxygen vaso-obliteration proved to bean accurate description.

(f) Effect of Vitamin E.-It will be remembered that as long ago as 1949, Owens and
Owens believed that vitamin E deficiency might play some role in the aetiology of retro-
lental fibroplasia, but many workers subsequently showed that this vitamin was of no value
in preventing or arresting the disease (for references see Zacharias, 1952). Since that
time, it has been shown that animals deficient in vitamin E are more susceptible than
controls to the deleterious effects of oxygen athigh pressures (Taylor, 1953, 1956; Gerschman,
Gilbert, Nye, and Fenn, 1955) and it has been suggested that certain manifestations of
oxygen toxicity may be avoided in humans exposed to hyperoxia by pre-treatment with
vitamin E (Kann, Mengel, Smith, and Horton, 1964). We have therefore tried the effect
of pretreating kittens with large doses of alpha-tocopheryl acetate at levels in excess of
those known to protect rats against the toxic effects of hyperbaric oxygen (Taylor, 1956)
(500 mg./kg. orally or 400 mg./kg. intraperitoneally daily). We found that in these circum-
stances the vitamin had no protective action against the vaso-obliterative effect of our
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standard dose of oxygen; it remains a possibility, however, that vitamin E deficiency may
increase the susceptibility of retinal vessels to oxygen.

(g) Effect of Returning to Air.-When the kitten is returned to air after being subjected
to hyperoxia, vaso-proliferations develop both into the retina and into the adjacent vitreous
in a diffuse and disorderly manner closely reproducing the histological picture seen in
Stage I of retrolental fibroplasia. The site and extent of this proliferation correspond to
that of the original vaso-obliteration; if this is total then proliferation is from the disc,
and if partial then only from the margin of the area of obliterated vessels. In the kitten,
retinal detachment does not occur, and the whole retina is revascularized, arteries and veins
differentiate and the intravitreal vessels disappear postero-anteriorly. If vaso-obliteration
was total in oxygen then the normal vascular pattern is never reproduced in air.

(h) Digest Preparations of these Abnormal Proliferations show the great profusion of
endothelial cells in undifferentiated masses or in capillary orientation. A striking feature
of these proliferations is the associated presence of large eosinophilic crystalline formations
(Fig. 1, opposite), which can also be clearly seen in sections (Fig. 2, opposite).

(i) Histological Studies.-Histologically the budding vessels can be demonstrated growing,
apparently through the internal limiting membrane, into the vitreous. Associated with
these vasoformative areas are numerous glial protrusions or proliferations into the vitreous,
as earlier described by Hagedoorn and Sieger (1956) and Manschot (1958) in cases of
persistent hyperplastic vitreous, and the crystalline deposits noted in flat preparations
are found to stain for collagen (Fig. 2). The cellular elements of the retina, apart from
the vessels, appear to be entirely unaffected, but in the areas of vaso-proliferation acute-
angled folds in the retina are usually prominent, and may, in fact, be seen ophthalmoscopi-
cally (Fig. 3, overleaf).

(j) Electron Microscopical Studies.-Electron microscopy of the kitten retina after
oxygen exposure shows very clearly the remarkable selectivity of the effect. The constricted
and disintegrating vessels can be seen lying in apparently normal retinal tissue. The visual
cells also are unaffected in this animal. Focal dissolution of plasma membranes is some-
times seen in these specimens, especially around the vessels, producing irregular cavitations
suggestive of oedema; this, however, is not uncommonly seen in the normal kitten retina
and its significance is uncertain.
At an early stage constricted retracting capillaries may be seen containing compressed

distorted red cells within their lumina (Fig. 4, overleaf); elsewhere, capillaries appear patent
and contain cytoplasmic and nuclear fragments, degenerating organelles, and lipid vacuoles,
lying free or contained within large membrane-bound vacuoles (Fig. 5, overleaf). These
membrane-bound lesions or "polymorphic cytoplasmic inclusions" are areas of focal
cytoplasmic degeneration and probably correspond to the basophilic or eosinophilic
cytoplasmic inclusions seen by light microscopy and, although larger, closely resemble the
lesions described by Swift and Hruban (1964) which are now known to occur in a variety of
cellular injuries (Palfrey and Davies, 1965; Volk, Wellmann, and Lewitan, 1966); it is
generally considered to be a fundamental pathological process whereby the cell disposes of
abnormal products in its cytoplasm, whether these are of exogenous or endogenous origin
(Hruban, Swift, and Wissler, 1962; Koestner, Kasza, and Kindig, 1966). We would,
therefore, regard these vesicles as giant autophagic bodies, resulting from focal cytoplasmic
degeneration (FCD) which form as a preliminary to the final disintegration of the cell.

NORMAN ASHTON508
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DONDERS LECTURE, 1967

FIG. 1.-Kitten. Digest preparation of proliferating endothelial cells in the vitreous
induced by oxygen exposure and air survival. Note associated rosettes of eosinophilic
acinar crystals. (See also Figs 2 and 13). Haematoxylin and eosin. x 250.

._6.

FIG. 2.-Kitten retina, showing vaso-proliferation into the vitreous after oxygen exposure
and air survival. Associated with the new vessel growth there is a crystalline mass (arrow)
which stains positively for collagen. Note also the angular folds in the outer retina.
(Phosphotungstic acid haematoxylin. PTAH). x 250.
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NORMAN ASHTON

FIG. 3.-Kitten. Fundus appearance
after oxygen exposure and air survival.
(10 days old, 40 hours' 100 per cent. 02
and 147 days' air). The vascular pattern
is abnormal and retinal folds can be seen
at the posterior pole. The white deposits
near the disc are probably collagenous.

