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This thesis reports the findings of an investigation
into the effects of various intensities of white light on the
morphology of the rabbit retina and choroid as studied by light
and electron microscopy. The exposure pcriod was one hour
in all the experimental procedures. The light levels employed
ranged from an estimated retinal 1illumination of ZO.AmWC.m“Z
to 84.4mWem -2, These levels of illumination are similar to those
experienced by human retinae during procedures such as indirect
ophthalmoscopy: (Calkins and Hochheimer, 1980).

The experimental procedures were divided 1into iwo
categories:—

1) An investigation into the appearance of the retina
and choroid immediately after exposure to various intensities
of white light. Alterations in retinal and choroidal structure
were assessed by both light and electron microscopy. In addition,
it was attempted to quantify changes in the cellular components
of the outer nuclear layer by a random peoint counting system.

2)  An investigation, by light and eleciron microscopy,
inte the morpheology of the retina and choroid at various times
after a damaging light exposurc with special consideration of
the fate of the cellular debris produced by light damage.

To assess the immediate effects of light expasure, the
eyes of nineteen adult Dutch rabbits were subjected to one of
six light intensities. The estimated retinal illumination levels
were 84.4, 38.6, 32.8, 28.9, 23.2 and 20.4mWem 2. Following
exposure 1o the (wo lowest light intensities the retinal and
choroidal tissues appeared normal. At slightly higher levels

of retinal 1illumination (28.9mWcm -2 to 38.6mWem _2) there were

disturbances of the receptor cells' outer segments as well as slight
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distension of the pigment epithelium's smooth endoplasmic reticulum
and mitochondria. CoPe receptor cells were slightly more
susceptible to damage than rod receptor cells. With higher light
intensity both the degree and variability of damage 1increased

2 the

markedly. At the retinal illumination level of 38.6mWem
morphology of the receptor cells and pigment epithelial <cells
was highly wvariable. These cells could appear swollen with
both their cytoplasmic organclles and their nuclei being swollen,
also, conversely, they could be shrunken, their cytoplasm
becoming densely stained and their nuclei pyknotic. The choroid,
at these light intensities, was wusually normal in appearance
but occasionally there did appear to be a slight inflammatory
response in the vessels of the choriocapillaris. This response
was usually confined to thc appearance of degranulating platelets
and a few polymorphonuclear leucocytes and monocytes. Very
occasionally the vessels of the choroid were filled with impacted
red cells. These regions of choroidal abnormalily were usually
associated with the regions of most extreme retinal damage.

At the highest level of illumination (84 4mWem ™) damage
to the inner relina was variable in appearance. Damage to
the receptor cells and pigment epithelial celis was present and
often very severe. As was seen in animals exposed to lower
light intensities, regions of severe retinal damage were associated
with areas of choroidal abnormality.

The quantification of the cellular components of the
outer nuclear layer yielded disappointing results. The results
of the point counting system did seem to reflect the appearance
of individual tissue blocks. However, the variation within retinae

(block Lo block}) and between animals was so great that there
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could be no meaningful correlations. The variation in damage,
determined by F ralios, was greater in animals exposed to the
higher light intensities. These T ratics did show a positive
correlation with light intensity for some of the features assessed.
The two highest 1light intensities employed were chosen
in order to assess the recovery processes: exposure to these
light intensities was known to result in ceonsiderable damage
to the outer retina. Twenty eight Dutch rabbits were used.
After exposure to one of the two light intensities (estimated

2 ) the rabbits

retinal illuminations 38.6mWcm -2 and 84.4mWcm
were allowed to recover for period of & hours, 24 hours, 48 hours

4 days, 1 week, 2 weeks or 4 weeks.

Exposure to the Lower Intensity

Six and twenty four hours after exposure to the lower

intensity there was distension of the pigment epithelium and

disturbances of the recepior cell outer segments. Twenty four

hours after exposure pyknotic receptor cell nuclei were present,

After forty eight hours of recovery the pigment epithelium was

greatly reduced in thickness and very densely stained. At this
time macrophages were seen among the cell debris in the sub-
retinal space. Mononuclear cells were common within the chorio-

capillaris and the extravascular tissues of the choroid. After

four days recovery macrophages were plentiful within the subrctinal

space. One to four weeks after the photic insult the morphology

of the retina was returning to normal appearance. Regions of
damaged retina were still present, however. These areas were
usually associated with disturbances of the chorioccapillaris.

Exposure to the Higher Intensity

Six hours after exposure to the higher intensity the receptor

cells were severely <damaged and many of the receptor
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cell nuclei were pyknotic. The pigment epithelium had lost much
of 1its normal cellula¥r: architecture. There was also cvidence

of slight damage to the inner retina. Twenty four hours after

exposure moncnuclear cells were presenl in the choriocapillaris
and macrophages were present within the subretinal space.
There was also evidence of further degeneration within the inner

retina. Forty eight hours after exposure both macrophages and

Miiller cells appeared Lo be active in the phagocytosis of receptor

cell material. In some areas the Miuller cell's cytoplasm was
expanding into the outer nuclear layer filling the spaces produced
by the degeneraling receptor cells, Four days after exposure
macrophages were still plentiful in the subretinal space. Mono-
nuclear cells were present within the choriocapillaris and occasion-
ally within Bruch's membrane. In some areas Miller cell cyto-
plasm was in direct contact with Bruch's membrane: the outer

retina being lost. One to four weeks after the exposure a few

large macrophages were still present within the retina, although
the majority of the cellular debris had been removed. Surviving
receptor cells had regeneraled their outer segments. These outer-
segments were often of abnormal appearance. Wherc there had
been complete destruction of the receptor cells and pigment
epithelium the retina was composed primarily of Muller cells,
although other cell types could be identified. 1In less severely
damaged regions abnormalities of the pigment epithelium, possibly
reactionary hyperplasia, were encountered. Thickenings of Bruch's
membrane and loss of the choriocapillaris wcre often associated
with areas of severe retinal damage "or pigment epithelial
abnormality.

These findings and their implications are discussed.
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STRUCTURAL DAMAGE TO THE RABBIT RETINA AND

CHOROID FROM LIGHT EXPOSURE



CHAPTER 1

INTRODUCTION



1.1

The wvertebrate eye is a remarkably complex sense organ.
The optical properties of the eye produce a projection of the visual
field on the retina. The retina contains, in man, about 100
million receptor cells, which are connected in a complicated fashion
to about a million fibres in the optic nerve: when light falls
upon the retina the receptor cells are excited and this excitation
eventually leads to the production of electrical activity, in the
form of action potentials, in the optic nerve fibres.

The light sensitivity of the eye 1s due to the existence
in the photoreceptor cells of a visual pigment, whose function
is to absorb light and in so deing, to initiate the chain of events
leading to excitation of the optic nerve fibres. The photochemical
reaction initiated by the absorption of light bleaches the pigment,
which has to be regenerated before it regains its photosensitivity.

The range of sensitivity of the eye is enormous: the bright-
est light in which we can see is about 1010 times the intensity
of the dimmest. There are several mechanisms which enable this
wide range to be perceived, which constitute the phenomena of
visual adaptation. Dark adaptation is the increase in sensitivity
which occurs in surroundings of dim illumination, and light adapta-
tion is the reverse of this.

Visible light consists of a very limited region of the electro-
magnetic spectrum. The wvisible spectrumn, the range of electro-
magnetic radiation that can pass through the eye and cause a
photochemical change in the visual pigments covers the waveléngths.
from about 400nm (violet) to about 700nm (red) longer wavelengths
out to about 1,300nm are transmitted by the ocular media but as
they are not absorbed by the visual pigments they are not

perceived.



Light is emitted and absorbed in discrete packets known

as quanta or photons. In a photochemical reaction, one molecule
of pigment absorbs one quantum of light. The energy of quantum
varies with the wavelength and is given by E = hv, where v

is the frequency (ihe velocity of light divided by the wavelength)
and h is Planck's constant, 6.63 x 10 734 Is. Thus quanta for

quanta blue light is more energetic than red.

1.2 The Structure of the Eye

The photoreceptor cells of the eye, and the nerve cells
which they innervaie ferm a thin layer, the retina, which coats
the inner surface of the eye. The rest of the eye consists of
accessory structures concerned directly or indirectly, with assist-
ing the retina in the perception of the visual field.

The gross structure of the wvertebrate eye is shown in [ig.
1.1, The outer ccat of the eye, the sclera is protective in function
and also, maintains the shapec of the globe. The cornea is the
transparent region of {he sclera and &n most vertebrates is
responsible for the greater part of the refraction of light needed
to produce an image on the retina. Inside the sclera is a vas-
cular layer, the choroid, which is usually pigmented,

The interior of the eye contains the lens, the aqueous
humour in the anterior chamber and the vilreous humour which
fills the cavity behind the lens. The curved surface of the cornea
acts as a lens, so that a parallel beam of light entering a
lensless human eye 1is Dbrought to a focus at about 31.2mm
behind the front face of the cornea. Since the lengih
of the eye is about 24.4mm, the cornea, aqueous and vitreous

alone cannot produce a sharp image on the retina. The required



extra focussingpower is provided by the lens which is of a higher
refractive index than the aqueous and vitreous humours. The
power of the lens can bhe increased by contraction of the ciliary
muscles; this process accommedation, allows images of near objects
Lo be focused on the retina.

In front of the lens is a diaphragm, the iris, whose aperture
{the pupil) can be varied by contraction of the iris muscles.
Thus the activity of the iris can, over a limited range, regulate
the amount of light entering the cye. The pupil is in fact
controlled reflexly by lighl intensity.

The direction in which the eye looks 1is controlled by the

siX extraocular muscles.

1.3 The Structure and Function of the Retina and Choroid

1.3.1 The Retina

The neural structure of the retina is much more complex
than that of most other peripheral sense organs. The developmenl-
al reason for this is that it is formed by an outgrowth of the
brain in the embryo. The photoreceptors have probably evolved
from flagellated cells forming the ependymal lining of the cavities
of the brain. This accounts [or their position on the external
side of the mature retina, so that light must pass through the
rest of the retina before reaching them.

The structure of the retina is shown in Fig, 1.2. From
light microscopy studies the retina has been described as consist-
ing of eleven layers, although these layers do not accurately
describe the cellular relationships within the retina. These

layers are (1) The retinal pigment epithelium, (2) The outer



segments, (3) The inner segments, (4) The external limiting
membrane, (5) The outer nuclear layer, (6) The outer plexiform
layer, (7) The inner nuclear layer, (8} The inner plexiform layer,
(9) The ganglion cell layer, (10} The nerve fibre layer and (11)
The internal limiting membrane.

The photoreceptor cells are of two types, described, from
their shapes, as rods and cones. They synapse with small inter—
neurons, the Dbipolar cells, which themselves synapse with the
ganglion cells. The axons of the ganglion cells form the optic
nerve, and carry visual information from the retina to the brain.
In addition to this sequential system, there are lwo lateral systcms
of neurons: the horizontal cells, which form interconnections
between the receptor cells, and the amacrine cells, which synapse
with each other, with the ganglion cells, and with the proximal
ends of the bipolars. Filling the spaces between these various
neurons are the Muller cells.

The relationships of the wvarious cell types to the retinal
layers are as follows: The pigment epithelium cells form a

continuous monolayer of cells external to the neural retina and

forms layer (1) of the retina. The receptor cells, both rods
and cones, extend over several retinal layers. The photoreceptive
elements of the receptor cells are the outer segments. Internal

to the outer segments are the inner segments, which can be regard-
ed as specialised energy supplying regions of the receptor cells.
Separating the receptor cell nuclei, in the outer nuclear layer,
from the inner and outer segments is the outer limiting membrane.
Electron microscopic studies have revealed that the external limit-
ing membrane is not a true membrane but a regular array of
cell junctions between the receptor cells and the fine distal process-

es of the Muller cells. The outer plexiform layer contains the



dendrites and synapscs of the rods and cones, the bipolars and
the horizental cells. The inner nuclear layer contains the nuclei
of the Dbipolars, horizontal cells and Muller cells. The 1innet
plexiform layer coniains the synapses and dendritic processes
of the bipolar cells, amacrine cells and ganglion cells. The
ganglion cell layer contains the nuclei and cell bodies of the
ganglion cells, their axons forming the nerve fibre layer. Finally
the inner limiting membrane is formed by the bascment membrane
of the Muller cells and vitreous collagen fibres. These inter
relations are summarised diagrammatically in Fig. 1.3.

The structure of rods and cones is shown roughl:y in Fig.
1.3 The outer segment, which -contains the visual pigment,
consists of a stack of membranous discs in rods or possibly infold-
ings of the cell membrane in cones. The outer segment is
connected to 1ihe inner segment, which contains numerocus mite-
chondria, by a thin neck whose structure is very 1like that of
a cilium. Inner to the inncr segment is the cell body which
contains the nucleus. . The inner portion of the receptor cell
extends into the outer plexiform layer where the receptor cell
synapse is located.

It has become apparent that the vrods and cones have
different functions. The rods are used for vision in condilions
of low 1light intensity and are not involved in colour vision.
The cones are used at higher light intensities, and for colour
vision. In the primate retina, at least, visual acuity is higher
for cone vision than for rod vision. This comprises the basis
of the duplicity theory, which was first proposed by Schultz in
1866. It is well known that, in very low light intensities,
the fovea 1is practically blind, and vision depends upon the

extrafoveal regions of the retina; colour vision is absent under




those conditions. Schultz pointed out that these features correlate
with the distribution of the two types of photoreceptor cells.
There are no rods in the fovea. He went on to examine the
retinae of a variety of different vertebrates, and showed that
nocturnal animals tend to have a great preponderance of rods,
and diurnal animals have a corresponding preponderance of cones.
The rabbit, being crepuscular, has both rods and cones, although
rods predominate constituting about 92% of the rabbit photoreceptors
{Hughes, 1971).

Some information about the functional state of the retina
can be derived from the electroretinogram {(E.R.G.). The ERG
is a mass electrical response of the retina recorded with external
electrodes, one placed on the cornea and the other at some
indifferent point on the body. An enormous amecunt of work
has been done on this response since its discovery in 1865 by
Holmgrem (Einthoven and Jolly, 1908, Granit, 1947, 1962, Brown,
1968) . The ERG has been used to assess the effects of various
noxiocus stimuli on the function of the retina, including light
damage (Noel, 1965; Noel, Walker, Kang and Berman, 196b;

Gorn and Kuwabara, 1967; Lawwill, 1973).

1.3.2 : The Choroid

The choroid, lying between the neural retina and the sclera,
is a thin, vascular, pigmented tissue. Because of its great
vascularity, the choroid has some of the properties of an crectile
tissue, The choreoidal capillaries, the choroicapillaris, form
a very unusual pattern, being arranged in a single layer
immediately adjacent to the neural retina; this arrangement
enables the capillary layer le provide nutrition to the outer retina.

In the majority of mammalian species the retina 1is nourished



by scparate retinal and choroidal circulations. The retinal
vessels supply the inner retina including the ganglion cell
and inner nuclear layers. The arterial vessels of the retinal
circulation are derived from the central retinal artery which
in many animals arises as a Dbranch of the ophthalmic artery.
However, the rabbit all but 1lacks a retinal circulation, the
entire nuiritional requirements of the retina being met by
the choroidal circulation. Inder these conditions the choroidal
circulation 1is of extreme imporiance for the maintenance of
structure and function of the neural retina. The choroidal
stroma contains a considerable number of melanocytes, these
cells contain the pigment, melanin, which 1is responsible for
the dusky brown appearance of the choroidal Ltissues. This
pigmentation, in addition to the pigment present within the
retinal pigment epithelium acts in much the same way as the
antihalalion layer of a photographic f{ilm 1in reducing the
back scattering of light which would otherwise degrade the
quality of the image formed on the retina.

In addition to meeting some or all the nutritional require-
ments of the retina, the choroidal vessels supply blood to
and receive blood from the anterior portion of the eye.
The nerves that supply the anterior part of the eye also pass
through the choroid into the ciliary body. The choroid itself
has an extensive nerve supply, which 1is possibly important

in the regulation of the chorcidal biood supply.

1.4 Background to the Present Study

In general, the aim of this thesis 1is to exawmine by

light and electron microscopy the morphology of the rabbit



rctina following exposure to moderate intensity, moderate duration
illumination such as encountered in some diagnostic and therapeutic
procedures.

Eye damage from 1light exposure has been recogniscd
since early recorded history. Plate in his "Phaedo" reports
cases of eclipse blindness. Galileo is known to have injuréd
his eyes by observing the sun through his telescope (Walker,
1916). More recently, in 1916, solar eclipse burns on the
retinae of observers were described by Verhoff and Bell.
During World War IT military plane spotters were purported
to  have received eye damage f{rom viewing the sun through
high power binoculars (Flynn, 1942).

Some of the first modern, quantitative work measuring
the amount of light required fo produce retinal Ilesions was
done in the later 1940s by Meycer-Schwickeraith {(Mcyer-Schwickeraith
1969} while working with the Carl Zeiss Optical Company.
This work led to the development of the retinal photocoagulator,
a device which wused xenon arclamps to produce light which
was sufficiently intense to produce retinal Ilesions. Thesc
lesions were used as "welds" to tack down detached retinae.

During the early 1950s Ham and others began investigating
the possibility of retinal burns occurring as a consequence
of observation of atomic explosions (Buettner and Rose, 1953;
Byrnes, Brown, Rose and Cibis, 1955; Rose, Brown, Byrnes
and Cibis, 1956; Byrnes, Brown, Rose and Cibis, 1956; Ham,
Weisinger, Schmidt, Williams, Ruffin, Schaffer and Guerry,
1958). Sources of light for these studies were somewhat scarce,
and flash burns from atomic detonations wcere not considercd

to be & public health problem.
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Since the development of the first operational laser (Maiman,
1960} there has been considerable research aimed at determining
the effects of lasers on the eye. Lasers can be divided
into two groups depending on the nature of their output.

1) Continuous wave (CW) or quasi~-CW (a number of
short pulses per second).

2) Pulsed lasers which may Dbe worked ''normal mode"
with a pulse length around Ims, or Q-swiiched, producing
a gilant pulse with a wvery short duration of hetween 10 and
300ns.

The effects of pulsed lasers are beyond the scope of
this thesis, as the extremely short pulse durations give rise
to a variety of non-=linear effects such as steam and melanin
granule explosions with associated shock waves often producing
massive mechanical damage to the relina. Electric field
effects, electrosirictive stresses and radiation pressure effects
may all occur in very high energy short duration pulses.

However, ihe thermal and associated mechanical effects produced
by pulses of high energy and short duration are so destructive
to the retina that they need not be considered in any discussion
of near threshold light damage {(Mellerio, 1967; Makous and

Gould, 1968; Marshall and Mellerio, 1968; Leibovitz, Peacack

and Friedman, 1969; Marshall, 1970; Marshall and Mellerio,
1970; Van Pelt, Payne and Peterson, 1973; Ham, Mueller,
Goldman, Newman, Holland and Kuwabara, 1974; Goldman,

Ham and Mueller, 1975).

The effects of CW lasers are far more predictable in
terms of the relinal damage they are likely to produce.
Although parameters such as wavelength, area of retinal illumina-

tion, pigmentation, pulse duration and retinal illuminance
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have to be taken into consideration as well as the possibility
of photochemical effects in long duration, low energy exXposures

(Campbell, Rittler, Noyori, Swope and Koester, 1966; L'Esperance

and Kelly, 1969; Rosan, Flocks, Vassiliadis, Rose, Peabody
and Ilammend, 1969; Bresnick, Frisch, Powel, Landers, Holst
and Dallas, 1970. Ham, Geeraetes, Mueller, Williams, Clarke

and Cleavy, 1970; Frisch, DBeatrice and Holsen, 1971; Marshall,

Fankhauser, Lotman and Roulier, 1971; Powel, Bresnick, Yanoff,
Frisch and Chester, 1971; Adams, Beatrice and Bedell, 1972;
Sliney and Freasier, 1973; Apple, Goldberg and Wyhinny,

1973; Cavonius, Elgin and Robbins, 1974; Marshall, Hamilton
and Bird, 1975: Ham, Mueller and Sliney, 1976; Lerche,
Beeger and Russow, 1978).