FIG. 4.-(Exp. 501 K3). Retina of kitten subjected to hyperoxia (11 days old, 4 days' 80-90
per cent. 02), showing a constricted capillary (arrow) undergoing endothelial degeneration and
containing distorted red cells. The surrounding nervous tissue is unaffected by oxygen. (The
cellular disruption around the vessel may be seen also in control kittens and is thought to be
an artefact).
(Uranyl acetate-lead citrate stained. Epon embedded). x 3,150.
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DONDERS LECTURE, 1967

i';
FIG. 5. Same experiment as Fig. 4, showing a retinal capillary undergoing degeneration; the
adjacent Muller fibre is unaffected (M). The endothelial cells show vesicles of focal cytoplasmic
degeneration (FCD), and these may also be seen in the lumen with other cell debris and red cells (RBC).
(Uranyl acetate-lead citrate stained. Epon embedded). x 12,000.

In some areas, these large vesicles of FCD can be seen within the endothelial cells (Fig.
6, overleaf) and being shed into the capillary lumina as the plasma membranes dissolve, so
that the vessels gradually become choked with FCD vesicles in varying stages of disinte-
gration admixed with blood cells. This transition from a normal cell to complete dis-
integration is heralded by an increased density and granularity of the cytoplasm, but
intermediate stages are rarely seen, and it is common to find debris-containing vessels lined
with normal endothelial cells. Intramural pericytes either degenerate in situ (Fig. 7,
overleaf) or are discharged into the lumen.
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512 NORMAN ASHTON

FIG. 6.-(Exp. E.M. 146 K2). Retina of kitten subjected to hyperoxia (10 days
old, 2 days' 80-90 per cent. 02), showing a large intracellular vesicle of focal
cytoplasmic degeneration (FCD) in the wall of a small vessel cut longitudinally.
The dense bodies (D) probably also represent advanced FCD. Red cells (RBC).
Basement membrane (BM).
(Uranyl acetate-lead citrate stained. Araldite embedded). x 9,000.

FIG. 7.-Same experiment as Fig. 4, showing several large membrane-bound vesicles of
focal cytoplasmic degeneration (FCD) within an intramural pericyte. The vesicles con-
tain membranous and granular material of varying electron density. Similar degenerate
vesicles, released from ruptured cells, are seen within the lumen (arrows).
(Uranyl acetate-lead citrate stained. Epon embedded). x 14,000.
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DONDERS LECTURE, 1967

In the final stage the vessels are represented solely by a thickened tube of basement
membrane, with or without residual cellular debris, which may or may not evoke a mac-
rophage response (Fig. 8).

FIG. 8.-Same experiment as Fig. 4, showing the final stage of oxygen vaso-obliteration.
The capillary is represented only by basement membrane material (BM) containing cellular
debris (arrow).
(Uranyl acetate-lead citrate stained. Epon embedded). x 26,500.

Electronmicroscopyof the vaso-proliferative phasein air shows endothelial buds apparently
emerging through the internal limiting membrane (the basement membrane covering
their surface, however, is continuous with that of the internal limiting membrane) to form
capillaries in the adjacent vitreous (Figs 9 and 10); these vessels soon attain adult structure
complete with basement membrane and intramural pericytes and they become surrounded
by a condensation of vitreous fibres (Fig. 11). Two new features are strikingly revealed
by electron microscopy; first, the outgrowth of Muller fibres from the inner layers of the
retina-these cells seem to protrude into the retina or rather fungate with finger-like
processes which are covered by internal limiting membrane (Fig. 12); secondly, thecrystalline-
like deposits noted in flat preparations and sections are seen in close relation to these vascular
and glial outgrowths and can be identified with certainty as collagen (Fig. 13). (Actual
banding 570 A).
The source of this collagen material is not clear; it presumably arises in relation to the

proliferating primitive vascular mesenchyme, but it does not develop in tissue cultures so
that the vitreous and/or the circulation may play some role in its formation.

In summary, therefore, there are two general phenomena associated with oxygen toxicity-
vaso-obliteration in oxygen and vaso-proliferation on return to air, and, as I have previously
emphasized (Ashton, 1957), the vaso-proliferation is a sequel to the vascular injury and is
probably stimulated by accumulated metabolites, and is not itself primarily due to oxygen
toxicity.
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FIG. 9.-(Exp. 508 K2). Retina of kitten subjected to hyperoxia with air survival (2 days old,
3 days' 80-90 per cent. 02 and 26 days' air). A developing capillary is seen entering the vitreous
(V) from the retina. On the left the budding endothelial cells (En) climb over the internal limiting
membrane (ILM) and on the right push the basement membrane (BM) of the internal limiting mem-
brane forward into the vitreous. The space between the endothelium and the nervous tissue (NT)
contains basement membrane material.
(Uranyl acetate-lead citrate stained. Epon embedded). x 13,350.
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DONDERS LECTURE, 1967

FIG. 10.-(Exp. 511 K2). Retina of kitten subjected to hyperoxia with air survival (8 days old,
3 days' 80-90 per cent. 02 and 49 days' air), showing a developing capillary growing into the
vitreous (V). The ingrowing cells are covered by basement membrane (BM). Endothelial cells (En),
Lumen (L), Nucleus (N), Internal limiting membrane (ILM), Muller cell (M).
(Uranyl acetate-lead citrate stained. Epon embedded). x 9,000.

It has recently been suggested that the endothelial injury may be the stimulus for vaso-
formation (Patz, 1965; Agrawal, Agarwal, and Tandon, 1966). This, however, would seem
most unlikely, for there is no endothelial injury in normal vascularization of the retina,
nor with abnormal vaso-proliferation induced by detaching the immature retina (Ashton
and Cook, 1955).
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NORMAN ASHTON

FIG. 11 Same experiment as Fig. 9, showing a cross-section of a capillary proliferating in the
vitreous. Note that the vessel already shows a mature structure at approximately three weeks,
with endothelial lining (En), intramural pericyte (IP) and developing basement membrane (BM).
Vitreous fibrils (VF) may be seen around the vessel.
(Uranyl acetate-lead citrate stained. Epon embedded). x 10,150.

FIG. 12-Same experiment as Fig. 10. Hyperoxia with air survival. Shows outgrowths of Muller
fibres (M) into the vitreous fibrils (VF). The internal limiting membrane (ILM) is continuous over the
ingrowth. (Uranyl acetate-lead citrate stained. Epon embedded). x 5,750.
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DONDERS LECTURE, 1967 517

FIG. 13. (EXP. 502 K3). Collagen fibres (C) are shown in intimate relation with proliferating cells in
the vitreous of a kitten subjected to hyperoxia with air survival (10 days old, 3 days' 80-90 per cent.
02 and 38 days' air). Menchymal cell (ME).
Uranyl acetate-lead citrate stained. Epon embedded). x 11,500.
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Before we can compare the reactions of different species of animals, or, indeed, experi-
ments on the same species by different groups of workers, it must be borne in mind that
the results depend greatly upon the degree of maturity of the retinal vessels, the concen-
tration of oxygen, and the periods of exposure and of air survival. In fact, the apparently
conflicting reports in the literature may be explained, at least partly, by differing experi-
mental methods and procedures, and we have reason to believe that small variations in
oxygen tension even at the highest levels may make significant differences. In this work I
have therefore selected a standard exposure (3 to 4 days continuous 80 to 90 per cent.
oxygen at normal atmospheric pressure) which is known to produce a total vaso-obliteration
of the kitten's retinal vessels, and have then compared the reactivity in the different species
to this exposure, at various age groups and periods of air survival. In order to demonstrate
vaso-obliteration as distinct from growth retardation, it is clearly desirable to choose age
groups when the retinal vessels are already sufficiently established (that is in the kitten
from birth to 7 days, in the rabbit at 8 to 12 days, and in the rat and mouse at about 5
days).

2. Rabbit
As emphasized by Rohen (1954), there is no true retinal vascular system in the rabbit

since the vessels are confined to the medullated nerve fibre layers, which extend horizontally
as wing-shaped areas on either side of the disc. These areas are to be regarded as a forward
extension of the optic nerve rather than as retinal tissue and the vessels, therefore, as a
modified vascular system of the optic nerve. For the purpose of this study, however, we
shall speak of them as retinal vessels.
According to Fuchs (1905) and Michaelson (1954), the retinal vessels first appear on the

14th day of intra-uterine life as small endothelial buds from the vascular channels in the
optic nerve and these form a network which gradually canalizes and admits blood, so that
at birth (on the 30th day of gestation) well-defined vessels may already be seen arising from
the disc.
Our studies show that the retinal vessels extend for about 0-2 mm. on both sides of the

disc on the first day*,growingnotintothe retina as stated by Michaelson but onto its surface,
although endothelial cells proliferate into the disc margin at this time. These lateral
complexes progress along the surface of the retina at a slightly greater rate on the nasal
(anterior) side than on the temporal (posterior) side; growth ceases at approximately
40 to 45 days (Fig. 14, opposite).

Until the 20th day the retinal vessels lie entirely on the retinal surface and after that
time an intraretinal component develops, but it is never more than a limited number of
capillary downgrowths confined to the stratum opticum. Electron microscopy confirms
this statement, but shows in addition that the vessels probably never enter the nervous
tissue but project into it within pockets bounded by internal limiting membrane.

(a) Effect of Hyperoxia.-Litters of rabbits ranging in age from 3 to 29 days were sub-
jected to continuous hyperoxia at the standard exposure (80 to 90 per cent. for 4 days was
the actual exposure used). In each batch some animals were killed at the end of the oxygen
exposure while others were allowed to survive in air for varying periods. The findings

* The times given throughout this paper for the first appearance of retinal vessels are based on the evidence provided by injections
and therefore refer to the development of patent vessels and not to the commencement of vascularization which begins as a cellular
invasion at an earlier date.
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were somewhat more variable as between animals of the same age than in the kitten, but
were nevertheless conclusive.
At 10 days old, when the vascular complexes are still actively growing but already well

established (Fig. 15a), the vessels can be totally obliterated by the standard exposure of
oxygen (Fig. 15b).
At 15 days, however, resistance to oxygen is already beginning to develop, for oxygen

vaso-obliteration is not then quite complete.
By 21 days, only the peripheral growing vessels are sensitive to the standard exposure;

by 29 days only doubtful obliteration can be seen, and at 40 days when growth is complete
the vessels are entirely resistant to oxygen.
As in the case of the kitten, we have also observed, through a limbal window, this

phenomenon developing in the living eye. Again it was found that retinal detachment
prevented the oxygen effect.
By demonstrating that these surface vessels of the retina can be obliterated by oxygen,

and by further showing by electron microscopy that there is apparently no evidence of
endothelial oedema, we seem to have disproved our earlier hypothesis that tissue swelling
might be involved in the mechanism of oxygen vaso-obliteration (Ashton, Graymore,
and Pedler, 1957). It is now apparent that injury to the endothelium itself is primarily
responsible for the closure.