Photocoagulation of the retina has become common in the
treatment of proliferative diabetic retinepathy and other conditions
which can lead to retinal detachment and blindness.
Photocoagulation of the retina can be achieved with both CW
lasers and xenon arc photocoagulators, lesions of this nature
are usually thermal 1in origin; (Geeraets, Williams, Chan,
Ham, Guery and Schmidt, 1962} coagulation of the retinal proteins
being produced by heat transfer from the retinal component
which has absorbed the incident light, usually the melanin of
the pigment epithelium and choroid or occasicnally blood in
the retinal vessels. The retinal Jlesions with which this
thesis 1is «concerned are those which cannot be explained on
the basis of thermal coagulation or proltein denaturation.
However, CW Tlasers have ©been wused 1in low intensity long
exposure experiments. Lawwill (1973), and Lawwill, Crockett

and Currier (1977a, 1977b) employed the argon laser at low
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levels of continuous illumination for 4 hours to produce retinal
damage in rabbits and monkeys. The results of these studies
are comparable to those of this study, although Lawwill placed
less emphasis on structural damage as revealed by light and
electron microscopy and more on functional damage as demonsirated
by electrophysiology. Lawwill has also suggested that light
damage might be mediated by the wvisual pigment as light
of 514.4nm (argon laser)}, which 1is quite close to the peak
absorbtion of rhodopsin, about 500nm, is up to 5 times more
cffective in producing retinal damage than white light of the
same intensity. However, it has been shown by Ham,Mueller,
and:$ling{1976) and Ilam, Ruffolo, Mueller, Clarke and Moon
(1978) that the retina's sensitivity to damage increascs markedly
at short wavelengths. The threshold for damage produced
by light of around 450nm being more than 2 orders of magnitude
lower than that for 1light of 600-700nm. Anderson, Coyle
and OfSteen {1972) have also reported increased sensitivity
o damage from blue light. The mechanisms underlying this
increased sensitivity to damage at the shorter wavelengths
are, as yet, unknown but it probably involves pholtochemical
reactions mecdiated other than by the wvisual pigments (Ham
Mueller.apd Slimey, 1976).

There have been a considerable number of studies on
the effects of retinal illumination produced by instruments

such as the indirect ophthalmoscope, (Friedman and Kuwabara,

1968; MTso, Wallow, Powell and Zimmerman, 1972; Tso,.
Fine and Zimmerman, 1972; il'sc,.  1973) 1intra ocular light
sources such as are wused in vitrectomy, {Pavel, Machemar
and Aumagr, 1974; Fuller, Machamer and Xnighton, 1978)

and even slit lamps and operating microscopes {(Hochheimer,

D'Anna and Calkins, 1977,
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Exposure of monkey retinae to all of these sources for
periods ranging from 15 to 60 minutes have been shown to
result in detectable lesions of the retina. However, with
light sources such as the indirect ophthalmoscope the area
of 1illumination in the monkey eye 1is about half that in the
human eye with a corresponding increase in the intensity
of retinal 1illumination, therefore it has been argued that
human retinae are probably safe from damage {Pomerantzeff,
Govignon and Schepcns, 1969).

Concern about environmenlal light Ilevels has been expressed
by Cogan (1968) who noted that interior light levels might
reach 10,000ft-c, equivalent to sunlight out-of-doors. In
the experiments of Noel, Walker, Kang and Berman (1966},
Gorn and Kuwabara (1967), Grignolo, Orzalesi, Castellazzo
and Vittone (1969), continuous exposure of albino rats to light
of about 700-1000ft-c resulted in irreversible damge to the
retina, usually in the form of photoreceptor damage and loss
and pigmenl epithelial disturbances. However, albino rats
appear to Dbe highly sensitive +to retinal damage resulting
from continuous exposure to light.

More recently 1in an editorial Dobson (1976) expressed
concern about phototherapy. It has become common in many
neonatal intensive-care units to wuse phototherapy to Ilower
the bilirubin level in low-birth-weight infants who suffer
from hyperbilirubinaemia. The 1light levels employed are
in the order of 300-500ft-c. Exposure durations range from
& few hours to 6 or more days of continuous or intermittent
(e.g. & hours on, 2 hours off} exposure. Experiments using
piglets, whosc retinae are similar to those of newborn infants,

showed cxtensive retinal damage after as little as 12 hours
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exposure to light in a commercially produced phototherapy
unit. (Sisson, Glauser, Glauser, Tasman and Kuwabara, 1970).

Additionally, the short wavelengths of light which
are the most effective in producing retinal damage arc also
the wavelengths that are the most efficient in lowering bilirubin
levels. In follow up studies on infants receiving phototherapy,
with their eyes occluded, no evidence of retinal damage has
been detected. (Kalina and Forrest, 1971; Deobsen, Cowett
and Riggs, 1975).

In relation te the inability to detect retinal damage
in infants who had received phototherapy, it is interesting
to note that Anderson and O'Steen (1972) reported black-white
and pattern discrimination in rats in which the photoreceptors
had disappeared following light damage. To explain this
anomalous finding they postulated that some retinal element
other than the photoreceptor was capable of detecting light.
However, in 1976 Cicerone and LaVail independently described
surviving photoreceptors in the light damaged rat retina.

From their synaptic organisation and nuclear chromatin
distribution these cells appeared to be cones. La Vail (19763
suggested that these surviving cone cells may have been responsible
for the ©black-white and pattern discrimination observed 1in
light damaged vrats by Anderson and O'Steen (1972). These
observations would suggest that there is considerable redundancy
within the retina and that many photoreceptors would have
to be lost before any great impairment of visual function would
result. It has been suggested by Kuwabara and Okisaka

(1976) that the retina may have an overabundance of photo-
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recepltors to. compensate for their gradual loss due to ageing
or damage. It is possible that exposure to light, even within
physiological limits, results in a slow loss of photoreceptors
which is mnot readily detected by ophthalmoscopy or electro-
physiological investigation. Subtle alterations of, and damage
to, the photoreceptors are probably only apparcnt at the
levels of resolution afforded by light microscopy of thin plastic
sections or by electron microscopy.

The damage produced by moderate inten‘sity light is
usually restricted to the outer retina, i.e. the retinal pigment
epithelium and the photoreceptors. However, Radnot, Jabbagg,
Heszeiger and Lovas (1969) reported ultrastructural changes
in the Mdller cells and lorizontal cells, 1in human retina.

Fifkova, (1972 and 1973) has reported thinning of the outer
nuclear layer and outer plexiform layer in rats following
light exposure.

Damage to the photoreceptors 1is first apparent within
the outer segment. This manifests itself as a breakdown in
the ordered nature of the membraneous discs of the outer segments.
The se discs take on appearances variously described as whorls
or vesicles (Friedman and Ktzlw'abara, 1968). At about the
same time as damage to the outer segments becomes apparent,
changes 1in the wultrastructure of the pigment epithelium are
encountered. These changes are less obvious than those
in the receptor cell outer segment and are initially restricted
to distension of cell organelles such as: the nucleus the
mitochondria and the smooth endoplasmic reticulum.

Increased severity of damage results in increased
outer segment disturbances and usually involvement of the

receptor cell inner segment (mitochondrial swelling) and cell body
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{nuclear pyknosis, swelling or shrinkage of receptor cell cytoplasm}).
Receptor cell nuclear pyknosis is thought, ultimately, to lead to
cell death and complete degeneration of the receptor cell. Light
damaged outer segments have been shown to be capable of complete
regeneration, provided the receptor cell body and the retinal
pigment epithelium are undamaged (Wyse, 1980). Severe damage
to the receptor cells can result in complete receptor cell loss
accompanied by fusion of the apical surface of the retinal pigment
epithelium with the Muller cells of the retina (Kuwabara and Gorn,
1968). In some instances, presumably when damage to the outer
retina is very severe, complete loss of receptor cells and retinal
pigment epithelium has been observed. In these instances, Mdller
cells form an adhesion with Bruchs membrane, the outer retina
being completely absent {(Hanson, 1970a). In instances of severe
receplor cell damage and/or pigment epithelial damage, phagocytic
cells have been observed among the receptor cell ocuter segment
debris. These cells appear to be particularly active phagocytes,
and there has been much speculation as to their origins (Gloor,
1969; Hansson, 1970a; O'Steen and Lytle, 1971; Tso, 1973;
O'Steen and Karcioglu, 1974). During recovery from light damage
hyperplasia and hyper-pigmentation of the retinal pigment epithelium

have been observed (Ts'e, Fine and Zimmerman, 1972; .Tso, 1973).
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1.5 AIMS OF PROJECT

1) To investigale by light and electron microscopy the fine
structural changes in the rabbit retina resulting from moderate

intensity, moderate duration (1 hour} exposures to white light,

2) To determine the threshold for light damage.

3) To 1investigate qualitatively and quantitatively damage
to individual retinal compenents resulling from various degrees
of supra-threshold light exposure.

4) Teo investigate any possible effect of light on the structure
of the choroid and to assess the role of choroidal damage

in producing secondary retinal changes.

5) To study the repair processes following light damage.
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Fig. 1.1. Vertical section of a vertebrate eye, in this case

rabbit, showing the relations of the major anatomical features,



Fig. 1.2. Electron micrograph of the retina. Shown are
the eleven layers described from light microscopic studies.

1. The retinal pigment epithelium, 2. The outer segments,
3. The inner segments, 4. The external limiting membrane, 5. The
outer nuclear layer, 6. The outer plexiform layer, 7. The inner
nuclear layer, 8. The inner plexiform layer, 9. The ganglion cell

layer, 10. The nerve fibre laver, 1l. The internal limiting membrane.



Fig. 1.3. Diagrammatic representation of interrelationships of cells

in the retina. P E: pigment epithelium; R: rod cell; C:cone cell;
H: horizontal cell; A:amacrine cell; B: bipolar cell; G:ganglion
cell; CC:choriocapillaris. (From Dowing and Boycott, 1966 slightly

modified).



CHAPTER 2

MATERIALS AND METHODS
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2.1 Animals

The retinal and choroidal tissues examined were obtained
from a total of 47 adult male Dutch rabbits weighing between
1.3 and 2.3kg. with a mean weight of 1.83kg. and a standard
deviation of -~ 0.26kg. (see Appendix 1 for fuller details).

In addition, a small number of normal eyes were obtained at

the end of cxperiments conducted by others within the department.

2.2 Light Sources and IFibre Optics

On all occasions light was delivered to the experimental
eye throughaspecifically designed fibre optic light guide (Appendix
2 for specifications). The light input for the fibre optics was
from either one, or both of tweo light sources. This was possible
due to the optical arrangement of the fibre optic guide (Fig.
2.1).

Source 1 was a commercially available unit, marketed
as a light source for fibre optic systems. It contained a mains
transformer giving a range of voltage outputs to 21.5 wvolts.
The light source was a pre-focused 150 watt projector lamp, Atlas
A1/184 (TFig. 2.2). Due to the design, the lamp's brightness
could only by adjusted by reducing the lamp's supply vollage.
Unfortunately, this also reduced the colour temperature of the
lamp. Consequently this was considered as an unacceptable method
of producing wvarious intensities of light output from the fibre
optic light guide. This source was only wused, with the lamp
driven at its maximum, with Source 2 to obtain the highest intensity
enployed in these investigations {(Appendix 2 for further specifica-
tions).

Source 2 was specially constructed (Fig. 2.3). It

contained a mains transformer giving an output of 24 wvolts.
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The light socurce was a 24 volt, 250 watt projector lamp (Atlas
Al1/235). The optical arrangement (Fig. 2.3) included an iris
diaphragm, which allowed continuous variation of the light entering
the fibre oplic light guide, without affecting the colour temperature
of the lamp. (Appendix 2 for further specifications}

Only when the highest possible light intensity was
desired were both light sources used together (Fig. 2.1). All
other light intensities were obtained from Source 2. The output
of this source could be reduced, by use of the iris diaphragm,
until the desired outpul was obtained.

The lower outputs of Source 2 were measured as a per—
centage of the full output of the source. This was achieved
by measuring the 1light iniensity in the centre of the beam at
the end of the light gulde with a photodiode light meter (Appendix
2 for specifications). The voltage output of the photodiode light
meter was displayed on an oscilloscope. (Linearity of the light
meter was checked using a range of Kodak neutral density filters.
It was found to be accurate within the limits of the filters.)
The iris diaphragm of Source 2 was then adjusted until the required
percentage of the output of the source was obtained.

Measurements of the light intensities employed in this
investigation were conducted at the Department of Clinical Physics
and Bio-engineering, West Graham Street, Glasgow. These
measurements were then used to calculate the light levels in chm_2
within the beam emitted by the fibre oplics and incident upon
the retinae of the experimental animals (Fig. 2.4), (See Appendix

2 for raw data and method of estimating retinal illumination.)
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2.3 Methods Employed in Non-Survival Light

Damage Experiments

The animals were anaesthetised with 40% urethane (ethyl
carbamate made up in distilled water) injected over 10-15 minutes
via the marginal ear vein until the corneal reflex had disappearcd.
The dose of anaesthetic was dependant on body weight: the amount
given wvarying between 4 to &Gml. per kilogram body weight.
The pupil of the experimental eye was maximally dilated with
topically instilled 1.0% cyclopentolate and 10% phenylephrine.
The animal was placed on its side and covered with a felt blanket.
This covering was found sufficient to maintain the animal at
its normal body temperature (36-38°C). The lids of the experiment-
al eye were retracted with a speculum. The distal end of the
fibre optic guide was positioned cenirally, Zmm. from the
cornea. This preoduced an area of illumination approximately
l4mm. 1in diameter (Sce Appendix 2 for calculations of area of
retinal illumination). The animals were exposed to one ol six
intensities (see Fig. 2.4 and Appendix 1}). At the end of the
various exposures the rabbits were killed with an overdose of
urethane and the eyes removed and fixed. {Tissue preparation
is described in Section 2.5.) Retinal and choroidal tissues were

then taken for hisiological investigation.

2.4 Methods Employed in Survival Light

Damage Experiments
The animals .Us:ad. were anaesthetised with Sagatal (6%
sodium pentabarbitel). As intravenous administration was required
throughout the course .of the experiment a 23 gauge needle was
left in position in the marginal ear vein. To prevent blood

coagulation and allow finer adjustment of the level of anaesthesia
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the Sagatal was diluted with saline and heparin. Two slightly
different doses were used. Firstly, 2ml. of Sagatal and 1lml.
of heparin (1,000 units) were made up to 10ml. by the addition
of 7ml. of saline (0.9% w/v). Secondly, 3ml. of Sagatal and
Iml. of heparin {1,000 units) were made up to 10ml. by the
addition of 6ml. of saline (0.9% w/v). The dose was dependant
on body weight: the amount given in the first case being- about
4ml. per kg. of body weight and in the second case 3ml. per
kg. of body weight.

The pupils of the experimental eyes were maximally
dilated with 1.0% cyclopentelate and 10% phenylephrine. Topical
anaesthetic, (1.0% amethocaine hydrochloride) was given approx-—
imately 10 minutes before insertion of the speculum. The animals
were exposed to one or other of the highest light intensities (Fig.
2.%, intensities 1 and 2). After the one hour light exposure
the animals were placed in a dark environment to recover from
the anaesthetic., Once the animals were active they were returned
to the animal housc and left to reccover for periods of 6 hours,
24 hours, 48 hours, 4 days, ! week, 2 weeks or 4 weeks (see
Appendix 1). During the recovery period the animals were main-
tained under normal laboratory conditions of artificial illumination
from 7.30am to 17.30pm.

At the end of the appropriate recovery period the animals
were killed with an overdose of anaesthetic, the eyes removed,
and retinal and choroidal tissues taken for histological investig-

tion.
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2.5 Tissue Preparation for Light and Electron

Microscopy

Immediately after removal the eyes were bisected in

the equatorial plane and the vitreous removed. The posterior
halves were immersed in 3% glutaraldehyde buffered with 0.2M

sodium cacodylate (pH 7.2-7.4) at room temperature for a minimum

of 4 hours. Before processing, areas of retinal and chorocidal
tissue were taken from selected regions. Sixteen blocks were
taken from each cxperimental eye (Fig. 2.5). In all cases 4

blocks were taken from each control eye. The blocks were selected
from anywhere within an area which corresponded to the area
from which tissue was selected in the experimental eye. The
pieces of tissue were dissected out in buffered sucrose (0.2M
sodium cacodylate 1in 1% sucrose solution). The tissue pieces
were washed at least 3 times in this solution prior to secondary
fixation with buffered osmium tetroxide (0.2M sodium cacodylate)
for 1 hour. After osmication the tissue was again washed in
buffered 1% sucrose. This was followed by dehydration through
a graded series of alcohols. From 100% alcohol the tissue was
passed through increasing concentrations of Spurr's resin {(Spurr,
1969). The embedded tissue was cured for 18 hours at 60°C (Fig.
2.6).
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2.6 Microscopy

Selected plastic embedded tissue blocks were trimmed
to size with razor blades under a low power microscope. After
trimming, sections for both light and electron microscopy were

cut with an L.K.B. Ultratome TII.

2.6.1 Light Microscopy

1 to 2pm sections were cut with glass knives. The
sections were transferred to glass slides and gently dried on
a hotplate. The sections were stained, while hot, with toluidine
blue (1% toluidine blue plus an equal volume of 2.5% sodium
carbonate) for 5 to 10 seconds. The stained sections were then
differentiated in distilled water and 70% methyl alcohol. The
dried sections werc then fitted with coverslips and mounted in
Harleco's synthetic resin.

Sections were examined with a Leitz Orthoplan microscope.
Suitable sections wecre then photographed, either on Kodak Koda-

chrome 25 or Kodak Panatomic X.

2.6.2 Electron Microscopy

Following light microscopy blocks of interest were
reirimmed and cut with glass knives. Sections 70-80nm:in thickness
{Silver-gold 1in appearance by relfected light) after stretching
with chloroform, were collected on copper grids of 100 or 150
mesh size. These were double stained with lead citrale (Reynolds,
1963) and uranyl acetate.

The sections were examined with a Philips EM.301 electron
microscope. Suitable sections were photographed at a wvariety

of magnifications on Kodak electron imaging film.

25



Figure 2.1

Diagrammatic representation of the arrangement of

the light szources and fibre optics.



Figure 2.2

Photograph showing the internal

arrangement of light

Source 1. T: transformer: L: lamp with internal reflector.



Figure 2.3
Photograph showing the internal arrangement of light
Source 2. E: elipsoidal reflector; CL: condensing lenses;

ID: iris diaphragm.