(b) On Transfer to Air the pattern of changes was different from that in the kitten.
Although the vessels regrew over the retina in a disorderly fashion, they never proliferated
inwards into the vitreous, explaining why the early experiments with rabbits in oxygen
apparently gave negative results (Coxon, 1952).

In animals in which oxygen vaso-obliteration has been complete (that is in an animal
under 15 days old), the vessels grow over the retina advancing on a broad front to produce
the appearance of a bow-tie (Fig. 15c), which gradually extends and finally develops the
shape of a propeller (Fig. 15d), quite unlike the normal adult complex.
Where oxygen vaso-obliteration was only partial (that is, in an animal of 16 to 20 days)

the regrowth occurs in a similar way, but the "bow-tie" and "propeller" patterns are less
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NORMAN ASHTON

FIG. 15.-(a) Nor-
mal rabbit retina at
10 days. x 14.

a

(b) Total vaso-oblit-
eration after 4 days'
80-90 per cent. 02.
x 19.

b

(c) Bow-tie pattern
of regrowth after 10
days'air. x19.*~~~~~~~~~~~~~~~

_i:2 ~~~~~~~~~(d)Propeller pattern
seen after 40 days'

MA ~~~~~~~~~~~~~~~~air.x 6.
.;Ar. e' Indian ink injection.

definite and the final complexes more nearly normal in appearance. Where vaso-obliter-
ation is only peripheral or slight (that is in animals of over 21 days old), the reformed
complexes are normal in pattern.

(c) Histology.-Sections (horizontal plane) examined both immediately and after oxygen
and after air survival at varying ages and periods of survival, show, as in other species,
endothelial degeneration after oxygen and endothelial proliferation in air survival, but
without invasion of the vitreous and without glial proliferation. As in the kitten there
was no evidence of any other injury, but in view of changes described in the adult rabbit
exposed to oxygen (Noell, 1955), to which I shall later refer again, vertical sections were cut
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DONDERS LECTURE, 1967

and some degeneration of the visual cells below the disc could be demonstrated. The
young rabbit is the only immature animal in which we have found visual cell injury.

(d) Digest Preparations show the picture of capillary retraction, endothelial migration,
and disintegration. The pattern is somewhat atypical in the rabbit, however, for the
capillary endothelial cells, having no surrounding nervous tissue to support them and little
basement membrane, tend to become lost or isolated in the process of migration.

(e) Tissue Culture.-I have recently shown that the growing vascular complexes from the
rabbit may be removed in their entirety and transferred to a tissue culture chamber (Ashton,
1966). By this means it has been possible to demonstrate that oxygen has a direct toxic
effect upon the endothelial cells which entirely disintegrate after 48 hours' exposure to
pure oxygen. The process of disintegration is exactly as seen in vivo, and electron micro-
scopy shows similar membrane-bound lesions in the cytoplasm and cellular disintegration
as already demonstrated in the kitten retina. Since, however, oxygen is known to be toxic
to most growing cells in tissue culture, this experiment does not answer the question why
the retinal endothelium is so selectively affected in the intact animal.

3. Rat
As in all our animal experiments on the retina, we first studied the normal development

of the vessels (Ashton and Blach, 1961), having often found that this is incompletely or
incorrectly described in the literature. In the rat the vessels arise at birth or shortly before
from central vessels at the optic disc, and in this way differ from those of man, kitten, and
rabbit, where they begin to grow during intra-uterine life. Usually six arteries and six
veins are formed (the number is variable) which radiate symmetrically from the disc, alter-
nating with each other, and initially communicating through a primitive capillary net in
the nerve fibre layer. A peri-arterial capillary-free zone is evident throughout and persists
in the adult pattern.
The superficial vascular layer is complete by the 11th day, the peripheral vessels being

the last to mature. The deep capillary net begins to form at the 8th and 9th day and is
complete by the 15th day, when the final adult vascular arrangement is reached (Fig. 16).

HYALOID VESSELS
__60 6 RETI NAL VESSELS

0o_DIAMETER (MM)

FIG. 16.-Development of
hyaloid and retinal vessels in 3 -2
the rat eye up to 20 days.