LIGHT [NTENSITIES

SQURCES IRTENSITY AT YARIOUS DISTANCES 1 ESTIMATED RETIRAL JLLUMINATION
GROUP 1 2 S0cm 15¢m 2.5¢H at B*
1 ow  100% on 0.914HcM™2  10,08vHeK™2  363mHen 2 8t 4uNcH 2 168, buHen 2
2 ofF  100% on 0.41MeM™2  u,61MHen 2 L66mHcH 2 38.6ues2  77.2Mem2
3 oFF 85T on 0.3umHcu 2 3.92ucM 2 140nHeu 2 32,8mMeM 2 65, Bmen 2
4 ofF  75% on 0.31uHcm 2 3, 46MHcM 2 116mHcn2 28.9WcH 2 57.9men 2
S oF¢ 60X on 0.25MHcM™2  2.77mbcn 2 100wHcH ™ 23.24Mcu 2 46, 3nMcu?
6 oFF  53% on 0.220Hcn™%  2.4lmen™2  BOmbcH 20.4mHcn 2 40, OnHem™2
1) ASSUMING INYERSE SQUARE LAK APPLIES
A" ?gsggl:g QE‘ET?HE;E[R)E“NAL [LLUMINAT LON
B* ASSUMING AREA OF RETINAL ILLUMINATION
70 BE OF THAT ESTIMATED
Figure 2.4

Table giving measurements of the light intensities.

employed and estimates of actual retinal illuminaticn levels.



Figure 2.5

Diagram showing the grid used to identify tissue blocks.



TISSUE PREPARAT ION

n tnnsasnou EIX 12 ELUTERALDEHYDE IN CACODYLATE BUFFER
MINIMUM 2Y HOURS),

2)  TISSUE DISECTION, 3 WASHES CACODYLATE BUFFER.

3) SECONDA?I FIXA{ION 1X OSMIUM TETROXIDE IN CACODYLATE
BUFFER HOUR]J .

4) 3 wasHES OVER 15MIN, IN CACODYLATE BUFFER,

) DEHYgRQTE THROUﬁH GRADED SERiEﬁ oF ALCSHDLS 10.30.60
AND SUR.  PLUS 4 CHANGES OF % OVER 1 HOUR.

6) IMPREGNATE THRDESE GggEEn EBE[ES OF ALCOHOL / SPURRS
RESIN MiXTURES . .1 RESIN, BLOCKED OUT {NTC
FRESH RESIN,

7) cure For 2D Houss AT 50°C,

FIXATIVE

0,2M Na caconyeate 33me.
25% GLUTERALDENYDE 121,
DISTILLED HoO 55mL,
1.0M caLcium cHLorRIDE 0.9mML *

BUFFER
0.2M Na cACODYLATE 33mL,
8%  SUCROSE 12,6m0.
DISTILLED H20 54,5m0,

* FREQUENTLY OMITTED DUE TO TENDENCY TO FORM PRECIPITATE.

Figure 2.6

Table giving the tissue processing protocol.



CHAPTER 3

THE APPEARANCE OF NORMAL RABBIT RETINA AND

CHOROID BY I.IGHT AND ELECTRON MICROSCOPY
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3.1 INTRODUCTION

The purpose of this chapter is to describe the morphology
of the rabbit retina and choroid in sufficient detail to allow
comparisons to be made between the normal condition and the
abnormal conditions described in later chapters.

The struciure of the reltinae of a very large variety
of vertebrate species, including the rabbit, is well documented.
Therefore detailed descriptions given in this chapter will be
limited to those cell types of particular interest, i.e. the retinal
pigment epithelium, the receptor cells, and the Miller cells.
The other cells of the retina will be described but in less detail.

The choroid was of particular interest as it was thought
to be the source of the exogenous macrophages, observed in
the experimental tissue, either directly or from its blood supply.
Tt is therefore necessary to give a description of its normal
morphology and the various cell types which were encountered
in this tissue.

A peneral description of the appearance of the retina
and choroid by light microscopy will be given and a more detailed

description of the cell types of particular interest by electron

microscopy.
3.2 L.IGHT MICROSCOPY
3.2.1 The Retina

The rabbit is a crepuscular animal and this is reflected
in the structure of the retina. The retina is devoid of a

fovea and is rod dominated, although cone cells are present.
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Histologically, the retina can be divided into three regions:
the visual streak (approximately row B or C in Fig. 2.5), the
periphery {(row D and below in Fig. 2.5), and the region of
the medullated fibres (row A and above in Fig. 2.5).

The wvisual streak (Fig. 3.1). This region is the thickest

and most highly developed. 1t was characterised by well deveclop-
ed recepior ccll outer segments, a thick outer nuclear layer,
a thick 1inner nuclear layer, and an almost continuous single
layer of ganglion cells. The high ratio of receptor cells to
ganglion cells implies considerable summation of visual information
within the retina. The characteristically thick inner and outer
plexiform layers, typical of nocturnal animals, probably provide
the struclural basis, with their many synapses, for the summation
of visual information.

The following description of the retinal layers can generally
be applied to all three regions of the retina. The outer retina
included the retinal pigment epithelium and the rceccptor cells
{Fig. 3.2). The pigment epithelium consisted of a monolayer
of cells cxtending all directions from the optic nerve head to
the ora serrata. The cells of the retinal pigment epithelium
were usually monce or binucleate, with conspicuous melanin

granules in their apical cytoplasm. Inner to the retinal pigment

epithelium were the receptor cells. These appeared to be of
two distinct wmorphological types. By far the most numerous
were rod cells. These cells had long slender outer segments
and short inner segments, The other:c€ll type, the cones,

had longer inner segments than the rods and consequently shorter
outer segments. The inner segments of both the rods and cones

were clearly separated from the outer nuclear layer
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by the outer limiting membrane, which appeared by light micro-
scopy as a discontinuous, intensely staining line. Inner
to the outer limiting membrane were the receptor cell nuclei,
These appeared to be of two types, distinguishable by size and
chromatin pattern. The larger, less frequently observed nuclei,
had a diffuse chromatin pattern, were frequently found adjacent
to the outer limiting membrane, and belonged to the cone cells
{Fig. 3.2). The small nuclei were more numerous, possessed
a morc pronounced chromatin pattern, and belonged to the rod
cells (Fig. 3.2}.

The receptor cell synapses formed Lhe outer margin of the
outer plexiform layer (Fig. 3.3) and were of two types. The
rod synapses were small and spherical while the cone synapses
were larger and often triangular in outline with the apices of
the triangles peinting toward the pigment epithelium. The
inner regions of the outer plexiform layer werc formed by numerous
processes from cells lying in the inner nuclear layer.

The inner nuclear layer (Fig. 3.3) contained the cell bodies
of the thorizontal <cells, the bipolar <cells and the amacrine
cells. The remainder of the inner nuclear layer was occupied
by Miller cell cyfoplasm. The nuclei of the Miller cells were
also found in the inner nuclear layer. They were situated centrally
in the layer, were angular in outline, lacked a nucleolus, awd
stained more evenly than the other nuclei of the layer. Horizontal
cells Were found on the outer side of the inner nuclear layer
Their nuclei were large, pale staining, and often surrounded
by very poorly staining cytoplasm. The amacrine cells were
found on the inner side of the inner nuclear layer. Their

nuclei often showed an indented profile and Lthe occasional nucleo-
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lus. The bipolar cells, like the MGller cclls, had their nuclei
centrally situated in the inner nuclear layer. Their nuclei
were less angular than those of the Miller cells and could be
frequently identified Dby the presence of a prominent nucleolus.

Inner to the inner nuclear layer was the inner plexiform
layer (Fig. 3.4). This layer was composed of processes from
the amacrine cells, bipolar cells, Miller cells, and ganglion
cells. The ganglion cells (Fig. 3.4) lay inner to the inner
plexiform layer and, in the region of the visual streak, formed
an almost continuous row of cells, The nuclei and cytoplasm
of the ganglion cells were similar in their staining characteristics,
although some nuclei showed a prominent nucleclus.

Inner to the ganglion cell layer was the nerve fibre
layer (Fig. 3.4). All around the cell bodies of the ganglion
cells and their axons, which formed the nerve fibre layer, extended
Muller cell cytoplasm. The innermost aspect of the retina
was marked by the termination of the Muller cell cytoplasm
at the inner limiting membrane {Fig. 3.4).

The peripheral retina (Fig. 3.5). This region of the

retina was thinner and less well developed than the retina in
the region of the visual streak. The receptor cells of the peri-
phery had shorter segments than those of the wvisual streak.
The thickness of the outer nuclear layer was reduced compared
to the visual streak. This indicated a lower receptor cell density.
The outer plexiform layer was alsc noticeably thinner. in
the 1inner nuclear layer the number of nuclei appeared to be
reduced, as did the number of ganglion cells, which did not
form a continuous layer. Inner to the reduced ganglion cell
layer was the nerve fibre layer, which was represented by small

scattered bundles of unmyelinated nerves.
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The region of the medullated fibres (Fig. 3.6). The

retina in the region of these fibres was similar in organisation
to the peripheral retina apart from the 1large bundles of
myelinated nerve fibres which were present above the retina.
Close to the optic nerve head the nerve bundles were large and
the retina further reduced in thickness. Further from the nerve
head, in the direction of the visual streak, the nerve bundles
were reduced in thickness and the retina became increasingly
similar in organisation to the visual streak (Fig. 3.7).

Among the myelinated nerve fibres glial cells were frequent-
ly found. These appeared to be of two types. The more
numerous type had an oval, pale staining nucleus and were
thought to be astrocytes. The less common type had a more
intensely staining nucleus and were thought to be oligodendrocytes
(Fig. 3.8).

In association with the myelinated nerve fibre bundles
were found the retinal blood vessels (Fig. 3.8). Retinal vessels
only occurred in the region of the medullated fibres and were
generally extra-retinal. Occasionally, blood vessels were found
within the nerve fibre bundles but they never penetrated tlo

the retina beneath.

3.2.2 The Choroid

The rabbit retina being avascular, apart from the vessels
of the medullated f{ibre region, must obtain its nutritive supply
from the choroidal wvasculature.

The inner surface of the choroid was firmly attached
to Bruch's membrane. It was at its thickest and most pigmented
posteriorly in the region of the visual streak. The choreid gradually

became thinner towards the ora <ciliaris, where it merged with
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the ciliary body. However, as only the posterior regions of the
choroid are of importance in later chapters, the description
given of the normal choroid will be limited to the posterior
region,

The choreid, as seen by light microscopy, can be divided
into three morphologically identifiable regions: the choriccapillaris,
the stroma, and the suprachoroidea.

The choriocapillaris (Fig. 3.9a and b). The capillaries

of the choroid formed a single layer of highly anastomosed vessels
directly Dbelow Bruch's membrane. The capillary lumen was
unusually large and often flattened in the plane of Bruch's
membrane. The appearance of the capillaries was highly variable
and was found to depend greatly on the orientation of section,

In some sections they often appeared ovoid and regularly
arranged (Fig. 3.9a). In other sections this organisation was
lost and they appeared as long tubular structures (Fig. 3.9b).
The choroidal capillaries were supplied by larger arterial vessels,
lying scleral to the choriocapillaris, which were in turn supplied
by the posterior ciliary arteries. Venous drainage of the chorio-
capillaris was through the venules of the choroid inte the vortex
veins. The artericles and wvenulecs, with associated connective
tissue, formed the stroma of the choroid.

The stroma (Fig. 3.10). The thickness of the stroma

was found to be highly wvariable. This may be due, in part,

to wvarying degrees of collapse of the choroidal arterioles and

venules during enucleation. The exiravascular tissues appeared
as a loosc network of wvarious cell types. The most numerous
cell types were fibroblasts and melanocytes. Frequently macro-

phages, mast cells, plasma cells and lymphocyles were observed.
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They often formed ''mests" near or between the larger wvessels
of the stroma, although they could be frequently identified
in isolation (Fig. 3.11). The fibroblasts and melanocytes
became more numerous in the ouler two thirds of the stroma.
Occasionally, 1in favourable sections, the smooth muscle
cells surrounding the choroidal arterioles could be identified
(Fig. 3.12).

Suprachoroidea (Fig. 3.13}. The suprachoroidea appeared

to be the transitional zone between Lhe choroid and sclera.
1t . was formed by lamellae. of fibroblasts and melanocytes.

Occasionally large nerves were encountered 1in this region

(Fig. 3.14).

3.3 Electron Microscopy of the Retina

The description of the ultrastructure of the retina
will be concerned, primarily, with the retinal pigment epithelium,
the receptor cells and the Muller -cells. The other cell
types of the retina will be described but in less detail.
The wultrastructure of the various cell 1ypes varied little
with location.  Therefore, a general description which applies

to all locations studied will be given.

33.1 The Retinal Pigment Epithelium

The retinal pigment epithelium formed a single layer
of «cells which were rectangular in vertical section (Fig.
3.15). The cells showed membrane specialisation on their
apical, basal and lateral surfaces.

The basal surfaces of the cells ‘were in intimate contact
with Bruch's membrane, The basement membrane of the pigment

epithelium formed one of the five recognisable layers of
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Bruch's membrane (Fig. 3.16). The basal membrane of the
pigment epithelium was highly convoluted and formed a recognisable
region of L(he cell, the basal intoldings (Fig. 3.16}. Their

convoluted nature could be appreciated more readily in horizontal

section (Fig. 3.17). Numerous mitochondria were found adjacent
to the basal infoldings. These specialisations are characteristic
of cells involved in filuid tiransport (Pease, 1956; Bernstein,

1961; Bernstein and Hollenberg, 1965).

The apical surface of the pigment epithelium was composed
of numerous finger-like or ridge-like processes which either
ensheathed the distal portion of the receptor cell outer segments
or extended into the interphotoreceptor space. Melanin granules
were frequently observed within thesc processes and in the apical
cytoplasm (Fig. 3.18). The intimate association between the apical
surface of the pigment epithelium and the photoreceptor outer
segments (Spitznas and Hogan, 1970) is probably related to the
phagocytosis of receptor cell outer segment material which occurs
during the renewal of Llhe receptor cell outer segment (Dowling
and Gibbons, 1962; Bairati and Orzalesi, 1963; young, 1965;
Young, 1967; Young, 1969; Young and Bok, 1969; Young, 1971;
Hogan, Wood and Steinberg, 1974; Young, 1976; Anderson,
Fisher and Steinberg, 1978). Phagosomes of receptor cell outer
segment material were frequently encountered within the cytoplasm
of the pigment epithelium (Fig. 3.19).

The Jlateral cell membrane of the pigment epithelium
was generally smooth and was characterised by a terminal bar
or apical junctional complex. These japical junctional complexes
were described for a variety of ver}?l/)rate species by Hudspeth
and Yee (1973) and appeared to differ from those of other epithelia

such as were described by Farquhar and Palade

24



(1963), who described the elements of the junctional complex

as: a, zonula occludens (tight junctions), =zonula adhaerens

(intermediary junction) and a macula adhaerens (desmosome)
succeeding each other in the order given in an apical to basal
direction. The pigment epithelial junctional complex as deseribed
by Hudspeth and Yee (1973) appeared to comprise, apically a

gap junction, basally a zonula adhaerens,and a zonula occludens

between and overlapping the other two junctions (Fig. 3.20).

The =zonulae occludenies.are thought, by the obliteration

of the intercellular space, to be responsible for the barrier
to diffusion of macro molecules formed by the pigment epithelium
{Noel, 1963; Peyman, Spitznas and Straatsma, 1971a&b Peyman
and Bok, 1972; Raviola, 1977) and for the high trans-epithelial
resistance (the R. membrane) (Cohen, 1965). The gap junction
of the apical complex is Llhought to mediate electrical coupling
between adjacent pigment epithelial cells (Revel, Yee and Hudspeth,
1971; Hudspeth and Yee, 1973).

The cytoplasm of the pigment epithelium contained large
amounts of smooth endoplasmic reticulum, which was evenly
distributed throughout the cytoplasm of the cell (Fig. 3.21).
Rough endoplasmic reticulum was limited in amount and was
usually found in the apical cytoplasm ncar to the nucleus (Figs.
3.15 and 3.21). Free ribosomes and small membrane-
bound vesicles occurred throughout the cytoplasm. The small
membrane-bound vesicles may be involved 1in trans-epithelial
transport (Fig. 3.22). The Golgi complex was well developed
and, like the rough endoplasmic reticulum, was normally found
close to the nucleus. The nuclei of the pigment epithelial
cells were typically ovoid, Ilong axes parallel to Bruch's

membrane, they were basally situated in the cell (Fig. 3.15).
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Binucleate cells were frequently encountered. According to the
study of "Tse and Friedman (1967) 85 per cent of rabbit pigment
epithelial cells are binucleate.

A particularly prominent feature of the rabbit pigment
epithelium was the presence of large lipid droplets. These
were often sufficienily large to distort the apical surface
of the cecll (Fig. 3.21). These lipid droplets may be important
in the storage of Vitamin A or its compounds (Young and
Bok, 1970}.

From these observations it is apparent that the pigment
epithelium 1is responsible for the integrity of the blood retinal
barrier, the control of, and exchange of, metabolites between
the retina and choroidal blood supply, and the maintenance

of the photoreceptor outer segment environment.

3.3.2 The Receptor Cell

The receptor cells were long slender cells which extended
from the apical surface of the pigment epithelium to the
outer plexiform layer of the retina.

The receptor cells appeared to be of two types, which
correspond to the Type 1 and Type 11 receptors described by
Sjostrand and Nillson (1964}, Morphologically, the Type
I receptor was a typical rod (Fig. 3.23). There has been
some controversy over the existence of c¢ones in the rabbit
retina. Although Sjostrand and Nillson {(1964) described a
Type Il  receptor, they denied the existence of cones.
Hughes (1971) «clarified the problem by identifying the Type
11 receptor as an atypiical cone. More recently Bunt (1978)
has shown that the mechanism of replacement of outer segment
membranes in the Type II receptor was similar to the replacement
of cone outer segment material in other vertebraies (as shown

by Young and Droz (1969); Young (1978) and Anderson,
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Fisher and Steinberg (1978). ) Apart from the outer segment
the Type II receptors of the rabbit retina are morphologically
similar to the cone cells of other vertebrates. Subsequently
these cells will be referred to as cones.

Structuralky... - both rod and cone cells can be divided
into distinet morphological regions: 1) The outer segment.
2) The inner segment, which can be further divided into
elipsoid and myoid regions. 3) The cell somata_ 4) The synaptic
region, %) The tinner and outer receptor fibres, which connect
the inner segment to the cell ~bedy and the cell body
to the synaptic region respectively.

The outer segments of both rods and cones appeared
to be formed by a highly ordered stack of membrane discs
lying at right angles to the long axis of the outer segment.
These discs were enclosed within the plasma membrane {(Fig.
3.24). The rod outer segments were longer than those
of the cones and consequently contained more discs. Within
the membranes of the discs the photopigments are thought
to be distributed (Denton, 1959; Wald, Brown and Gibbons,
1962}. From other studies it has been suggested that
the discs of the cone outer segment are continuous with
the plasma membrane (Laties, Bok and Liebman, 1976).
However, the discs of the vrod outer segment appeared to
be separate from the plasma membrane apart from the first
few discs at the proximal end of the outer segment (Fig.
3.25). The distal ends of the photoreceptors were enveloped
by the apical processes of the pigment epithelium,. This
ensheathing of the receptor cell outer segment was more
marked for cone outer segments (Fig. 3.18). The outer
segments of both rods and cones werce connected to the inner

segment by a narrow neck of cytoplasm supported by fibrils
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extending from a basal body within the elipsoid of the inner
segment (Fig. 3.26). Some of these fibrils extended the length
of the outer segment. Fibrils also extended from the basal
body through the elipsoid region of the cell and terminated
in the myoid region.

The elipsoid region of both rods and cones contained
numerous mitochondria {Fig. 3.23) whose long axes lay parallel
to the length of the receptor cell. The myoid region of both
rods and cones contained cisternae of rough and smooth endo-
plasmic reticulum, free ribosomes and mneurotubules, in addition
to well developed Golgi complexes (Fig. 3.27).

The cell bodies of the receptor cells were connected
to the myoid region of the receptor cell by the outer receptor
fibres. These fibres were of varying lengths, depending on
the position of the cell body, As the cone cell nuclei werc
invariably adjacent to the external limiting membrane they
virtually lacked outer receptor fibres. The more prominent
outer receptor fibres contained a few small mitochondria,
tubules of smooth endoplasmic reticulum, free ribosomes
and many neurotubules (Fig. 3.28), The nuclei of the cone
cells, and consequently the cecll bodies, were larger than those
of their rod counterparts. The rod and cone nuclei also
differed noticeably 1in chromatin staining (Fig. 3.28). The
inner receptor f{ibres connected the synaptic region to the body
of the cell. Those of cone cells were generally thicker than
those of the rods. The fibres contained many neurotubules,
occasional mitochondria, a few vesicles and occasional free ribo-~
somes.

The 1inner receptor {fibres tferminated at the receptor
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synapses. The recepior synapses of both rods and cones
lay at the scleral aspect of the outer plexiform layer.
The synaptic region of cones differed structurally from
that of the rods. The rod synaptic regions, termed spheriules,
were oval and contained a single ribbon synapse. The
inner surface of the spheruler was invaginated and contained
processes from cells of the inner nuclear layer. In comparison,
the cones synaptic region termed pedicles, were larger,
The inner surface of the pedicle was flatiened and possessed
several invaginations, each associated with a ribbon synapse
and processes from cells of the inner nuclear layer (Fig.
3.29). It was thought that the deeper lateral clements
within the synaptic invagination werc horizontal cell processes,
while the central elements were bipolar cell dendrites.
This general arrangement holds for both rod and cone synapscs
(Stell, 1965; Dowling and Boycott, 1966; Stell, 1967;
Kolb, 1970; Dox_vling, 1970}). The cone pedicle also
synapsed with cells of the inner nuclear layer on its flattened
surface, these were not associated with any invagination
of the cell membrane (Fig. 3.29).

The receptor cells showed a distinct structural segmentation,
each segment exhibiting a very different morphology.
This segmental pleomorphism was probably a direct result
of the extreme specialisation of function within each segment

of the receptor cells.

3.3.3 The Muller Cell

The Muller cells were the major non-neural component
of the retina. Their cytoplasm extended from the outer
limiting membrane to the inner limiting membrane (Fig.

3.23).
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External to the outer limiting membrane the Miiller
cells extend villous processes into the interphotoreceptor
space. These processes surround the inner segments of the
receptor cells (Fig. 3.30). Mitochondria were present within
the Miuller cells' cytoplasm inner to Lhe villi, and suggesled
possible invelvement of the cells in fluid transport.

The external limiting membrane was composed of zonulae
adherentes between the Muller cells and the rcceptor cells.
From tracer studies it has been concluded that these junctions
offer little resistance to the passage of molecules, either from
the outer relina inward, or from inner retina outward (Peyman,
Spitznas and Straatsma, 1971 a and b).

The cytoplasm of the Mualler cells continued inwardly,
from the outer limiting membrane, packing the spaces between
the receptor cells and ramifying into, and filling, the spaces
between the neural elements of the outer plexiform layer
(Fig. 3.31).

The nuclei of the Muller cells were found in the inner
nuclear layer, They were angular, more evenly and maore
intensely stained than the other nuclei of the layer. Occasionally,
some clsternae of rough endoplasmic reticulum, scattered tubules
of smooth endoplasmic reticulum, and Golgi complexes were found
in the region of the nucleus (Fig. 3.32).

The considerable quantities of glycogen reported to be
present in the Muller cell (Kuwabara and Cogan, 1961;
Magalhaes and Coimbra, 1972 and Johnson, 1977) were not
observed in this study, probably as a consequence of the methods
of fixation and dehydration (alcchol) employed.

From the inner nuclear layer the Muller cells' cytoplasm
extended inward through the inner plexiform layer as a

vertical column of cytoplasm sending off radial processes
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which filled the intercellular spaces between the neural
elements comprising the inner plexiform layer (Fig. 3.33).

Once clear of the inner plexiform layer the Muller cells'
cytoplasm extended laterally and inwardly, totally enveloping
the ganglion cells and their axons which formed the nerve fibre
layer. The 1ipner limiting membrane, the innermoslt aspect of
the retina, was formed by the basement membrane of the Muller

cells and vitreous fibres (Fig. 3.34).

3.3.4 The Negural. Ceclls of the Inner Retina

Three neural cell types had their somata within the
inner nuclear layer: the horizontal cells, the bipolar cells
and the amacrine cells,

The horizontal cell somata were found along the outer
margin of the inner nuclear layer. Their large, pale staining
nuclei were often surrounded by considerable guantities of cyto-
plasm, which contained mitochondria, ribosomes and numerous
Golgi complexes (Fig. 3.33 and 3.35). Pale staining processes,
seen in favourable sections to originate from horizontal celis,
spread laterally through the outer plexiform layer for considerable
distances. It has been suggested that horizental cells mediate
lateral interactions within the outer plexiform layer (Polyak,
1941; Dowling and Boycott, 1966},

The bipolar cell somata lay in the outer half of the inner
nuclear layer. The bipolar cells lining the outer margin
of the inner nuclear layer had a greater amount of cyto-
plasm than those deeper in the layer ( Figs. 3.33 and 3.36).
The bipolar cells' cytoplasm contained many mitochondria,
scattered cisternae of rough endoplasmic reticulum, neuro-

tubules, fibrils and small Golgi complexes. The synapses
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of the bipolar cells were present in both the outer plexiform
and 1inner plexiform layers, They could be identified
in the inner plexiform layer by their characteristic ribbon
synapses (Raviola and Raviola, 1967).

The amacrine cell somata lay along the inner surface
of the inner nuclear layer. The nuclei were wusually large,
pale staining, and often showed an invagination of the nuclear
envelope. The moderate amount of cytoplasm which surrounded
the nucleus contained plentiful endoplasmic reticulumy and
scattered mitochondria and Golgi complexes (Fig. 3.33 and
3.36).

The processes of the Dbipolar cells, amacrine cells,
and the dendrites of the ganglion cells, along with the
supportive elements of the Muller cells, formed the inner

plexiform layer (Fig. 3.33).

3.3.5 The Ganglion Cells and the Nerve Fibre Layer

The ganglion cells had large pale, uniformly staining
nuclei, which often contained a nucleolus.. Their cytoplasm
contained large amounts of rough endoplasmic reticulum
and free ribosomes. Scattered throughout the cytoplasm
were neurotubules, smooth endoplasmic reticulum and occasional
lysesome-like bodies, The Golgi complexes were frequently
well developed. The mitochondria of the ganglion cells
were usually poorly preserved and appeared as small rounded
structures containing a few cisternae within an electron
lucent matrix (Fig. 3.37). The ganglion cells'axons, which
formed the nerve fibre layer, contained many neurctubules
aﬁd neurofilaments, some free ribosomes and occasional
mitechondria.

The morphology of the nerve fibre layer varied considerably

with position. In the periphery and in the visual streak,
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the axons forming the nerve layer were unmyelinated (Fig. 3.38).
As the axons appreoached the optic nerve head they became
myelinated. It was these myelinated fibres that gave the
medullated fibres their characteristic appearance, Although
unmyelinated nerves wcre still present (Fig. 3.39).

Glial cells were common among the nerve fibres. They
appeared to be of two types, astrocytes and oligodendrocytes.
The asirocytes had large round nuclei which were usually:
centrally placed in the cytoplasm. Their cytoplasm contained
the usual variety of cell organclles as well as fine fibrils which
were more pronounced in the cell processes (Figs, 3.39 and 3.40).
The astrocyte processes frequently extended to the retinal/
vitreous interface and, in some areas, provided the basement
membrane forming the inner Ilimiting membrane (Fig. 3.40).
Occasionally, the processcs of the astrocytes extended through
the inner limiting membrane and enveloped the overlying vessels
(Figs. 3.39 and 3.40).

The oligodendrocytes had small and irregular, cccentrically
situated nuclei. Their cytoplasm was intensely staining
and contained profiles of rough endoplasmic reticulum, neurotubules,
and a few mitochondria (Fig. 3.41). The processes of the
oligodendrocytes were smaller and more intensely stained than
those of the astrocytes. Like the astrocyle processes they
contained numerous neurotubules. From their wmorphology it
would appear that the astrocytes and oligodendrocytes have
a supportive and nutritive role in the nerve fibre bundles much
as the Muller cell does in the retina.

The ©blood supply of the medullated fibre repion did

not constitute a true retinal supply as the vessels were
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never seen to penetrate into the retina proper. This observa-
tion was 1in agreement with the findings of Tripathi and
Ashton. (1971}, The wvessels were generally free within the
vitreous or surrounded by astrocytic processes (Figs. 3.39
and 340). Where the nerve fibre bundles were extremely
thick (near the optic nerve head) the vessels penetrated
among the nerve [ibres, although they never penetrated as
far as the underlying rciina.

The endothelium of the retinal vessels were thought
to possess tight junctions, as plasma protein staining could
be observed within the wvessels, but never external to them.
Electron microscopy of the junctions was inconclusive 1in
detecting tight junctions, probably as a result of the staining
methods employed. ("En bloc"” staining with uranyl acetate

may have been more appropriate) (Fig. 3.42).

3.4 Electron Microscopy of the Choroid

A general description of the choroid has already been
given by light microscopy. Thercfore the description of
the electron microscopy of the choroid will be limited to
those structures or cell types which arc of particular interest
in later. ‘chapters.

The electron microscopy of the normal choroid will
be described under the following headings: Bruch's membrane;
the choriococapillaries; and The cells and blood vessels of

the stroma and the suprachoroidea.

3.4.1 Bruch's Membrane

Bruch's membrane could be regarded as the division
between the retina and the choroid. llowever, by electron
microscopy, it can be scen that both the pigment epithelium

and the endothelial cells of Llhe choriocapillaries contribute
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to its structure (Fig. 3.15). In accordance with Nakaizumi.
(1964), Bruch's membrane could be divided into five layers
(Fig. 3.43).

1} The basement membrane of the pigment epithelium

2) The inner collagenous layer

3) The elastic layer

4) The outer collagenous layer

5) The basement membrane of the endothelial cells

of the choricapillaris.

The <elastic layer was not particularly prominent when
sectioned vertically. In tangential section, however, it was
more prominent (Fig. 3.44). As layer 5 of Bruch's membrane
was formed by the hasement membrane of the endothelial cells

of the choriccapillaris it was absent in the intercapillary zones

(Fig. 3.15).

3.4.2 The Choriocapillaris

The choriocapillaris was formed by a single layer of
highly anastomosed capillaries directly adjacent (o Bruch's
membrane. The capillary endothelial cells were enclosed by
a basement membrane, the inner aspéct of which formed layer
5 of Bruch's membrane. The endothelial cells showed socme
structural specialisation. Adjacent to Bruch's membrane
their cytoplasm was extremely thin and showed numerous
fenestrations (Figs. 3.15, 3.16 and 3.45). The lateral
walls and the outer walls of the capillaries were usually
thicker, showed fewer or 1lacked fcnestrations, and contained
the majority of the <cell's organelles including the nucleus.
The nucltei were irregular in outline and had prominent
marginal heterochromatin. The cytoplasm contained a few

mitochondria, smooth endoplasmic reticulum, and occasional
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Golgi complexes (Fig. 3.45).

Endothelial to endothelial cell junctions were common.
There did not appear to be any membrane fusion at these junctions
(Fig. 3.43), and it was thought unlikely that these junctions
offered any significant resistance to diffusion.

The fenestrations of the choriocapillaris were wunusual
in that they possessed a diaphragm (Fig. 3.46). The function
of this diaphragm was unclear, as from 1iracer studies the
endothelium has been found to offer little or no resistance, to
diffusion (Peyman, Spitznas and Straatsma, 1971b; Peyman

and Bok, 1972).

3.4.3 The Cells and Blood Vessels of the Stroma

The extravascular tissue of the stroma was comprised
of a loose network of collagen fibres in which were found
fibroblasts, melanocytes, and a mixed assemblage of inflammatory
cells, Between the capillaries of the choriocapillaris it could
be seen that the collagen fibres of the stroma were continuous
with those of the outer collagenous layer of Bruch's membrane
{Fig. 3.47).

The wvascular tissue of the stroma was comprised of, in
the 1inner regions, small wvenules and arteriocles (Fig. 3.48).
The arterioles werce surrounded by smooth muscle cells. Un-
myelinated nerves were often found 1in close association with
the smooth muscle cells but synaptic contacts were not observed
(Fig. 3.49).

The extravascular cells of the stroma were divided into
two groups: 1} The fibroblasts and melanocytes. 2) A mixed
assemblage of inflammatory cells.

The fibroblasts of the choroid were usually orientated

with their long axes parallel to Bruch's membrane. However,
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in the region of the choroidal vessels they tlended to follow
the contours of the vessel walls. . .. The. cells had. elongated .
bodies which contacted most of the choroidal structures as well
as other fibroblasts and melanocytes. Their cytoplasm contained
profiles of rough endoplasmic reticulum, free ribosomes, mito-
chondria, and occasional Golgi complexes, The nuclei of the
cells were moderately large and elongated. They showed a
diffuse heterochrematin pattern with finc nuclear margination
{Fig. 3.50).

The choroidal melanocytes, like the fibroblasts, were

usually orientated with their long axes parallel to Bruch's
membrane. In the wvicinity of choroidal vessels, however, they
tended to fellow the contours of the vessels. Melanocytes became
far more numercus, and more elongated, as the suprachoroidea
was approached.
Ultrastructurally, their most conspicuous characteristic was the
large number of melanoscmes, which were scattered throughout
the cytoplasm, The melanosomes of the melanocytes were more
irregular in outline than those of the pigment epithelium.
The remainder of the cytoplasmic inclusions were unrcmarkable.
There were a few profiles of rough endoplasmic reticulum,
occasional mitochondria and Golgi complex. Their nuclei were
elongated, with their long axes parallel to Bruch's membrane.
The nuclei wusually showed a diffuse chromatin pattern with
a slight margination (Fig. 3.51).

Inflammatory cells were commonly seen in Dblood vessels
and in the extravascular tissues of the choroid. Intra-vascular
inflammatory cells were occasionally seen in fortuitous sections.
These included monccytes, lymphocytes, and a variety of

polymorphonuclear leucocytes (Fig. 3.52).
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The extravascular inflammatory cells were usually
encountered in the stroma in isolation or, infrequently, in ''nests"
between the larger vessels of the stroma (Fig. 3.53). The
cell types identified in the extra wvascular tissues were mast
cells, plasma <cells, lymphocytes, monocytes and macrophages.

Mast cells occurred infrequently, and wusually singly,
throughout the stroma. These cells were characterised by
numerous cytoplasmic inclusions of varying electron 1lucency.
This appearance differed from other descriptions of mast cells
in which the cytoplasmic inclusions are of extreme electron
density (Hogan, Alvarade and Weddel, 1971). It was thought
likely that the electron lucency of the granules was due to
leaching of their contents during processing for electron micro-
5COPY. The nuclei of the mast cells were often irregular in
shape and showed pronounced heterochromatin staining. Mitro-
chondria, Golgi complexes, and sparce endoplasmic reticulum
occurred throughout the cytoplasm. Villous cytoplasmic processes
were frequently observed extending into the media surrounding
the cell (Fig. 3.54a).

Characteristically, the plasma cells contained extensive
rough endoplasmic reticulum, and occasicnal mitochondria.
The nuclei, although tending to be round, often showcd
irregularities of outline and showed marked marginal heterochromatin
staining. The cell surface occasionally showed a few small
villi (Fig. 3.54b).

The choroidal Ilymphocytes were of typical appearance,
having little cytoplasm 1in relation to the size of the nucleus.
Their cytoplasm contained scant profiles of rough endoplasmic
reticulum, few mitochondria, and plentiful free ribosomes.

The nuclei were usually round with very dense marginal heter-
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ochromatin (Fig. 3.54c).

The macrophages of the choroid wvaried considerably
in morphology, presumably reflecting their differentiation from
monocyvte to mature macrophage. 1t was often extremely difficult
to distinguish between Ilymphocytes and monocytes. However,
the monocytes were usually larger. Their nuclel  were often
invaginated and they possessed slightly more cytoplasm than
the lymphocytes. The monocyte cytoplasm often contained small
intensely stained bodies, 0.1-1.6um. in diameter, in addition
to the normal range of organelles (Fig. 3.54d).

The appearance of the macrophages of the choroid was
highly wvariable. In addition to the normal range of cell
organelles they frequently contained primary and secondary
lysosomes. Occasionally the choroidal macrophages contained

melanosomes, presumably derived [rom the choroidal melanocytes

(Fig. 3.55).

3.4.4 The Suprachoroidea

The suprachoroidea can be regarded as the transition
zone between the choroid and the sclera. I[ts cells were of
two types: melanocytes and fibroblasts. The melanocytes and
fibroblasts of this region were essentially similar to those of
the choroidal stroma. However, the cells of the suprachoroidea
were more elongated in profile than those of the stroma. A feature
of this region was the presence of large nerves (presumably
ciliary nerves) which contained both myelinated and unmyelinated
axons (Fig. 3.56).

The junction between the suprachoroidea and the sclera
was ncver observed as the sclera was always dissected off prior

to processing for electron microscopy.
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Figure 3.1.

Light micrograph of the retina in the region of the visual

streak (x 400}.

Figure 3.2.

lLight micrograph of the outer retina in the region
of the wvisual streak. C C: choriocapillaris; P E: pigment
cpithelium; Arrow heads: cone inner segments and cone cell

nuclei (x 1000},



Figure 3.3.

Light micrograph of the inner retina in the region of
the wvisual streak. OPL: outer plexiform layer; H: horizontal

celly B: bipolar cell; A: amacrine cell; M: Miller cell (x 1000).

Figure 3.4
Light micrograph of the inner retina in the region of
the visual streak. | P L: inner plexiform layer; G : ganglion

celly N F L: nerve fibre layer (x 1000).
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Figure 3.5

lLight micregraph of the peripheral retina (x 400).

Figure 3.6
lLipghi micrograph of the rvetina in the region of  the
5 sraj g

medullated fibres. N B: nerve bundles (x 400).



Figure 3.7

Light micrograph showing a region of retina belween
34 5 s g

the visual streak and the medallated fibres (x 400).

Figure 3.8
Light micrograph of a mvelinated nerve fibre bundle

and associated blood vessels (x 1000).



I'igure 3.9a and b

Light micrographs showing the highly variable appearance

of the choriocapilleris and choroidal vessels. C C: chorio

capillaris (both x 1000).



Figure 3.10
i.ipht micregraph of the choroidal stroma. Me: melanocvies;

F: fibroblasts (x 1000).

Figure 3.11
LLight micrograph of the choroid showing 'nesis"

inflammateory cells occasionally seen between the larger vessels

of the choreoidal stromao x 10001},



Figure 3.12
Light micrograph of a choroidal arteriole showing the
organisation ol the encircling smooth muscle cells. S M Cs

smooth muscle cells (x 1000).

Figure 3.13
Light micrograph showing the lamellar arrangement

of fibroblasts and melanocytes in the suprachoroidea (x 1000).



Figure 3.14
Light micrograph showing o portion of one of the large

ciliary nerves occasionally encountered in the suprachoroidea.

(x 1000)
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Electron micrograph of & normal pigment epithelial cell.

N nucleus Mt:  mitochondrian; S E R:  smooth endoplasmic
reficulum; R I R: rough endoplasmic reticulum; B i: basal
Infoldings;  Mg: melanin granule; A p: apical processes i«

JeH0) .