2O v/ DEEP NET

*, s~~~~1 ###
2*600-- --2

0 X 2 3 4 s 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

AGE IN DAYS

Incidentally, it should be understood that all these injected preparations show only the
patent vessels and that the primitive endothelial ingrowth extends well beyond this (Ashton,

521

 on M
ay 16, 2023 by guest. P

rotected by copyright.
http://bjo.bm

j.com
/

B
r J O

phthalm
ol: first published as 10.1136/bjo.52.7.575 on 1 July 1968. D

ow
nloaded from

 

http://bjo.bmj.com/


1966; Henkind and Oliveira, 1967). The superficial capillary net, having lost its foetal
pattern, is now almost entirely arterial in character with no intercommunications or
connexions with the veins in the superficial layer, for the original venous connexions atrophy
with the development of the deep net, although remnants are represented by occasional
capillary communications between artery and vein. Branches from the superficial capillary
net dip down sharply into the retina to join the two deep capillary nets on either side of the
inner nuclear layer; the deeper of these nets, in contrast to the most superficial plexus, is
entirely venous, and drains into tributaries, the largest being peripheral, which travel steeply
towards the surface of the retina to the main veins.

(a) Effect of Hyperoxia.-The effect of our standard exposure to hyperoxia on the rat
retina is quite different in its pattern from that seen in infants, kittens, and young rabbits,
but almost identical, as I shall show you, with that in the mouse. As I have demonstrated
in the kitten, the phenomenon of vaso-obliteration develops in relation to the oxygen
tension within the vessels, for the process of obliteration begins in the capillaries on the
arterial side and the main veins are the last to be affected. It might, therefore, be expected
that in the rat retina, where there are many arteries around the disc and where the anterior
retina is predominantly venous, the oxygen effect on the vessels would be most severe at
the posterior pole. This is exactly what happens. In fact, the peripheral vessels are
entirely unaffected by hyperoxia at normal atmospheric pressure. Vaso-obliteration
occurs around the arteries at the disc and gradually diminishes towards the periphery, so
that the injected specimens show a star-shaped pattern of capillary closure in relation to
the arteries, the patent vessels consisting of the venous capillaries, post-capillary venules,
and main veins. At this stage of development the main vessels, although severely con-
stricted, never obliterate entirely as they do in the kitten.

(b) On Transfer to Air the rat eye behaves in a distinctive way. The obliterated superficial.
capillaries at the posterior pole neither re-open nor re-form, but the deep capillary nets in
this region develop, growing centripetally towards the optic disc in an orderly manner
from the patent vessels at the margin of the affected area. The most striking difference of
all, however, is that no abnormal vaso-proliferations occur into the retina or vitreous-
even posteriorly where the superficial capillaries remain obliterated.
We suppose that this lack of vaso-proliferative response must be due to the fact that a

vasoformative factor does not accumulate in these particular conditions, partly because the
venous drainage remains efficient and partly because the re-formation of the deep capillary
net provides an adequate blood supply.

(c) Histology.-No histological abnormality was found in any rat subjected to oxygen
from periods of 4 to 14 days which could with certainty be attributed to oxygen. Digest
preparations again show the typical picture of endothelial retraction, migration, and
degeneration.
Our findings in the rat, particularly with regard to abnormal vaso-proliferations, differ

considerably from those of other groups of workers (Patz, 1954; Brands, Hofmann, and
Klees, 1958), who reported abnormal vaso-proliferations in rats subjected to oxygen, not
only while actually in oxygen, but also on transfer to air. We have discussed in detail
elsewhere (Ashton and Blach, 1961) some possible explanations for these conflicting
findings, which may depend in part upon differences in histological interpretation and in
part upon different breeds of animals and different experimental situations. In our own
experiments, where exactly comparable conditions were imposed in each series of experi-
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DONDERS LECTURE, 1967

ments, we can conclude that if ratlings are subjected to the identical period and concen-
trations of oxygen which produce total vaso-obliteration and subsequent vaso-proliferation
in the kitten, and are of a comparable developmental stage, they will show only partial
posterior vaso-obliteration and intravitreal proliferation will not ensue. It is quite possible,
as we shall see in the case of the mouse, that variation of these criteria may yield different
results.

4. Mouse
As might be expected, the retinal vessels of the mouse, both in their growth and in their

final adult form, are exactly comparable to those of the rat (Fig. 17). In a similar way
the hyaloid vessels and the tunica vasculosa lentis regress as the retinal vessels advance to
develop superficial and deep capillary nets, and the time relationships of these events are
roughly the same as in the rat. Both these animals, therefore, illustrate very well the
reciprocal relationship between the growth of retinal and hyaloid vessels. Three minor
differences between the rat and the mouse worth recording are that the pattern of the
retinal vessels in the mouse is less constant than that in the rat, the density of the capillary
nets posteriorly around the disc is less than in the rat, and the initial communications
between the arteries and veins in the superficial net show less tendency to atrophy than in
the rat (Ashton and Blach, 1961).

HYALOID VESSELS R ETINAL
A75475 VESSELS

DIAMETER (MM)

3/tA

3@in@ 8 FIG. 17.-Development of
DEEP NET hyaloid and retinal vessels in

the mouse eye up to 20 days.

*
0123 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

AGE IN DAYS

(a) Effect of Hyperoxia.-The effect of hyperoxia on the mouse has been studied by
Gyllensten and Hellstrom, 1952, 1954, 1955; Patz, Eastham, Higginbotham, and Kleh,
1953; Patz, 1965, Gerschman, Nadig, Snell, and Nye, 1954; Michaelson, Herz, Lewkowitz,
and Kertesz, 1954b, and Habegger, Philbrook, Curley, and Ingalls, 1956), but none of
these workers has carried out experiments exactly comparable in detail with those I have
already described in the kitten, young rabbit, and ratling, so that it has been necessary for
purposes of comparison to carry out a complete investigation of our own, which I can
report only briefly here.