Figure 3.16

High power eclectron micrograph of the basal infoldings
and Bruch's membrane. B 1: basal infoldings; Bm: basement

membrane of the pigment epithelium (x 117,000},
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Figure 3.18

Electron  micrograph  showing the intimate association
between the apical processes of the pigment epithelium and
the distal ends of the photorecentors C O S: cone outer
scgment; R O 5: rod outer segment; Ap: Apical processes

% 9200}
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Figure 3.20
High magnification electron micrograph of pigment epithel-

jum Junctional complex. The gap Jjunction and the zonuld

adhaerens are apparent but zonula occludens 1s not resolved,

probably because of staining technique. Gi: gap junctions

Za: vonula adhaerens (x 111.,000).



Figure 3.21

Electron micrograph  of tne pigment epithelium showing
plentiful  smeoth  endoplasmic  reticulum and the large lipid
droplets which  are characteristic of the pigment epithelium.

N: nucleus; Ld hipid dreplet; Ph: phagosome [ x 7,600



Figure 3.22

lligh power clectron micrograph of the basal cytoplasm
of the pigment epithelium showing coated vesicles within
the cytoplasm and anothe: developing from, or fusing with,
the basal membrane. Cv: coated vesicle; Arrow: coated

vesicle in association with cell membrane (X 130,000).



Figure 3.23

lLow magnification electron micrograph of the neural
retina. PE: pigment epithelium; ROS: rod outer segments;
COS: cone outer segment; R1S: rod inner segment; ClS: cone
inner segment: OILM: outer limiting membrane; Cn: cone nucleus;
OPL: outer plexiform laver: H: horizontal cell; B: bipolar cell;
Nz amacrine cell; M: Muller cell; IPL: inner plexiform layer;

G : ganglion cell: NB: nerve bundle (x 1,200).



Figure 3.24
lLlectron micrograph showing the ordered nature of the

discs within the rod outer segment. (x 5,400).



Figure 3.25

Electron  micrograph of  the

outer  segment  showing  that the first
1o the inter |)}IOIOI‘0C0|)IOI‘ spacce.
Arrows : openings; Ce: connecting

chondrion tx H3.0001,
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Figure 3.26

Electron

micrograph

body. Fibrils can  be seen

and outer scaments.

Arrow: one of nine sets

l: tibrils (x 120,000),

rod connecting cilium and
extending into both the
of triplets forming basal

basal

inner

bodvs
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Figure 3.27
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Figure 3.28

Electron micrograph of the outer region of the outer
nuclear layer. Or: outer receptor fibre; Cn: cone nucleus;

Rn: rod nucleus (x 6,500).



Figure 3.29

Electron micrograph of the outer plexitorm layer. ks

rod spherule; Cp: cone pedicle (x 6,500).



Figure 3.30

Electron micrograph showin
cell processes extending beyond
Mp: Muller cell processes; Che

inner segment (x 21,000).
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Figure 3.31

Electron micrograph of outer plexiform layer showing
extensive Muller cell cytoplasm between the neural elements.
Rn. rod nucleus Rs. rod spherule Mc., Muller cell

cytoplasm; Mn: Muller cell nucleus (< 8,0600}.



Figure 3.32
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Figure 3.33

Low power electron micrograph of inner retina showing

a verticle column of Muller cell c¢ytoplasm rising throuagh

the inner plexiform laver. Mc:  Muller cell cvteplasag

ganglion  c«

Mn: Muller cell nucleus; L

hundles X 2. 10,
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Figure 3.34
Electron micrograph of the inner limiting membrane.
Mc: Muller cell cvioplasm; Vc: vitreous collagen; I oz

mnes himiting membrane (x 3,8000.



Figure 3.35
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Figure 3.36
Electron micrograph of inner region of inner nuclear
layer. Bn: bipolar cell nucleus; An: amacrine cell nucleus:

Ba: bipolar cell axon; Mc: Muller cell cytoplasm (x 6,500,



Figure 3.37
Electron micrograph of ganglion cell. N: nucleus;
R E R: rough endoplasmic reticulum; Mt:  mitochondria;

G C: Golgi complex; Mc: Muller cell cytoplasm (x 8,600)



Figure 3.38
Electron micrograph of nerve fibre bundle in a region
remote from the optic nerve. The axons are all unmyelinated.

AX:e axon (x b6;500).



Figure 3.39

Electron micrograph of the nerve bundles in a region
close to the optic nerve. Many of the axons are myvelinated.
G : ganglion cell; As: astrocvte; Arrow: Astrocyte
cytoplasm extending beyond inner limiting membrane to contact

bloocd vessel; Re: red cell (x 1.8000.



Figure 3.40

Electron micrograph of the blood vessels present in con-

junction with the myelinaled nerves of the nerve fibre layer.

As: astrocytes Asc: aslrocyte cytoplasm in association with

the blood vessels overlying the myelinated nerves (x 4,200/
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Figure 3.41
Electron micrograph of an
characteristically intense staining

plasm. Ax: axon; N: nucleus;
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Figure 3.42

Electron micrograph of a Junction in the endothelium

o the epi-retinal vessels. Due to staining technique tight

junctions were not apparent (x 139,000).



Figure 3.43

High power electron micrograph of Bruch's membrane.

B 1: basal infoldings; P b m: pigment epithelium basement
membranes; I C L: inner collagenous layer; E L: elastic
layer; O C L: outer collagenous layer; E b m: endothelial

basement membrane; E c: endothelial cell cytoplasm (x 176,000).



Figure 3.44

Electron micrograph showing tangential section of Bruchs
membranc. B I: pigment epithelium basal infoldings, P b m:
pigment  epithielium  basement membrane; [ C L: inner collagenous
laver, I L: elastic laver: O C Lt outer collagenous layery E b m:
Endethelial basement membrancs - ¢ endothelial cytoplasm showing

numercus fonestrations: ~: choriccapillaris x 18.000).



Figure 3.45

Electron micrograph showing the pigment epithelium and
choriocapillaris. P E: pigment epithelium; B M: Bruchs membranec;
C C: choriccapillaris; L n: endothelial cell nucleous; G C: Golgi

complex; Arrows:capillary fenestrations (x 17,000).



Figure 3.46

lHigh power electron micrograph of endothelial cell fenestra-
tions. The fenestrations appear to have a membrane diaphragm.
B M: Bruchs membrane; Arrows: fenestrations; C C: choriocapillaris

tx 210,000).
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Figure 3. 47
Electron micrograph of Bruchs membrane in a region between
two capillaries of the choricocapillaris. In such regions layer

5 of Bruchs membrane, the basement membrane of the chorio-

capillaris, is absent. The outer cecllagenous layer of Bruchs is
continuous with the extravascular tissues of the stromal region
of the choroid. C C: choricocapillaris; B M: Bruchs membrane;

Arrows;: endothelial c¢ell basement membrane (x 18,000).



Figure 3.48
ilectron micrograph of the choriocapillaris and stroma
of the choroid. C C: choriocapillaris; Ar: Arteriole; Ve:venule;

S M: smooth muscle; F: fibroblast (% 2,100},



Figure 3.49
Electron micrograph of a choroidal arteriole showing encircl-
ing smooth muscle cells and associated unmyelinated nerves. S M C:

smooth muscle cell; arrow : unmyelinated neirve bundle (x39,000).



Figure 3.50

Eleciron micrograph of a choroidal fibroblast.
N: nucleus; M t:  mitochondrion; REFRIY T réugly

reticulum (x 13,000).

endoplasmic
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Figure 3.51

Electron micrograph of a choroidal melanocyte. N. nucleus.
GC: Golgi complex; M t: mitochondrion; M g: melanin granute.

(x 11,000).



Figure 3.52

Electron
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Figure 3.53
lLow power electron micrograph showing a '"nest" of inflammatory
cells within the stroma of the choroid. P C: plasma cell; M o:

monocyte; M a: Macrophage; (x 2,400).



Figure 3.54
Electron micrographs illustrating some of the intlammatory
cells of the choroid. a) mast eell (x 3,400). b} plasma ceil

(x 9,100). c) lymphocyte (x 12,000}, d) monccvte (x 10,000},



Figure 3.55
Electron micrograph showing the appearance of a mature
macrophage in the choroidal stroma. N: nucleus; M.t: mitochondrion;

L y: lysosomes; P h: phagosomes or secondary lysosomes (x9,200).



Figure 3.56

Electron micrograph showing a portion of a ciliary nerve.
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CHAPTER 4

THE IMMEDIATE EFFECTS ON THE STRUCTURE OF THE RETINA

AND CHOROID OF EXPOSURE TO LIGHT FOR ONE HOUR.
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4.1 Introduction

This chapter describes the structural changes in the retina
and choroid after exposure of the rabbit eye to various intensities
of light for one hour.

The materials and methods employed are described in Chapter
2. Details of the animals employed are given in Appendix 1.
Nineteen animals werc exposed teo one of six intensities for one
hour. Immediately after exposure the animals were killed and
the retinal and choroidal tissues ecxamined by light and electron
microscopy. The observations made will be described under two
headings. These are:-

1. Light damage: its immediate effects as described
by light and electron microscopy.

2. Light damage: its immediate effects as quantified
by an assessment of the changes in the cellular components of
the outer nuclear layer.

As lhe receptor cells and the pigment epithelium appeared
to be the primary sites of damage, these are therefore described
in detail. The MuUller cells, all but resistant to the damaging
effects of light, played an important role in the recovery or repair
of the retina following photic injury and are therefore described
in this, and the following chapter.

The patency of the choroidal circulation appears 1o be

related to the degree of damage suffered by the retina.. . The

¢horoid is therefore described in this chapter.
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4.2 Light Damage: Its immediate Effects as Assessed

by Light Microscopy

An initial observation, and problem, was the extreme varia-
tion in the pattern of damage in the experimental eyes. The
pattern of damage did not appear to be stirictly related to the
area of illumination as would be expected. Therefore, in the
description of the effects of illumination on the expcrimental eye,
attention will be given to the "worst case'" observed within any
particular group. However, it must be borne in mind that, although
increasing intensily of illumination does induce more severe damage
to the retina and choroid, each experimental group exhibited
changes in structure ranging from normal to the "worst case" observed
in any particular group.

The effects of one hour expeosures as observed by light
microscopy will be described for each of the six intensities of
illumination, starting wilh the lowest intensity.

4.2.1  Group 6 {1 animal) Estimated Retinal Illumination:
20.4mWcm=2

On gross examination the entire retina of the experimental
cye appeared flat and attached. By light microscopy no differences
were detectable between the experimental eye and control tissue,

in either the retina or choroid.

4.2.2  Group 5 (2 animals) Estimated Retinal Illumination:
23.2mWem™~

On gross examination the retinae of the experimental eyes
appeared flat and attached. No structural changes were observed

in either the retinal or choroidal tissues examined by light micro-

SCOPY.
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4.2.3 Group 4 (4 animals) Estimated Retinal Illumination:
28.9mWem —<

On gross examination, the retinae of the experimental eyes
appearcd flat and attached. By light microscopy the pigment
epithelium occasionally appeared to be slightly distended. This
distension was associated with paler staining of the cytoplasm
and rounding of the cells' nuclei. The receptor cells in these
areas showed slightly disturbed inner and outer segments. This
was often accompanied by slight oedema of the receptor cells'
cytoplasm (Fig. 4.1). Rarely, focal disruptions of the pigment
epithelium were seen (Fig. 4.2). Disturbances of the inner retina
or the choroid were never obscrved within this experimental group.

4.2.4  Group 3 (4 animals) Estimated Retinal Illumination:
32.8mWem™~

On gross examination the retinae of the experimental eyes
showed small irregular folds, although the retinae did not appear
to be detached.

By light microscopy some of the retinal folds were highly
conspicuous (Fig. 4.3). In addition to the slight structural changes
observed in the lower iniensity group more extensive oedema of
the pigment epithelium was seen {(Fig. 4.4). There were also
regions of atypical pigment distribution within the pigment
epithelium (Fig. 4.5). The receptor cells frequently showed dis-
turbed inner and outer segments. This was associated with oedema
of the receptor cells' cytoplasm and of the recepior cells' synaptic
regions in the outer plexiform layer (Fig. 4.6). Disturbances
to the inner layers of lhe retina, apart frem the nerve fibre layer,
(Fig. 4.6) were not observed within this experimental group.
The choroid of cne animal within this group did show marked inflamm-
atory cell invasion (Figs. 4.6 and 4,7) but it was uncertain whether
this was directly attributable to the photic insult or to some other

agency.
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4.2.5 Group 2 (4 animals) Estimated Retinal Illumination:
E_E?_.ﬁchm:g

On gross examination the retinae within this group showed
folding and some areas of whitish discolouration, which were thought
to be the highlyocedematous areas seen later by light microscopy.

This group, in addition to the structural changes exhibited
by tissues exposed to the lower intensities, showed more severe
damage to the pigment epithelium and receptor cells. In some
areas of the tissue examined the pigment epithelial nuclei were
pyknotic. Cells containing such nuclei frequently showed a decrease
in cell volume and an increase in their intensity of cytoplasmic
staining (Fig. 4.8). Receptor cells in such areas were highly
disturbed. The organised appearance of the inner and outer segments
was lost, being replaced by a disorganiscd layer of vesicular
cell debris (Fig. 4.8). Cells of the outer nuclear layer were
oedematous, and pyknotic nuclei were seen. Oedema of the receptor
cells' synaptic regions was also evident in the outer plexiform
layer. Oedematous horizontal, bipolar and amacrine cells were
present within the inner nuclear layer. The Muller cells, rather
than appearing oedematous, showed a slight increase in the intensity
of their staining (Fig. 4.9). The ganglion cells appeared to be
of normal morphology; slight oedema was observed in both the
inner plexiform layer and the nerve fibre layer. The Mf{ller cell
cytoplasm of the inner retina was also disturbed and showed con-
siderable variation in its density of staining (Fig. 4.9).

Within the choroidal vessels platclet aggregation and large
areas of impacted red cells were frequently observed (Fig. 4.10
and 11). These areas of platelet aggregation and red cell impaction
were almost always associated with the maore severely damaged

regions of retina.
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£.2.6 Group 1 (4 animals} Estimated Retinal [llumination:
84.4mWcm —2

On gross examination the retina of the experimental eves
showed numerous small folds. Large areas of retina were slightly
discoloured and appeared to be detached.

By light microscopy this group was characterised by severe
damage to the pigment epithelium and receptor cells. Pigment
epithelial cell debris was frequently found among the plentiful
outer segment debris (Fig. 4.12). In other areas the pigment
epithelial cell debris had remained in more intimate association
with severely damaged, but still recognisable, pigmeﬁt epithelial
cells (Fig. 4.13). The presence of pigment epithelial cell debris
in association with outer segment material (Fig. 4.12) may have
been due to artifactual separation through the damaged pigment
epithelial cells.

The receptor cells outer segments were highly disorganised
and appeared as vesicular structures (Figs. 4.12 and 4.13).
The inner segments were swollen and contained numerous translucent
vesicles, presumably distended mitochondria (Fig. 4.14). Much
of the receptor cells' cytoplasm, including the synaptic region
was highly cedematous and many of the nuclei of the outer nuclear
layer wcre pyknotic (Fig. 4.14).

Horizontal, bipolar and amacrine cells were fregquently
oedematous, as were some of the cell processes within the inner
plexiform layer. The ganglion cells,and their axons in the nerve
fibre layer, were frequently swollen and oedematous (Fig. 4.15).
As 1in the previous group, some variation in the intensity of the

staining of Mdller cell cytoplasm was also apparent (Fig. 4.15).
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A rare finding within this group, and some experimental
eyes from other groups, was the appearance of macrophage-like
cells on the inner limiting membrane of the retina. The finding
of these cells did not appear to be related to the presence of
damaged retinal tissues (Figs. 4.1 and 4.16).

As in Group 2, areas of severely damaged retina were
associated with platelet aggregation and red cell impaction within
the choriocapillaris,and in some of the deeper vessels of the choroid

(Fig. 4.17).

4.3 Light Damage: Iis lmmediate Effects as Assessed by

Electron Microscopy

This scction describes the immediate effects of light damage

as observed by electron microscopy. As in the previous section
the descriptions will be concerned with the "worst casc' in any
experimental group. The groups will be described in order of

increasing light intensity.

4.3.1  Group 6 (1 animal) Estimated Retinal 1llumination:
-2
20.4mWcm

By light microscopy there was no detectable difference
between the experimental tissue of this group and normal tissue.
Similarly, by electron microscopy, the retinal and choroidal tissues

appeared normal.

4.3.2 Group 5 (2 animals) Estimated Retinal Illumination:
23.2mWcm™2

No departure from normal was observed in any of the retinal
tissues examincd in this group. However, in the choroid of one
animal (LD52) a few plalelets and inflammatory cells were observed
within the choriocapillaris (Fig. 4.18). In all other respects

the tissues appeared normal.
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£.3.3 Group 4 (4 animals) Estimated Retinal Illumination:
-2
32.8mWem

Definite abnormalities of retinal siructure were first detected
within this group. The retinal pigment epithelial cells showed
rounding of their nuclei, and mitochondrial distension. The basal
infoldings, lipid dropleis, junctional complexes, melanin granules
and apical villi were all of normal appearance (Fig. 4.19J. On .
rare occasions complete disruption of individual pigment epithelial
cells was seen. This finding was unusual in that the neighbouring
pigment epithelial cells were of normal morphology (Fig. 4.20).

The receptor cell outer segments showed slight irregularities
in their disc stacking (Fig. 4.19). Cone cell outer segments appear—
ed to be more susceptible to damage than rod outer segments.
The cone outer segments often showed marked wvesiculation while
neightbouring rod outer segments were only slightly disturbed.
This was also true of the cone inner segments which appeared
to be more severely damaged than their rod cell equivalents (Fig.
4£.19). The cone inner segments were swollen and contained dis—
tended mitochondria.

The cells of the inners layers of the retina were all of
normal appearance.

The choroid was of normal appearance,although intravascular
inflammatory cells and platelets may have been more common.in:the

choriocapillaris. than would have been expected.
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4.3.4 Group 3 (4 animals) Estimated Retinal Illumination:
32.8m Wem 2

Structural damage to the relina was far more extensive
in this group than in the groups described. As in the lower
intensity group (group 4), the pigment epithelium showed rounding
of its nuclei and distension of its mitochondria (Figs. 4.21 and 4.
22). Distension of the pigment epithelial smooth endoplasmic retic-
ulum, not seen in the previous group, was present within this
group (Fig. 4.22). This type of damage was probably the equival-
ent of the oedematous pigment epithelium seen by light microscopy.
The pigment epithelium of one animal (LD3.2) showed other variations
of damage. One variation, noted by light microscopy, was atypical
pigment granule distribution. The cytoplasm of these cells contain-
ed numecrous phagosomes and large electron-lucent vesicles. Their
apical surfaces were displaced into the interphotoreceptor space.
This apical region of the pigment epithelial cells contained much
of the cells' melanin and gave rvise to the unusual appearance
seen by light microscopy (Fig. 4.5 light micrograph and 4.23a
electron micregraph). In other regions within the retina of this
animal pigment epithelial cells contained pyknotic nuclei, showed
alterations of their basal infoldings, and showed marked cytoplasmic
densification (Fig. 4.23D.

The receptor cell outer segments were often disturbed,
appearing twisted and ruptured (Fig. 4.21). Cone cell outer
segments, as in the previous group, appeared to be more susceptible
than their rod cell counterparts (Fig. 4.21). The receptor cell
inner segment mitochondria appeared distended, but not ruptured.
Again, the inner segments of cones appeared to be more severely
damaged than their rod counterparts. The cytoplasm of the cone

inner segments was often noticeably more lightly stained, and
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the distension of the mitochondria appeared to be slightly greater

than in the rods (Fig. 4.21). The receptor cell nuclei were often

rounded and surrounded by a halo of electron-lucent cytoplasm.