Litters of mice ranging in age from 4 to 12 days were subjected to continuous hyperoxia
at the standard exposure (80 to 90 per cent. for 4 days). As previously, certain animals
from each litter were killed at the end of exposure, and others were allowed to survive in
air for varying periods. The changes observed in injected retinae of 5-day-old animals
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NORMAN ASHTON

killed immediately after exposure to our standard conditions were exactly comparable to
those seen in the rat; namely, capillary obliteration occurred only posteriorly and pre-
ferentially around the arteries providing a star-shaped pattern of capillary closure (Figs
18 and 19). Digest preparations show the typical picture of retraction. Total obliteration
of the entire growing complex can be achieved by our standard exposure, providing the
animals are subjected to hyperoxia at a stage when the vessels are still confined to the
posterior pole (that is before 2 days of age).

g\e....t..l.. ,@ +'~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~NA. /

FIG. 18.-Normal mouse retina at 9 days. Indian FIG. 19.-Mouse retina at 9 days after 4 days'
ink injection. x 15. 80-90 per cent. 02. Note the star-shaped pattern

of vaso-obliteration. Indian ink injection. x 15.

(b) On Transfer to Air the obliterated capillaries in the posterior pole re-develop within
10 days and the deep net within this region also forms normally at the same time. This
is in contrast to the rat, wherein the superficial posterior capillaries do not re-appear and
the deep net forms on its own. As in the case of the rat, however, no abnormal pro-
liferations of the retinal vessels or other abnormalities were seen after a standard exposure
to oxygen in 48 injected eyes (24 animals) or in forty sectioned eyes (20 animals), and in all
the specimens the hyaloid vessels and tunica vasculosa lentis were normal for the age of the
animal. There were no haemorrhages, retinal foldings, or other abnormalities as compared
with the control animals.
From this it may be concluded that the standard conditions producing abnormal retinal

vaso-proliferation in the kitten and the rabbit have no such effect in the rat or mouse.
While these standard experiments clearly demonstrate the different susceptibility of the
various species to oxygen, they have not reproduced the numerous pathological findings
described by other workers who have carried out oxygen experiments on the mouse.

Gyllensten and Hellstrom (1952), for instance, described a number of intra-ocular
abnormalities in newborn mice resulting from oxygen exposure, and later in an extensive
series of experiments, again on newborn mice, confirmed their findings, especially as
regards an abnormal and pronounced persistence of the hyaloid system with a reciprocal
inhibition of retinal vessel growth (Gyllensten and Hellstrom, 1954). In later experiments
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DONDERS LECTURE, 1967

on newborn and older mice they demonstrated that air survival after oxygen exposure
resulted in irregular proliferations of the retinal vessels into the vitreous (Gyllensten and
Hellstrom, 1955). Patz and others (1953) and Patz (1954) obtained similar findings in
newborn mice subjected to continuous
hyperoxia with and without survival; more
recently Patz (1965) has emphasized the 8 aJ
resulting persistence and proliferation of the
hyaloid system and has also reported the
new observation that approximately one-
third of these mice developed neovas- NormM;al
cularization of the anterior surface of the
iris. Gerschman and others (1954) also4
obtained abnormalities in mice of various
ages subjected to hyperoxia and confirmed
the development of retinal and hyaloid
proliferations.

In these several reports there are, however,
considerable variations in the results, which
are quite impossible to explain as the
experimental protocols and conditions
differed so greatly in detail. But in view of Oxygen
the general agreement that abnormal 5 daxs
vascular proliferations can be produced in
mice, especially if the animals are placed in
oxygen at birth, we have further investigated
the effect of hyperoxia on newborn mice b
using the higher level of oxygen (98 to
100 per cent.) employed by Gyllensten and
Hellstrom(1954). Inrepeatingtheseexperi-
ments of earlier workers we have confirmed
their findings (see below). It is interesting
that newborn animals behave so differently Air-
from animals only a few days old. r il

(c) Newborn Mice.-At birth the retinal
vessels are commencing to grow from the ,
disc and have already formed a circular
ingrowth approximately 1 0 mm. in dia-
meter, without differentiation into arteries
and veins (Fig. 20a). We find that exposure FIG. 20.-(a) Normal mouse retina at
of such animals to continuous oxygen (98 to one day old. (b) Total vaso-obliteration

after 5 days' 98-100 per cent. 02. (c) After
100 per cent.) for 5 days results in total 5 days' air survival new vessels grow into
obliteration of this developing complex the retina and into the vitreous (dense

central vessels).
(Fig. 20b). The hyaloid vessels, tunica vas- Indian ink injection. All x 33.
culosa lentis, and iris vessels show no abnor-
mality either in injected specimens or by light microscopy. The majority of our animals
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allowed to survive in air for 5 days after the above period of oxygen exposure developed
abnormal retinal neovascularization with vaso-proliferation into the adjacent vitreous at
the disc region (Fig. 20c).

Associated with these abnormal retinal developments there is a gross overgrowth of the
hyaloid vessels, which at this age (10 days) should be regressing (Figs 21 and 22). There
is not only hypertrophy and dilatation of the existing vessels but a profuse proliferation of
new vessels (Fig. 23) greater than at any normal stage (Fig. 21). Transudate and haemorr-
hage are commonly associated with these vessels. At the same time the arteries in the
anterior tunica vasculosa lentis and the iris (the capsulo-pupillary vessels) show marked
enlargement and tortuosity, without neovascularization (Figs 24 and 25, opposite). This
is not, therefore, a true neovascularization, as suggested by Patz (1965), but is rather a
compensatory hypertrophy to accommodate the greatly increased blood flow resulting
from the hyaloid proliferation.

FIG. 21.-Normal mouse 5 days old. Hyaloid
vessels seen at their normal maximum. The retinal
vessels are seen posteriorly. Indian ink injection.
x 25.

FIG. 22.-Normal mouse 10 days old (control
for Fig. 23). Hyaloid vessels are now vestigial
and the retinal vessels are nearly mature. Indian
ink injection. x 25.

FIG. 23.-Mouse 10 days old, subjected at birth
to 5 days' 98-100 per cent. 02 with 5 days' air
survival, showing gross dilatation and proliferation
of hyaloid vessels (compare with Fig. 22). Indian
ink injection. x 25.
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DONDERS LECTURE, 1967

FIG. 25.-Mouse 10 days old (same eye as shown
FIG. 24.-Normal mouse 10 days old. Iris in Fig. 23). The iris vessels are grossly enlarged
vessels seen as they normally appear at this age. but there is no neovascularization. Indian ink
Indian ink injection. x 25. injection. x 25.

The majority of animals allowed to survive 10 days in air after similar oxygen exposure
show an equally bizarre but more advanced retinal ingrowth, but the patterns obtained
are less constant than those in other species; various bizarre vasoformations are seen, with
or without areas of normal vascularization. Still some retinal proliferation may be seen
in the vitreous and these vessels may connect with the hyaloid system, especially at the
periphery. The mature retinal vascular pattern normally attained by this age (15 days)
is never regained by this time in animals in which the budding retinal vessels were totally
obliterated by oxygen.

In these animals, concomitantly with the abnormal revascularization of the retina, the
overgrown hyaloid system is beginning to regress (normally it is absent at 15 days) and
the hypertrophic iris vessels are returning to normal. The reciprocal relationship between
the growth of hyaloid and retinal vessels is thus seen also in these abnormal proliferations,
for the hyaloid overgrowth is most prominent when the retinal vaso-proliferation is small
and vice versa.

These results are complicated to interpret, but it would seem that here again the abnormal
vaso-proliferation bears a relation to the extent to which the retina is rendered avascular
by the oxygen exposure, and again suggests that vasoformative factors accumulate when
the retinal tissue is anoxic and without drainage. The hyaloid overgrowth would appear
to be a reaction to such a stimulus passing into and accumulating in the vitreous. The
explanation of this hyaloid overgrowth may be due partly to changes in the anterior segment,
which in all our positive cases was found to be abnormal, with exudation and closed angles
or with occlusio and seclusio pupillae, so that vasoformative factors, having their exit
barred both posteriorly and anteriorly, would be trapped in the vitreous, but why mice
should be so peculiarly affected is not clear.

5. Man. The Premature Infant
Although marked attenuation of the retinal vessels of the premature infant in oxygen

was noted in the early clinical studies of retrolental fibroplasia (La Motte, 1951; Patz,
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Hoeck, and Cruz, 1952; Huggert, 1953), this was regarded at the time as an example of
the well-known vasoconstrictive action of oxygen, which had also been described in the
retinal vessels of the adult (Rosenthal, 1939; Cusick, Benson, and Boothby, 1940; Duguet,
Dumont, and Bailliart, 1947). It is only by retrospective evaluation (Patz, 1965) that it can
now be claimed as a recognition of the unique susceptibility we later described. Moreover,
such a reaction could never have been appreciated as a unique phenomenon unless the
capillary system of the body had been examined as a whole. Indeed, although this
phenomenon has since been demonstrated in several species of animals, it was only very
recently that we had the opportunity of demonstrating that it does in fact occur in the
premature infant (Ashton, 1966). Retinal digests were prepared post mortem from the
eyes of several premature infants subjected to about 90 days of 50 to 80 per cent. oxygen.
These specimens showed an identical obliterative process, being an exaggeration of the
normal retraction and migration of endothelium, leaving a delicate skeleton of basement
membrane strands. Even with this evidence, however, we still await the comparison of
perfect controls, namely the retinae from premature infants dying of similar causes but
without having received supplemental oxygen.
That vaso-proliferation develops in the premature oxygenated infant on transfer to air is,

of course, well known, but with the very important difference that retinal detachment may
ensue. Why this does not occur in immature animals is still unknown although several
possibilities have been suggested (Ashton, 1966).

B. EFFECT OF OXYGEN ON THE MATURE RETINA

As we have repeatedly emphasized, oxygen appears to act selectively on the retinal
vessels in the immature retina, without direct structural injury to the surrounding nervous
tissue. It is true that some changes have been observed; retinal atrophy has been reported
in mice (Gyllensten and Hellstrom, 1954, 1955; Gyllensten, 1959; Gerschman and others,
1954) especially after prolonged intermittent exposure to oxygen (Hellstrom, 1956), and
retinal folding in kittens (Ashton, Ward, and Serpell, 1954), but these were believed to be
secondary to the vascular changes. The visual cells of the young rabbit may be injured
by oxygen, but this is the only known exception.