This swelling of receptor cell cytoplasm was also present in the

rod sphericles. However, the cone pedicles and cell bodies often -
appeared less cedematous than the rod cell spherucles and cell

bodies (Fig. 4.21).

Mﬁllér cells and the cells of the inner layers of the retina
were all of normal appearance, although in one animal, again
LD3.2, what appeared to be pyknotic Muller cell nuclei were ob-
served. This was a rare finding but was thought to be of interest
because of its demonstration of the ramifications of Miller cell
cytoplasm throughout the retina. (Fig. 4.24).

In three of the four animals in this group the choroid
appeared to be normal. However, as shown by light microscopy,
the choroid of one animal (LD 3.2) appeared to contain numerous
inflammatory cells. This was confirmed by electron microscopy
(Fig. 4.25). These regions of inflammatory cell infilirate were
usually associated with the more severcly damaged regions of retina.
Macrophages, polymorphs and plasma cells were all evident. It
was unclear whether these cells were present in response to the
damaged retinal tissues, which seemed wunlikely due to the short

duration of the insult, or to some pre-existing condition.

4£.3.5 Group 2 (4 animals) Estimated Retinal Illumination:
38.6mWem —2

Within this group damage was observed, to some extent,
. in all layers of the retina. The damaged pigment epithelium showed
two different appearances: it either appeared swollen with electron
lucent cytoplasm, or shrunken with electron-dense cytoplasm (Fig.

4.26). The nuclei of the swollen cells were rounded, the mito-
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chondria were either slightly swollen or small and electron
dense. The swollen appearance, by light microscopy, was
presumably due to distension of the cells abundant smooth
endoplasmic reticulum. The remainder of the identifiable
cell organelles, the melanin granules, lipid droplets
and junctional complexes, were all of normal appearance
(Fig. 4.26a). Within the densely stained pigment epithelium
there was a marked loss of cell volume while the nuclei were
shrunken and very densely stained. Mitochondria, although ident-
ifiable within the cytoplasm, were poorly preserved. The apical
processes were lost and the melanin granules dispersed throughout
the apical cytoplasm of the cell. The large lipid droplets, char-
acteristic of the rabbit retina, were still present but, due to
the shrunken nature of the cells, they appeared disproportionately
large. Junctional complexes could not be identified, presumably
due to their lack of contrast againsi the intensely stained cyto-
plasm (Fig. 4.20b).

The receptor cells were severely damaged (Fig. 4.27).
The outer segments were highly disordered and showed extensive
loss of structural organisation. Within the outer retina it was
no longer possible to discriminate between cone and rod outer
segments. However, cone cell inner segments were identifiable
amongst the outer segment debris. They appeared as intensely

stained pear shaped structures containing distended mitochendria

(Fig. 4.27). Many of the receptor cell nuclei were surrounded
by a halo of electron-lucent cytoplasm. Occasionally pyknotic
nuclei were present in the outer nuclear layer (Fig. 4.27). The

rod cell spheridles appeared swollen and electron-lucent in con-
trast to cone pedicles which often retained their normal

morphology (Fig. 4.28).
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The Muller cell cytoplasm within the inner nuclear layer
retained its normal morphology, although, some of the Muller
cells were more intensely stained than normal (Fig. 4.27). The
other cells of this layer, horizontal cells, bipolar cells and
amacrine cells, frequently had swollen electron-lucent cytoplasm
and distended mitochondria (Fig. 4.27). Many of the processes
of the inner plexiform layer were swollen and electron-lucent
as were some of the ganglion cells (Figs. 4.27 and 4.29). The
Miller cell cytoplasm of the innermost regions was of variable
electron densily but of normal morphology (Fig. 4.29).

As in the preceding groups, regions of extensively damaged
retina were associated with the presence of platelets and inflamm-
atory cells in the choriocapillaris (Fig. £.30). The remainder
of the choroid appeared normal.

4.3.6 Group 1 (4 animals) Estimated Retinal I1llumination:
A
B4.4mWem

In this.group the greatest: damage to the retinal
and choroidal tissues of experimental eyes was observed. As
in the previous group, the pigment epithelium either appeared
distended and electron-~lucent, or shrunken and electron-dense.
The electron-dense cells were similar in morphology to those
described in Group 2 (see Tig. 4.26b). llowever, the electron-
lucent regions differed considerably from those described in the
previous section (4.3.5). The pigment epithelial basal infoldings,
although present and often still in apposition to Bruch's membrane,
were highly altered (Figs. 4.31 and 4.32). The nuclei were still
evident but they were rounded and had an atypical chromatin
pattern (Fig. 4.31). Mitochondria wcre :. highly: . ‘atypical
and were thought to be represented by the small vesicular struc-

tures present within the cytoplasm (Fig. 4.31). The most
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prominent features were ‘extremely large vesicular structures which
greatly distended the pigment epithelial cells. These structures
were filled with a flocculate material, resembling the plasma
of the choroidal blood vessels in its staining characteristics (Figs.
4.31 and £4.32).

Of the remaining pigment epithelial cell inclusions and
organelles only the lipid droplets could be identified in the basal
portion of these severely distended cells (Fig. 4.32), and the
melanin granules in what remained intact of the apical surface
of the cells. The apical surfaces of the pigment epithelial cells
formed a layer which was comprised of small vesicular structures,
melanin granules, and swcllen finger-like structures which inter-
digitated with the damaged photoreceptor outer segments (Fig.
4.33).

The receptor cell outer segments were distended and highly
vesiculated, often having the appearance of membrane-filled bags
(Fig. 4.34). Damaged rod and cone cell outer segments were
indistinguishable. Within the inner segments it was no longer
possible to distinguish between myoid and elipsoid regions. The
inner segments appeared as sack-like structures filled with dis-
tended mitochendria (Figs. 4£.34 and 35).

The majority of the receptor cells nuclei were surrounded
by a halo of electron-lucent cytoplasm (Fig. 4.35) although some
pyknotic nulcei were also present in the outer nuclear layer (Fig.
4.35). The synaptic region of both rods and cones were swollen
in this group, unlike those in the previous group (TFig. 4.35).

Horizontal, bipolar, and amacrine cells were highly ocedema-
tous, as were their cell processes in both the outer plexiform
layer (especially horizontal cell processes) and the inner plexiform
layer (Fig. 4.36}. The cell organelles of these severely swollen

cells were often aggregated in the vicinity of the nucleus.
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The ganglion <cells, and their axons in the nerve fibre
layer, appeared swollen and electron-lucent. The ganglion cells
often showed aggregation of their organelles within their cytoplasm
similar te that seen in the horizontal, bipolar, and amacrine
cells in the inner nuclear layer (Fig. 4.37).

The majority of the Muller cell cytoplasm was of unusual
appearance. In addition to the variation in electron-density,
similar to that seen in the previous group, the cells contained
numerous clectron-lucent vesicles, which were possibly distended
tubules of smooth endoplasmic reticulum, and numerous eleciron-
dense granules (Figs. 4.37 and 38) of unknown origin.

As in the preceding groups, severely damaged regions
of retina were associated with the presence of platelets and
inflammatory cells in the choriocapillaris and deeper vessels
of the choroid (Figs. 4.31 and 32).

Many of the endothelial cells of the choriocapillaris and
the deeper blood vessels had swollen electron-lucent cytoplasm
and swollen organelles. They also showed blebing of their cyto-
plasm into the lumen of the blood wvessels (Figs. 4.3l and 39).
The deeper chereidal structures were of normal appearance apart
from fibroblasts in the wvicinity of the choriocapillaris. These
cells often showed distension of their cytoplasm and cyloplasmic
organelles. Their nuclei apart from slight crenellation, were

of normal appearance (Fig. 4.39).

A summary of the results of this section are shown in
Fig. 4.40, which gives a qualitative assessment of the damage

seen in Groups 1 to 6.
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L4 Light Damagei lts Immediate Effects as Asscssed by

Quantification of the Changes in the Cellular Components of the

Nuclear Layer.

4Lo4.1 Introduction

The aim of the quantification described in this section
was to obtain a repeatable method of assessing the changes in
retinal stiructure observed by electron microscopy. The material
and methods employed were described in Chapter 2, Section 3.
For clarity, however, a brief description will be given here.

The tissue wused in this investigation was the same as
that used in the preceding section. The tissue selection was
described in Chapter 2, Section 5.

As an aid to quantification, a readily identifiable area
of retina had to be selected. For this investigation the outer
nuclear layer was chosen; the photoreceptors. arec among the
first cells of the retina to show structural changes following
exposure to excessive illumination. Additionalily, the ouier nuclear
layer was readily identifiable in all scctions of retina, regardless
of the degree of damage suifered by the tissue. The outer nuclear
layer was defined as the area between the outer limiting membrane
and the innermost aspect of the receptor cell synapses (Fig.
4.41). The receptor cell sphemicles and pedicles were included
as they often exhibited structural changes paralleled by the
appearance of damage in the outer nuclear layer.

The features assessed in the outer nuclear layer were
as follows:

a} Pyknotic receptor cell nuclei

b) Receptor cell nuclei

¢) Receplor cell cytoplasm
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d) Miller cell cytoplasm
Four blocks were examined from each experimental eye and one
from each control eye, Two, 100 mesh grid, squares were
photographed from sections from each block. From these 100 mesh
size fields, two discrete areas were printed and used for quant-
ification. Thus sixleen prints were examined for each experiment-
al eye and four for each control eye.

For analysis, a grid of 100 random points {derived from
random number tables) on a 6" x 4" (152.5mm x 102.0mm) acetate
sheet with a minimum point separation of 0.lin. (2.54mm) was
‘placed over the 6" x 4'" photomicrographs. Points which fell
on features of inlerest in the outer nuclear layer were counted
and expressed as a percentage of the total number of points land-
ing on the outer nuclear layer. The area of each 6" x 4" print
corresponded to 5,880um?.

To test the reproducibility of the method a set of prints
from one animal were recounted after & time period of 5 monlhs,

The differences in the results were expressed as a percentage
of the original result for each block counted (4 prints). These
were summed for the 5 blocks re-analysed. The differences in
the results are as follows:

Receptor Cell Nuclei 11%I5%

Receptor Cell Cytoplasm 8% 6%

Muller Cell Cytoplasm 34%14%

The large error in the Muller cell cytoplasm counts was
probably related to the low number of counts obtained for Muller

cell cytoplasm. Inter-observer errors were not calculated.
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Loh.2 Results

For complete numerical data see Appendix 3.

Control Results

The results for the 19 control eyes, are presented
as histograms (Fig. 4.42) showing means and standard
deviations . The standard deviations arise from the fact
that four micrographs were analysed for each block of tissue.
The features analysed were receptor cell nuclei, receptor
cell cytoplasm, and Muller cell cytoplasm. Results for pyknotic
receptor cell nuclei were not obtained as such features did
occur in any of the control tissues examined. In addition,
the results for each feature counted were combined for all
19 control eyes to give a pooled control result for each
feature (Fig. 4.42). These pooled control resulis were used
in the subsequent statistical analysis of the experimental

results.

Experimental Results

The results for receptor «cell nuclei, receptor cell
cytoplasm, and Muller cell cytoplasm were calculated for
each individual block (4 prints) and presented as histograms
showing means and standard deviations. The individual
block results (4 bdblocks per animal) for receptor cell nuclei,
receptor cell cytoplasm, and Mlller cell cytoplasm were
then t tested against the pooled control results. The levels
of significance obtained are given with the raw data in
Appendix 3. Results which differed significantly from the
control values were more common in animals which had been
exposed to the higher light intensities. This trend was

not particularly marked. The results of the block counts
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for pyknotic receptor cell nuclei are shown 1in Appendix 3.
Unfortunately, their distribution, within individual eyes and
between experimental groups, did not in any way appear to be
related to the light intensity to which the animal, or group of
animals, had been exposcd.

The aim of this analysis was to correlate changes wilhin
the outer nuclear layer 1o the light intensity to which the animal
had been exposed. This appeared to be possible in two ways.

In the first analysis the block results for each animal
could be combined and plotted against estimated retinal illumina-
tion (Fig. 4.43). The raw data from which Figure 4.43 is
drawn are given in Appendix 3 along with the results of t tests
comparing these results with the combined control results. As
in the individual block results, animal results in which any
of the features assessed were significantly different from the
control results were more frequent in animals: which had been
exposed to the higher light intensities. However, the trend was
once morc nect particularly marked. It was apparent, nevertheless,
that at the higher light intensities both the scaiter of the results
and the standard deviations of the results increased. To analyse
this finding the variance belween the experimental results and
the pooled control resulls were calculated. F, the variance ratio,
was obtained by dividing the squared standard deviation of
the experimental vresult by the squared standard deviation
of the appropriate control result. Occasionally, this procedure
had to Dbe reversed, the squared control standard deviation
becoming the numerator and the squared experimental standard
deviation the denominator, as F must be equal te, or greater

than 1. The animal results for recepter cell nuclei, receptor
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cell cytoplasm, and Muller cell cytoplasm were then plotted
against the estimated retinal illumination to which the animal
had been exposed (Figs. 4.44, 4.45 and 4.46), The best straight
line was fitted by linear least square regression. Only in
the case of receptor cell cytoplasm was it possible to fil a
straight line with a P value of less then 005 and in this case
P lay between 005 and 00l (Fig. 4.45).

In the second analysis the results for all the blocks
within an experimental group exposed to the same light intensity
were combined and plotted against the estimated retinal illumina-
tion (Fig. 4.47). Results ‘'which differed significantly from
the control results arc shown encircled in Figure 4.47, As
can be seen few of the results differ significantly from the
control results shown on the y axis. However, it was again
apparent that the standard deviations appeared to be larger
for groups exposed to the higher light intensities. The variance
ratios were calculated and plotted against the estimated retinal
illumination as before. In this case positive correlations were
obtained for both receptor cell nuclei and receptor cell cytoplasm.
These were 005>p > 001 and p < 0.001 respectively. (Fig.4.48)

These results and their implications are discussed at

the end of the chapter.
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4.5 Discussion
As was expected, increasing intensity of illumination

of the retina resulted in increasing damage to the retinal struct

ure, In groups 6 and 5 ({estimated retinal illumination 20.4
mWem -2 and 23.2mWcm 2 respectively) no departure from normal
retinal structure could be detected by either light or electron
microscopy. Ultrastructural changes were first observed in
group 4 (estimated retinal illumination 28.9mWem _2) and became
more severe with increasing light intensity, until in group
1 (estimated retinal illumination 84-4chm"2] damage was detect-
able in all layers of the retina.

The initial site of damage was in some doubt as both
the pigment epithelium and the receptor cells appeared to show
ultrastructural abnormalities simultaneously. The pigment
epithelium initially showed slight mitochondrial distension,
rounding of the nuclei, and slight cytoplasmic rarefaction.
These findings were in general agreement with those of Friedman
and Kuwabara (1968), Tsc (1973), Kuwabara and Okisaka (1976)
and Tulleg, Machemer, and Knighton (1978). In these studies
the morphology.. of the outer segment damage was very similar
to that seen in this Investigation, although pigment epithelial
damage was more variable in its appearance in the present
study, Slight differences in morphology may be attributed
to the disparate nature of species. Rabbits were used in this study
while nonkeys were Lhe experimental animals employed in
the investigations cited. Variations in light sources and expos-
ure regimes may also account for some of these differences.

Lawwill (1973) has investigated the effects of 4 hour

exposures to various intensities of white light and argon laser
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(514.5nm wavelength) on the Dutch rabbit retina. Unfortunately
comparisons cannot be drawn between Lawwills study and the
present study as in Lawwill's study the light damaged tissue
was not examined histologically until one fo four months after
exposure.

The finding that the pigment epithelium and the photo-
receptors appear to show ultrastructural damage simultaneously
may be a reflection on their intimate structural and metabolic
relation (Spitznas and Hogan, 1970 and Young and Bok, 1970)
and possibly indicate a metabolic origin for light damage.

Although the pigment epithelium and the receptor cell outer
segments began to show structural abnormalities simultaneously,
cone cell outer and inner segments appeared to be moresusceptible
to damage than their rod cell counterparts. Severely damaged
cone outer segments were found adjacent to only slightly damaged
rod cell outer segments. A differential susceptibility of rod
and cone cells to damage has been reported by "o, Wallow
and Powell (1973) in the retinae of rhesus monkeys following
exposure to argon laser light. In the rhesus monkey's retina
the increased sensitivity of the cone cell to damage by laser
light was present throughout the structure of the cone photo-
receptor. The inner and outer segments, the nuclei, and the
synaptic pedicles all showed degenerative changes in advance
of the corresponding regions of rod cells. In this study the
increased sensitivity of the cone cells to damage was limited
to their outer and inner segments. Frequently, in animals ex~
posed to the higher light intensities, cone cell somata and receptor
pedicles appeared to be more resistant to damage than the rod

cell somata or spher’ules.
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These differences in cone cell susceptibility to damage
may again be attributable 1o species difference, light source
differences or the time after exposure at which the tissue was
examined histologically. In the study of "Tseo, Wallow and Powell
(1973} the minimum time elapsing between exposure and histological
examination was five hours. There was the possibility that
further degenerative changes could take place during this time.

Tso, Wallow and Powell (1973) suggested that susceptibility
of the cone outer segment to damage could be partially explained
by their relation to the melanin granules of the pigment epithel~-
ium. In the rhesus monkey the melanin granules in the apical
villi of the pigment epithelium appeared to surround the outer
segments of the cone cells for greater disiances than in the
rabbit eye, The Melanin granules appeared to be present in
greater numbers as compared with those present arocund the outer
segments of rods., In photic injury, the radiant energy absorbed
by the melanin granules would be converted to thermal energy
which would damage the adjacent structures. Consequently,
the outer segments of cone cells may be heated indirectly by
surrounding melanin granules, and subsequently sustain more
damage than the outer segments of rods. A similar argument
was applied to the cone cell nuclei which lie adjacent to the
outer limiting membrane. Here they were in closer proximity
to the melanin granules of the pigment epithelium than were
the rod cell nuclei,‘)and were consequently more likely to be
damaged by heat from the melanin granules. This was thought
an unlikely explanation for the cone cell susceptibility to damage
in the present study as the light intensities used, especially
the lower ones, were unlikely to produce a significant _rise -
in retinal temperature. (Some attempts at estimating the rise

in retinal temperature during illumination, as well as by direct
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measurement, have been made. These are given in Appendix
4.) Also, the dense packing of the melanin granules around
the cone outer segment as seen in the rhesus monkey does not
exist in the rabbit, as the rabbit cones have a much more rod-
like appearance (Hughes, 1971, Bunt, 1978). It seems more
likely that the susceptibility of the cone cells seen in this study
wWas due to some structural, metabeolic, or photochemical
difference. 1t has been hypothesised that the cone cell outer
segment membrane is a continuous structure and not formed of
discrete discs enclosed in a membrane envelope (Young, 1965;
Young and Drez, 1969; Young, 1969; Laties, Bok and Liebman,
1976 and Anderson, Fisher and Steinberg, 1978). This may also
be true of the rabbit cone oﬁter scgment which showed a typical
cone pattern of diffuse incorporation of labelled sugars and
aminc acids as was demonstrated by Bunt (1978}, If the cone
outer segment has greater continuity of its membranes than the
rod it may be an inherently weaker structure. Localised damage
to any one "disc" may affect neighbouring discs, bcecause of
the cones' continuity of membrane structure, and cause greater
damage than would be produced in the discrete disc system of
the rod outer segment.

Harwerth and Sperling (1971) demonstrated, in the rhesus
monkey by psychophysical techniques, a loss of spectral sens-
itivity of over 90% following exposure to light of 6nm bandwidth
centred on 463nm for 1.5 hours per day for seven consecutive
days. This loss was in the blue region of the spectrum and
it was postulated that the loss was produced by a selective
destruction of a class of cones with their peak absorption at
445nm. These findings were laler correlated histologically to

selectively damaged cone cells in retina which had been subjected
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to narrow bandwidth illumination (Sperling and Johnson, 1974).

Several 1investigators (Noel, Walker, Kang and Berman,
1966; Gorn and Kuwabara, 1967; Anderson, Coyle, and O'Steen,
1972; and Lawwill, 1973) have found that the degree of light
damage produced by different wavelengths corresponds to the
degree of wvisual elfectiveness of the wavelength concerned.
This may be a simplification. Blue light of short wavelengths,
well below the peak absorption of the photo-pigments, has been
shown to be extremely efficient in producing retinal damage (Ham
Muecller and Sliney (1976) Ham, Ruffolo, Mueller, Clarke and Moon,
1978). It seems likely that the spectral composition of the light
illuminating the retina will have relevance to the class (as defined
by peak absorption) of photoreceptor which will be damaged.

In this study, where rabbit retinae were exposed to white
light delivered through a fibre optic sysiem, the selective cone
damage seen at the lower intensities may be related te ithe spectral
distribution of the light illuminating the retina. Due to the
emission characteristics of the tungsten light source, the absorption
characteristics of the fibre optic light guide, and the ocular
media (see Appendix 2) considerably more energy was delivered
to the retina at the red end of the spectrum than the blue.
If some of the cones in the rabbit retina were absorbing light
of longer wavelengths than the rods, their bleaching would be
more extensive. Consequently, greater metabolic demands would
be made on the cones. It therefore seemed likely that cone cells
would have been damaged before adjacent rods, which could have
been absorbing less light.

Any susceptibility of ccne cells to damage may be enhanced
by metabolic disturbances. Hansson (1970h) has shown that

sustained light exposure inhibits the oxidative enzymes of the
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retina, This depression of activity was [irst noted in the pigment
epithelium, and shortly after in the inner segments. As these
experiments were conducted on rats, which have virtually an
all rod retina, no compariscn between rods and cones could be
drawn. However, Marshall, Mellerio and Palmer (1972) demonstrated
accumulation of glycogen in the inner segments of damaged cones
in pigeon refinae. This accumulation of glycogen may have been
a result of light-induced disturbances of the oxidative enzymes
of the inner segment and may have reflected an inability of the
cell to utilise glycogen in its metabolism.

The cone cell may be more susceptible to light damage
as a result of a combination of structural, photochemical or meta-
bolic factors. A metabolic origin for light damage has been
postulated by Noel, Walker, Kang and Berman (1966). They suggesl-
ed that light could initiate destructive oxidising reactions in
the retina. Photoreceptor discs are mostly composed of unsaturated
fatty acids. The action of light on the photopigments begins
a series of reactions which result in the production of some free
radicals. These free radicals could initiate a chain reaction
which,if unchecked by the presence of antioxidants such as
vitamin L, could proceed to peroxidation of the lipid membranes.
Noel, Walker, Kang and Berman (1966) reporled negative results
in effecting light damage by depriving animals of vitamin E or
changing environmental oxygen tensien. However, in vitamin
E . deficient monkeys, Hayes (1974) demonstrdated outer segment.:
damiage to cones which was similar in appearance to light damage.
Therefore © peroxidation of the photoreceptor membranes remains

a possibility.
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Noel and Albrecht (1971) considered that retinol, from
excessive vrhodopsin Dbleaching, may be a retino-toxic agents.
Free retinol is known to have membraneolytic effects on cells
(Dingle and Lucy, 1965 and Daniel, Dingle, Sharman, and Moore,
1966). Noel and Albrecht (1971) found that vitamin A - deficient
rats showed a degree of protection from light damage. These
rats had reduced concentrations of rhodopsin for light to bleach
and decreased concentrations of light-produced retinol. The authors
were, however, forced 10 eliminate this loss of vretinol as the
factor of primary importance in protecting the vitamin A deficient
rats. When the deficient rats were exposed for long periods
of time, light damage did develop despite a depletion of retinol.
They also noted that deficient animals were not protected if
they had been kept in darkness continuously prior fo exposure.
Those animals, while having almost normal levels of rhodopsin,
had low stores of retinol. The bleaching of rhodopsin by light
temporarily increased retinol concentrations, but it was not thought
to be the toxic agent responsible for light damage. These authors
concluded that protection from light damage depends upon a state
of '"cell adaptation to light" which would be reflected by, but
not determined by, the level of retinol.

At the higher light intensities in this study, groups 3,
2 and 1, increased damagc to the pigment epithelium and receptor
cells with increased intensity of illumination was apparent.
The damage observed at the higher intensities was similar fto
that described by Grignolo, Orzalesi and Calabria (1966), Orzalesi,
Grignolo and Calabria (1967); Orzalesi, Grignolo, Calabria and
Castellazza (1967); and Orzalesi, Calabria and Grignolo (1970);
after intravenous adminisiration of sodium iodate, sodium fluoride

diaminodiphenoxypentance and iodoacetic acid. All of these com-
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pounds are metabolic inhibitors, preferentially affecting either
the receptor cells or the pigment epithelium. The similarities
between retinal tissues poisoned by metabolic inhibitors, and
retinal lissues damaged by light, may reflect an underlying similar-
ity in their mechanisms of producing cellular damage.

Impairment of mitochondrial function as seen by their
swelling, coupled with enzymic inhibition as demonstrated by
Hansson (1970a, 1970b), may lead to an imbalance in the electrolyte
content of the cells. This probably occurs due to failure of
membrane pumps, causing a subsequent accumulation of water
in the cytoplasm. This mechanism may be responsible for the
intracellular oedema seen, in this study, in retinae exposed to
the higher light intensities. Similar mitochondrial changes and
associated intracellular cedema have been described in the rabbit
retina following anoxia (Webster and Ames, 1965) and following
ischaemia (Jchnson and Toulds, 1978). In the rat liver these
changes have been described following anoxia (Qudea, 1963) ischaemia
(Bassi, Bernelli -Zazzcra, . 1964) and hypoxia (Bassi, Bernelli-
Zazzera and Cassi, 1960; Sulkin and Sulkin, 1965). Similar
changes have alsc been reported in the brain tissues of hanmsters
following hypoxia (Hager, Hirschberger and Scholz, 1960).

In the normal eye the pigment epithelium is thought to
be responsible for the maintenance of the blood retinal barrier
(No-e], 1963; Shoise, 1970; Peyman, Spitznas and Straatsma,
1971b; Reyman and Bok, 1972; Raviola, 1977). In light induced
damage to the retina, failure of the pigment epithelial cnzymes
and mitochondria may lead to the cell being unable to fulfil

its role as a barrier epithelium.
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It seems prcobable that a failure in the barrier function
of the retinal pigment epithelium may lead to changes in the
tonicity and osmolarity of the interphotoreceptor fluid. This
could adversely affect the receptor cell outer segments. Structural
changes in outer segments similar to those seen in this study
have been described by Cohen (1971) who investigated the effects
of osmotic stress on the structure of the receptor cell outer segments
and discs.

In groups 1 and 2 there were frequently: small focal regions
of severe retinal damage. These small focal regions of damage
were irregularly distributed within the area of illuminated retina.
In these severely damaged regions the pigment epithelium contained
vacuoles of flocculate material. The receptor cell outer segments
were reduced to irregularly shaped membraneous bags' containing
highly disorganised membrane material. The inner segments were
usually swollen, and contained severely distended mitochondria.
The cells of the inner layers of the retina often showed swollen
electron lucent cytoplasm, clumping of the cell organelles within
the cytoplasm, and swelling of their nuclei. These regions of
severe retinal damage were often interspersed with regions of
comparatively normal appearance. This extreme variation of
damage within the experimental tissues was unexpected.

Initially, it was thought that the variation could have
resulted from the presence of "hot spots" in the light incident
on the retina. After consideration, this was thought to be an
unlikely explanation as the end of the light guide was positioned
within the [ront focal length of the eye. The front focal point
of the rabbit eye, as determined by Hughs (1972) was 5.5mm
in front of the corneal vertex, whereas the end of the light guide
was positioned about Zmm in front of the corneal vertex. With

this optical arrangement &a focused image of the end plate of
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the light guide could not be formed on the relina. The illumination
of the retina would therefore be highly diffuse. This would
climinate the possibility of ™"hot spots', and regions of focal
damage produced by them, arising.

Measurements of the energy distribution within the beam
of light leaving the light guide, and its calculated distribution
on the rectina, are given in Appendix 2. From these calculations
it was expected that the centre of the illuminated area was
receiving a reasonably even distribution of light and that there
would be a réasonably rapid reduction in energy at the edges
of the illuminated area. It would also be expected that this
distribution of illumination would give rise to a lesion with an
even distribution of damage in the centre with reduced damage
at the edges, finally, merging into normal retina.

The wvariation of damage seen within the experimental eyes
may have resulted from an interaction of three factors. These
are light induced metabolic damage, light induced thermal effects
and lastly, the enhancement of metabolic or thermal effects by
occlusion of the choriocapillaris. Occlusions of the choriocapillaris
caused by degranulated platelets, inflammatory cells, or impacted
red cells were almost invariably associated with regions of severe
retinal damage. As the rabbit lacks a retinal circulation these
occlusions could have given rise to small focal regions of ischaemic
retina. Presumably, these regions would be more sensitive to
light damage as they would already be in metabolic difficulties
due to loss of their blood supply. The stimulus for the platelet
and inflammatory cell response is unclear but it may have been
in response to the metabolic by-products of the initial damage

to the photoreceptors and pigment epithelium.
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Moseley and Strang (1981) have calculated the expected
rise in retinal temperature associated with constant illumination
of the retina and various assumed values for choroidal hlood
flow. Moseley and Strang ({1981) predicted that choroidal blood
flow has a small effect, which becomes larger at higher levels
of illumination, on retinal temperature. It seems probable that
regions of retina overlying an occluded region of the choriocapillaris
would be more susceptible (¢ damage. Such regions of retina
would be deprived of metabolites and probably subjected to elevated
temperatures. Elevated temperature has been shown to greatly
accelerate the appearance, and enhance the degree, of light damage
{Noel, Walker, Kang and Berman, 1966; Friedman and Kuwabara,
1968; Grignolo, Orzalesi, Castellozzo and Vitone, 1969; and
Hansson, 1970a).

During the course of the one hour exposures to light, regions
of retina with a slightly impaired choroidal blood flow may have
entered into a circle of increasing damage. Decreasing choroidal
blood flow, caused by platelet aggregation or inflammatory cell
invasion in response 1o the by-products of light damage, could
lead to elevation of retinal temperature further accelerating the
damaging processes.\ The more severely damaged retina may then
induce further platelet aggregation within the choriocapillaris,
decreasing blood flow to the adjacent retina still further.

The variation of damage seen within the experimental tissues
led to considerable difficulties in any attempt to produce a
quantitative measure of damage. Initially, it was considered
possible to quantify changes in the pigment epithelium or the
receptor cell inner and outer segments. Changes in the pigment
epithelium, however, such as the numBer of phagosomes within

each cell, were thought wunsuitable for quantification. This was
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becausc these features have been shown to be dependent on environ-
mental conditions such as the time during the light/dark cycle
at which the retinal tissues were fixed {(La Vail, 1976b; Basinger,
Hoffman and Mathes, 1976; Hollyfield, Besharse and Rayborn,1976;
Besharse, Hollyfield and Rayborn, 1977; and Young, 1978).
Changes in the structure or appearance of the inner and outer
segments were considered unquantifiable as their appearance was
highly dependent on the plane of section. This difficulty was
further compounded by the orientation of outer segments Dbeing
frequently disturbed during disection and subsequent tissue process-
ing.

Ullimately, it was decided to guantify changes in the outer
nuclear layer. This layer showed morpholegical changes after
damaging light exposures which were reasonably consistant within
each block. Also, the photoreceptors appear to be intimately
associated with the primary pathological processes of light damage
(Grignolo, Orzalesi, Castellazzo and Vitone, 1962; Kuwabara
and Gorn, 1968; (0'Steen, Shear and Anderson, 1972).

The features assessed within the outer nuclear layer are
listed here:-

a) Pyknotic Receptor Cell Nuclei

These were ofien encountered in the groups exposed to
the  higher light intensities but their distribution and occurr-
.ence - within groups 1, 2, 3 and 4 did not appear to be related
to intensity.

b} Receptor Cell Nuclei

These appeared to show variation in size, often appearing
distended or shrunken, in the groups exposed to the higher light
intensitics. This subjective finding was confirmed by analysis.

The counts for receptor cell nuclei in groups 1 and 2 were not
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infrequently below the control values (Fig. 4.43 and Appendix
3). As the counts for any feature were cxpressed as a percentage
of the total peoints lying on the outer nuclear layer, and swelling
of the outer nuclear layer was a common observation in the higher
intensity groups, it would be expected that the number of points
lying on the receptor cell nuclei would diminish. It was noted
that there appeared to be an 1increase in the wvariance of the
results. This was significant only when group results {(all the
animals at one intensity combined) were considered.

¢) Receptor Cell Cytoplasm

This appcared to show increased electron lucency and often
appcared distended in the higher intensity groups. Although
there was a poor correlation between the results obtained and
the intensity of light teo which the animal had been exposed,
there appeared tc be agreement between the damage exhibited
by block and the individual counts obtained for that particular
block, For example block C2Z2, animal 1.1 had exceptionally low
counts for receptor cell nuclei (27%%7.4%) and high counts for
receptor cell cytoplasm (52%~7.8%). The control values for these
features were 51.15.4% and 31.0%5.5% respectively. The appear-
ance of the tissue from which these results were obtained is shown
in Figure 4.35, It can be seen that the counts for receptor cell
nuclei and receptor cell cytoplasm did vary in accordance with

the appearance of the tissue. Therefore, the inability to demon--

the tissues were exposed and the counts obtained for any feature
within that tissue was not due to any inherent insensitivity of
the counting method but was due instead to the variation with-

in the experimental eyes.
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d) 1Maller Cell Cytoplasm

The counts for - Muller cell cytoplasm showed little variation
from the wvalues obtained for the control tissue, whether taken
individually as results for a block or combined to give results
for individual animals or groups. These results might, at first,
confirm the subjective view that Miller cells were fairly resistant
to damage. However, reproducibility tests showed considerable
variation in the results for Muller cell cytoplasm. This:.. may
have masked any experimental result. The high wvariation in
the Muller cell counts was thought to stem from the comparatively
low counts obtained for them (15%-25%).

The counting method employed did appear to be sensitive
enough to detect changes 1in the cellular relations within the
outer nuclear layer. Calculations of thé variance ratio for both
the animal and group results (the group results being all the
animals at a particular intensity) did imply that variation within
the tissues of onc animal and between animals tended to increase
at higher light intensities. Sources of variation within the tissues
have already Dbeen discussed. Variation between animals may
be due to factors such as ocular transmission, size of the eye,
and the accommodative state of the eye. Due to the double nature
of the [ibre optic light guide it was possible to illuminate the
eyes of two rabbits simultaneously. This was done on occasion,
the animals concerned being, Group 1: animals 2 and 3, Group
2: animals 3 and 4, Group 3: animals 1 and 2, Group 4: animals
1 and 2, and Group 5: animals 1 and 2. Even in the pairs
of animals which were exposed simultaneously, there still existed
considerable variation. This finding goes some way to reducing
the discencerting possibility that wvariation in the light intensity

was underlying the variation seen in these experiments.

82



The point counting method employed in these investigations
may not have been entirely successful due to the extreme variation
within the tissues analysed but it would appear that it could
be applied in other situations where the retinal changes arve
of a more uniform nature. These situations include, for example,
retinal degeneration induced by acute ischaemia or metabolic
poisons, such as sodium iodate, sodium fluoride, iodeacetic acid
and diaminodiphenoxypentane.

The counts obtained for the features assessed were not
converted to absolute measurements of area or volume. This was
because counting sysiem was primarily intended to give a repeatable
method of assessing relative changes and variation within the
tissue. Absolute measurements of cell area or wvolume were. not

required.
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Fig. 4.3

(LD3.1 block B2). Light micrograph showing the appear
ance of a retinal fold, seen after exposure to light intensity

3. {x 250):

Fig. 4.4
(LD3.1 block A3). Light micrograph showing the appoear-
ance of the outer retina, after exposure to light intensity

0S: outer segments; PE: pigment epithelium fx 1,000).



(LD3«2 bleck '€2Y)- Light micrograph showing a region

of atypically pigmented pigment epithelium, after exposure to
light intensity 3. PE: pigment epithelium: 0OS: outer segments;

1$; inner segments: Arrows: pyknotic nuclei (x 400).

Fig. 4.6

(LD3.2 block B3). Light micrograph showing the appear-
ance of the retina and choroid, after exposure to light intensity
R Pl pigment epithelium: OS: outer segments; IS Inner
scgments: ONL: outer nuclear laver: Arrows: oedematous receptor

svnapses: [C: inflammatory cells ix 200,
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Fig. 4.9

(LD2.1 block A3). l.ight micrograph showing the inner
retina, alter exposure to light intensity 2. OPL: outer plexitorm
layer; H: horizontal cell; A: amacrine cell: IPL: inner

plexiform layer; Mc: Muller cell cytoplasm (x 1,000).
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Fig. 4.11
(LD 2.4 block B3). Light micrograph showing the appear-
ance of the choroid, after exposure to light intensity 2. BE:

pigment epithelium; IRC: impacted red cells (x 1,000).

Fig. 4.12

(LDL.T Block ‘€2Y. Light micrograph showing the appear-
ance of the neural retina, after exposure to light intensity 1,
PE: pigment epithelial cell debris; 0S: outer segments; IS4
inner segments; ONL: outer nuclear layer; INL: inner nuclear

layer (x 250).



Fig. 4.13

(LD1.1 block C2). Light micrograph showing the appear-
ance of the pigment epithelium and choroid, after exposure to
light intensity 1. 0S: outer segment material; PE: pigment

epithelium; CC: choriocapillaris (x 1,000).

Fig. 4.14

(LD1.1 block C2). Light micrograph showing the appear-
ance of the outer nuclear layer, after exposure to light intensity
L [S: inner segments; ONL: outer nuclear layer; Arrows:

oedematous receptor cell synapses {(x 1000},
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Fig. 4.15

(LD1.1 block C2). Light micrograph showing the appear-
ance of the inner retina, after exposure to light intensity 1,
ONL: outer nuclear layer; OPL: outer plexiform layer; A:
amacrine cell; M: Muller cell; H: horizontal cell; B: bipolar

cell; IPL: inner plexiform layer; G : ganglion cell (x 1000).

Fig. 4.16

(LDL.1 block BIl). Light micrograph of the inner retina,
after exposure to light intensity 1. One of the macrophage
like cells, occasionally present on the inner limiting membrane,

can be seen. Arrow: macrophage like cell (x 1,000).



Fig. 4.17
(LDL.4 block B2). LLight micrograph showing a region
of choroid, after exposure to light intensity 1. CC: chorio-

capillaris. Arrows: platelets; 1RC: impacted red cells (x 1000).



Fig. 4.18

(LD5.2 block B3). Electron micrograph showing the
appearance of the pigment epithelium and choriocapillaris, after
exposure to light intensity 5. A few degranulating platelets
and inflammatory cells are present. PMN: polymorphonuclear

leucocytes; Arrows: platelets {x 6,400).