In an electron microscopical study of kittens, we showed some years ago (Ashton and
Pedler, 1962) that the nervous tissue, even when immediately adjacent to disintegrating
endothelial cells, appears structurally normal, and a similar observation has been made
more recently by Patz (1965). The present evidence, therefore, favours the view that, in
the immature retina, oxygen acts specifically on the endothelium, and it is interesting that
a similar conclusion is now being reached with regard to its selective action on the capillary
endothelium of the alveoli of the rat lung (Kistler, Caldwell, and Weibel, 1967).

Curiously, the converse is true of the toxic effect of oxygen on the adult retina of some
animals, wherein the nervous tissue is injured at an age when the vessels have become
resistant. This was first discovered by Noell (1955, 1958, 1962), who found that, when
adult rabbits were subjected to hyperoxia, even at ambient pressures and at concentrations
as low as 60 per cent., there was a selective and irreversible destruction of the visual cells,
the outer nuclear layers becoming greatly reduced in thickness and the outer limbs destroyed.
The rods in the central region below the disc were the most vulnerable, although with
prolonged exposure to oxygen this degeneration spread more widely. Noell (1958)
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DONDERS LECTURE, 1967

further showed that rabbits of 2 to 5 days old, that is at a time when their retinal vessels
are sensitive to oxygen, were relatively immune to visual cell injury. Our findings agree
with this; nevertheless there is a very definite reduction of visual cells even at this early age.

Dr. George Bresnick, a visiting research worker in my department, has further investigated
these changes in the adult rabbit and, in addition to confirming the report by Noell, has
made an electron microscopic study of the earliest changes (Bresnick, 1968). These changes
were vesicular swelling of the endoplasmic reticulum and Golgi complex of the inner
segment, and dilatation of the perinuclear cisternae. Outer segment degeneration appears
to be secondary to changes in the proximal portion of the cell. Nuclear pyknosis, mito-
chondrial disintegration, and disorganization of the entire visual cell rapidly follow.
Cellular debris is ingested both by the pigment epithelium and by wandering histiocytes.
Bresnick agrees that the cones are more resistant than the rods. Expansion of Muller
cell cytoplasm with migration of Muller cell nuclei from the inner to the outer nuclear
layer constitutes a prominent feature of the pathological changes. The tissue immediately
adjacent on either side remains structurally normal. Intraperitoneal alpha-tocopheryl
(vitamin E) did not prevent this visual cell damage.

Bresnick has further shown that a very similar susceptibility exists also in the visual cells
of the adult guinea-pig, but we have not noted any abnormality in the outer retina of adult
rats, cats, or mice after oxygen exposure, and Noell was unable to produce such injuries
in monkeys.

Other injurious effects on the eyes of adult animals have been demonstrated recently.
Beehler, Newton, Culver, and Tredici (1964) showed that prolonged exposure to high
oxygen concentrations at normal atmospheric pressure can cause severe ocular damage
in the adult dog. The lesions, which appeared as early as 48 hours after exposure, included
retinal detachment, retinal haemorrhage, hypotony, and iritis. Ciliary cysts and retinal
degeneration were found histologically. Also in dogs, Margolis and Brown (1966) have
obtained cytoid bodies in the retina after subjecting the animals to hyperbaric oxygen
(100 per cent. oxygen at three atmospheres for 4 hours). The animals were killed 6 to
13 days after exposure and typical cytoid bodies were found in twelve of them.
These findings are particularly significant when considering the possible hazards of

oxygen exposure to adult man, especially with the new uses of oxygen in spacecraft and
in hyperbaric oxygen therapy, but it should be emphasized that, despite the adverse effect
of oxygen in some adult animals, there is no evidence that high concentrations of oxygen
at normal ambient pressures are in any way permanently injurious, at least after short
exposures, to the mature human retina (Donald, 1947a, b; Miller, 1958). We know, of
course, that hyperbaric oxygen produces severe constriction of the retinal arteries (Cusick
and others, 1940; Dollery, Hill, Mailer, and Ramalho, 1964; Hickam and Frayser, 1966),
and that visual disturbances occur (Behnke, Forbes, and Motley, 1936), possibly through an
effect on the visual cells, but no irreversible injuries have been reported.

CONCLUSION
We may conclude from these comparative pathological studies of oxygen toxicity that

destruction of the growing retinal vessels by hyperoxia is a general biological phenomenon,
and that the ensuing vaso-proliferation is in some way related to the conditions imposed
by the resulting failure of the circulation, and that these reactions are not isolated patho-
logical events but exaggerations of normal processes. It might be expected that budding
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NORMAN ASHTON

capillaries would wax and wane according to the needs of the tissue and it so far appears
that oxygen tension within the tissue is, in fact, the key controlling factor. What relation-
ship, if any, exists between the mechanism of oxygen toxicity on the immature retinal
endothelium and mature retinal tissue is quite obscure. The immediate need is to continue
to study the biological effects of oxygen at a cellular and subcellular level, using advanced
techniques in biochemistry, enzymology, and electron microscopy, in the expectation
that these diverse phenomena in the retina will eventually be explicable within the frame-
work of unifying natural laws.

It is a pleasure to acknowledge the expert technical assistance of Messrs. G. E. Knight, D. Wood, A.
McNeil, and Miss E. Robins. Dr. M. Shakib of the New York University School of Medicine prepared
some of the electron micrographs while working in my department. I am indebted to Miss E. FitzGerald
for secretarial help. This work was supported in part by a grant from the Medical Research Council.
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