Fig. 4.19

(LD4.4  block B2). Low magnification electron micro-
graph of the retina, after exposure to light intensity 4. PE:
pigment epithelium; Arrows: cone inner and outer segments;

ONL: outer nuclear layer (x 900).



Fig. 4.20
(LD4.4  block B2). Electron micrograph showing the
appearance of a disrupted pigment epithelial cell, after exposure

to light intensity 4 (x 2,400).



Fig. 4.21

(LD33 block A2). Electron micrograph showing the appear-
ance of the outer retina, after exposure to light intensity 3.
PE: pigment epithelium; Arrows: cone inner segments; ONL:

outer nuclear layer (x 1,000).



Fig. 4.22
(LD3.3 block A2). Electron micrograph showing the
appearance of the pigment epithelium, after exposure to light

intensity 3. N: nucleus; Mi: mitochondrion; SER: smooth

endoplasmic reticulum: Bl: basal infoldings (x 7,000).



Fig. 4.23 a and b

(both 1.D3.3 block C2) kElectron micrographs showing
the wvariability in the appearance of the pigment epithelium,
after exposure to light intensity 3. Ph: phagosomes; N: nucleus;:
Ev: electron-lucent vesicles; Mt: mitochondrion: Bl: basal

infoldings (both x 3,600).



Fig. 4.24

(LD 3.8 bleck AlL). Electron micrograph showing the
appearance of the inner retina. after exposure to light intensity
3. Some of the Muller cells are densely stained demonstrating

their extensive cytoplasm. Mc: Muller cell cytoplasm (x 1600).



Fig. 4.25

(LD3.2 block B3)
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Fig. 4.26 a and b

(fa.. D24 bloeck  B4. b. LD21 block A3). Electron micro-
graphs showing the variability in the appearance of the pigment
epithelium, after exposure to light intensity 2. N: nucleus;
Mt: mitochondrion; Ld: lipid droplet; Bl: basal infoldings

(both x 6,000).



Fig. 4.27

(LD2.1 block A3). Electron micrograph showing the
appearance of the neural retina, after exposure to light intensity
2 05: outer segment material; ClS: cone i1nner segment;
IS: inner segments; Arrows: pyknotic receptor cell nucles:

Mc: Muller cell cytoplasm; INL: inner nuclear laver 1x 1 40



Fig. 4.28
(LD2.1 block A3). Electron micrograph showing the
appearance of the outer plexiform layer, after exposure to light

intensity 2. Cp: cone pedicle; Rs: rod spherule (x 10,500,



Fig. 4.29

(LD2.4 block B4). Electron micrograph showing the
appearance of a ganglion cell, after exposure to light intensity
2 N: nucleus; Arrows: distended mitochondria; kKEK: rough
endoplasmic reticulum; NFB: nerve fibre bundle; Mc: Muller

cell cytoplasm: [PL: inner plexiform layer (x 3,300).



Fig. 4.30

(LD2.1 block A3). Electron micrograph showing the
presence of degranulating platelets in the choriocapillaris, after
exposure to light intensity 2. Arrows: platelets; PE: pigment

epithelium; CC: choriocapillaris (x 1,700).



Fig. 4.31

(LD11 block C2). Electron micrograph showing the
appearance of the choroid, after exposure to light intensity
1.There are degranulating platelets in the choriocapillaris and
deeper vessels. Blood borne inflammatory cells are evident
in the large vessel. PE: pigment epithelium; BM: Bruch's
membrane; Arrows: platelets; PMN: polymorphonuclear leucocvtes;

Mo: manccytes; L: possibly a lymphocyte (x 2,100).



Fig. 4.32

(LD 1.1 block C2). Electron micrograph showing the
appearance of the outer retina and choriocapillaris, after expos-
ure to light intensity 1. 1S: inner segments; O0S: outer segments;
AS: apical surface of the pigment epithelium; N: pigment epithelium
nucleus; V: vacuoles of flocculate material; BM: Bruch's mem-

brane; CC: choriocapillaris (x 1,800).



Fig. 4.33

(LDL1 block C2). Electron micrograph showing the
appearance of the apical surface of the pigment epithelium,
after exposure to light intensity 1. Ap: apical processes;

0S: outer segment material; Mg: melanin granule {(x11,000).



Fig. 4.34

(LDl block C(C2). Electron micrograph showing the

appearance of the photoreceptor debris in the subretinal space,
after exposure to light intensity 1. 0S: outer segment material;

1S: inner segment; Mt: mitochondria (x 5,100).
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Fig. 4.36

{LD1.1 bleck €2). Electron micrograph showing the
appearance of the inner nuclear layer, after exposure to light
intensity 1. OPL: outer plexiform lavyer; H: horizontal cell:
B: bipolar cell; Mn: Mualler cell nucleus; A: amacrine cell;

IPL: inner plexiform layer (x 4,900).



Fig. 4.37

(LD1.1 block C2}. Electron micrograph showing the
appearance of the inner retina, after exposure to light intensity
L The Muller cell cytoplasm contains numerous electron-lucent
vesicles, and small electron-dense granules. Mc: Maller cell
cytoplasm; Ev: electron-lucent vesicles; Arrows: e.ectron dense

granules; G : ganglion cell; [PL: 1inner plexitorm layer (x

3,700).



Fig. 4.38

(LD1.1 block C2). Higher magniltication electron micro
graph of the Muller cell cytoplasm shown 1n tigure 4.5/. r
electron-dense granules; Ev: eclectron-lucent vesicles, possibly

distended tubules of smooth endoplasmic reticulum ' x b,



Fig. 4.39

(LD1.1 block €2) - Electron micrograph showing the
appearance of the choriocapillaris and choroidal stroma, after
exposure to light intensity 1. CC: choriocapillaris; G
endothelial cell; Arrows: endothelial cell bleps; F: tibroblast

{x 3,800)
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Table giving a qualitative assessment

damage seen within any group.

of the worst



Fig. 4.41
Electron micrograph showing the area defined as the

outer nuclear layer for the purposes of quantification.
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Figure showing the results obtained, by the point counting

metheod, within the control tissue.
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Figure showing the experimental results for the three
features assessed within the outer nuclear layer. The percent-

age of points landing on each feature of interest, in each animal,

are plotted against the estimated retinal illumination. The

control results are shown on the y axis.
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Fig. 4.44
Graph of the F ratios of the animal results for receptor
cell nuclei plotted against estimated retinal illumination. The

line fitted by linear least square regression 1is not significant

at the 5% level.
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Graph of the F ratios of the animal results for receptor
cell cytoplasm plotted against estimated retinal illumination.
The 1line fitted by linear least square regression 1is significant

(0S5 >P >001).
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Graph of the F ratios of the animal results for Muller”
cell cytoplasm plotted against estimated retinal illumination.
The line fitted by linear least square regression is not significant

at the 5% level.
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Figure showing the experimental results for the three
features assessed within the outer nuclear layer. The percentage
of points landing on each feature of interest, in each group
(all the animals at one intensity), are plotied against the estimated
retinal {illumination. The control resuits are .shown on the vy
axis. Experimental results significar.ll:ly different (P<0.05} from

the control vresults, wusing the Student t test, are circled.
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Graphs of the F ratios of the group results for recepter
cell nuclei, receptor cell cytoplasm and Muller cell cytoplasm
plotted against the estimated retinal illumination. The straight
lines fitted by linear least square regression, to the results
for receptor cell nuclei and receptor cell cytoplasm are significant
at the 5% level.

Receptor cell nuclei 0¢3>P>001. Receptor cell cytoplasm P<0.001.



CHAPTER 5

RECOVERY OF THE RABBIT RETINA AND CHOROID
FOLLOWING LIGHT DAMAGE
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5.1 Introduction

This chapter describes, by light and electron microscopy,
the appearance of the retina and choroid following one hour
exposures 1o light. The retinal and choroidal tissues were
examined at wvarious time intervals, up to 4 wecks, after the
experimental exposure.

The previous chapter described the effects, on the
retina and choroid, of one hour exposures to various intensities
of white light. The two highest light intensities were selected
for further investigation as they were already known (o cause
extensive damage to the photoreceptors and the pigment epithelium.

The aim of this investigation was to study the appearance
of the retina and choreid, at various times after the photic
insult, to determ'i,né the fate of the cellular debris, and the
degree of reccovery or repair which took place. The materials
and methods are described in Chapter 2, Section 4. The details
for each animal are given in Appendix 1.

Twenty eight animals were wused. Fourteen animals
were exposed to each light intensity for one hour. The estimated
retinal illumination in the lower intensity group was 38.6chm_2
and 84.4 chm_2 in the higher intensity group. They were allow ed
to recover for periods of 6 hours, 24 hours, 4 days, 1 week,
2 weeks or 4 weeks. After the appropriate recovery period
the animals were killed. Retinal and choroidal tissues were

then taken and examined by light and electron microscopy.

5.2 Recovery of the Rabbit Retina and Choroid Following

Light Damage; Light Microscopy; Low Intensity Group.

As in the previcus chapter considerable variation was
seen between Lhe tissue blocks examined. In some of the animals
¢

in the lower intensity group (animals 2/24h/2, 2/48n/1, 2/48h/2,

2/2W/1 and 2/4W/1) it was possible to determine which blocks
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were taken from damaged regions. Damaged areas showed a
whitish discolouration of the retina. These were ofien surrounded
by areas of irregular pigmentation. After the longer recovery
periods depressions were often noted in the 1inner surface of
the retina. On examination by light microscopy these regions
were found to bhe areas which had suffered a pronocunced loss
of retinal components. Figures 5.1, 5.2, 5.3 and 5.4 show
the relation of damaged areas to the position of the blocks taken.

In the description of the retinal and choroidal tissues
by light microscopy the lower intensity group {estimated retinal

jllumination 38.6mWcm _")‘) will be described first.

5.2.1 Group 2; 6 Hours Recovery (2 animals).

No lesion of the retina was seen in either animal during
dissection. Eight blocks from animal 2/6h/1 were examined
by light microscopy. These were AZ, A4, B3, Cl, C2, C4, D3
and D4. Three of these blocks A2, B3 and Cl were of normal
appearance. Blocks A4, C2, C4, D3 and D4 were of atypical
appearance as they showed alterations of the outer retina and
in two cases, D3 and D4, slight abnormalities in the appearance
of the inner retina. The nuclei of the pigment epithelium were
unusually rounded and the basal cytoplasm of the cells contained
numerous unstained vesicles, which were probably swollen mito-
chondria (Fig. 5.5 and 5.6). In the damaged tissue the photo-
receptor outer segments were disordered and irregular in appear-
ancc. The photoreceptor nuclei were of normal appearance.
The receptor cell cytoplasm in the outer nuclear layer and the
receptor cell synaptic regions did appear to be more lightly
stained than normal. QCccasionally, some of the cells of the
inner nuclear layer were also unusually light in their staining.
Cells with this 1lightly stained cytoplasm were identified as
horizontal cells or, less often, as amacrine cells (Fig. 5.5).
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In general, the appearance of the choroid was unremark-
able. Blocks D3 and D4 (animal 2/6h/1) were exceptions however.
These Dblocks showed the most extensive retinal damage Sseen
in this group. The choriocapillaris and the deeper vessels
of the choroid, adjacent to the damaged retina, appeared to

be congested with red blood cells (Fig. 5.6).

5.2.2 Group 2; 24 Hours Recovery (2 animals).

On dissection of the retinal and choreidal tissues of
animal 2/24h/2, a faint white mottled appearance was seen in
row A (Fig. 5.1). No abnormalities of this tissue were detected
by light microscopy. The light exposed retina of animal 2/24h/1
appeared normal and attached durihg dissection. However, all
the blocks examined from animal 2/2.411/1 showed some abnormalities
of the receptor cells and pigment epithelium. Blocks Al, BI,
and D1 all showed similar changes. The pigment epithelium
appeared swollen and had lightly stained cytoplasm. The cyto-
plasm contained numerous small vesicles which were probably
distended mitochondria. The nuclei of these pigment epithelial
cells were rounded and showed marginal chromatin staining.
They frequently contained a prominent nucleolus. The receptor
cell outer segments showed slight disorganisation (Fig. 5.7).
The majority of the receptor cell nuclei were usually normal
in appearance although pyknotic nuclei were identified. The
remainder of the retinal and choreoidal tissues were of normal
appearance.

A slightly different pattern of damage was seen in
the region of the visual streak in block Cl1. The pigment
epithelium was of two distinct appearances. In some instances
intracellular swelling was severe, leaving rounded nuclei visible

within clear cytoplasm (TFig. 5.8). In others, even in adjacent
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cells, there was loss of cell volume and a marked increase
in the density of staining. Cells with these appcarances have
already been described in Chapter 4 (see figures 4.2, 4.8, 4.20,
4.23 and 4.26). The receptor cells were virtually normal through-
out their length, although there may have been slight disturbances
of the outer segments. Some of the cells of the innecr nuclear
layer had swollen and pale staining cytoplasm. What were
thought to be processes from these cells could be seen in the
inner plexiform layer (Fig. 5.8). These cells were thought
to be amacrinc cells. The remainder of the refina and the
choroid was of normal appearance.

The only abnormal block found in animal 2/24h/2, block
B2, was of similar appearance to blocks Al, Bl and Cl from

animal 2/24h/1.

5.2.3 Group 2; 48 Hours Recovery (2 animals).

In both animals slight abnormalities in the appearance
of the retina in the experimental eyes were noted during dissection.
In animal 2/48h/1 a small retinal fold was present in the area
of block A2, 1In animal 2/48h/2 a slight pigmentary disturbance
was seen in column 1 (Fig. 5.1) blocks A, B, C and D.

The only blocks examined, which exhibited unusual
features, were blocks A2 (from both animals), block C2 from
animal 2/48h/1 and B3 from animal 2/48h/2 (Fig. 5.1). Blocks
C2 and B3 were similar in appearance to blocks Al, Bl and
Cl from animal 2/24h/1 ({(described in the previous sub-section).
All these blocks showed slight disturbances of the receplor cell
outer segments and cellular swelling of the pigment epithelium.

The most neoteworthy feature of this group was the presence
of macrophage-like cells in the interphotoreceplor space. These

were encountered in both animals, block A2 in each case (Fig.
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5.9). The inner retina in these regions was normal in appearance.
Abnormalities were limited to slight disturbances of the photo-
receptor outer segments and the pigment epithelium. The latter
were shrunken and denscly stained, similar to that described
for block Cl animal 2/24h/1. In addition te the macrophage-
like cells seen in the interphotoreceptor space, small mononuclear
cells could be identified within the structure of Bruch's membrane
(Fig. 5.9). Their location within Bruch's membrane was not
shown conclusively by light microscopy but was later confirmed

by electron microscopy.

5.2.4 Group 2; 4 Days Recovery (2 animals).

No abnormality of retlnal structure was detected during
dissection in eithcer animal. By light microscopy, the inner
layers of the retina appearcd normal in all blocks examined.
The photoreceptor cells were also of normal appearance although
slighlt folding of the outer nuclear layer was present in some
blocks. This type of appearance was encountered in blocks
C4 and D2 in animal 2/4D/1. Beneath these areas of retinal
folding the pigment epithelium was highly irregular in appearance
(Figs. 5.10 and 5.11). The irregular pigment epithelium showed
a variety of appearances. Some cells had slightly rounded
nuclei, while others appeared to contain numerous phagosomes
(Fig. 5.10). In other areas the pigment epithelial cells contained
vesicles., Very occasionally, what appeared 1o be a second
irregular layer of pigment epithelial cells was present. It
was not certain that these cclls were of pigment epithelial origin,
however (Fig. 5.11).

The choroid was of normal appearance in both animals

in this group.
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5.2.5 Group 2; 1 Week Recovery (2 animals).

The retinae of both animals appeared to beofnormal
appcarance during dissection. Light microscopy revealed only
minor disturbances of the photoreceptor cell outer segments.
However, in one block (block €2 animal 2/1W/1), wvery small
lesions of the pigment epithelium were observed. These lesions
extended over only three to four pigment epithelial cells. These
cells were highly wvesiculated, had rounded nuclei, and appeared
to be extruding their lipid droplets (Fig. 5.12). The chorio-
capillaris immediately below such regions invariably contained
impacted red cells or platelet thrombi (Fig. 5.12).

The remainder of the tissues examined by light microscopy

were of normal appearance.

5.2.6 Group 2; 2 Weeks Recovery (2 animals}.

In one animal, 2/2W/2, the retina appeared normal
during dissection and on subsequent investigation by light micro-
SCOPY .

In the other animal (2/2W/1) a whitish discolouration
of the retina was seen in rows C and D (Fig. 5.1). By light
microscopy several abnormalities in retinal structure were seen.
In block AZ there was a slight detachment of the neural retina.
This detachment was associated with disturbances of the photo-
receptor outer segments and the pigment cpithelium. What appeared
to be hyperplasia of pigment epithelium was noted as several
layers of pigmented cells were present (Fig. 5.13 and 5.14).

Blocks taken from rows C and D showed varying degrees
of abnormality being slight in the casc of row C and more severe
in the case of row D. Where these abnormalities were slight
(Fig. 5.15) the pigmenl epithclium appeared normal. The photo-
receptor cells showed some degenerative changes. Their outer
segments appeared to be fragmented but did not appear as the

vesicular structures more typical of light damaged outer segments.
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Distended cone cell inner segments were identifiable among the

outer segment material. However, the inner segments of the
rods appeared normal. The nuclei of many of the receptor cells,
probably of both rod and cone cells, were pyknotic. Many

of the cell processes in the outer plexiform layer were swollen
and lightly stained., These processes were tentatively identified
as being receptor cell synaptic terminals and horizontal cell
processes. Within the inner nuclear layer, some of the amacrine
cells' nuclei were surrounded by very lightly stained cytoplasm.
This pale staining of amacrine cell cytoplasm extended to their
processes in the inner plexiform layer. The remainder of the
retina, the Mlller cells, the ganglion cells, and probably the
bipolar cells, were of normal appearance (Fig. 5.15), As far
as could be detected by light microscopy the choroid was of
normal appearance.

Where the abnormalities of retinal structure were more
severe, {row D) the pigment epilhelium still appeared normal
by light microscopy. However, the degenerative changes of
the photoreceptor cells were much more pronounced than in row
c. There was fragmentation of the photoreceptor cell outer
segments and swelling of their inner segments. Distended mito-
chondria were probably precsent within the swollen inner segments.
Within the outer nuclear layer virtually all the receptor cell
nuclei were pyknotic. The receptor cell inner and outer receptor
fibres were reduced to darkly stained strands. The resulting
space between the 'shrunken'" receptor cells was filled with
lightly stained Miller cell cytoplasm. With the exception of
the Muller cells, virtually all the cells of the inner nuclear
layer were swollen w@and had lightly stained cytoplasm. This
cytoplasmic swelling appeared to extend as far as the cell processes

of the inner plexiform layer. However, the ganglion cells and
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the inner rcgions of the Muller cells had a normal appearance

(Fig., 5.16).

5.2.7 Group 2; 4 weeks Recovery (2 animals)

During dissection of the tissue from animal 2/4W/1 a
slight pigmentary disturbance of the retina was noted in the
region which corresponded to block A2, This was not seen by
light microscopy. However, on further examination by light
microscopy, tissue from both animals showed a variety of structural
abnormalities.

In animal 2/4W/1 the inner layers of the retina appeared
normal. Abnormalities in retinal structure were confined to
the outer retina. The receptor cells occasionally showed disturb-
ances of their outer segments (Fig. 5.17). In such regions
the pigment.epithelial basal cytoplasm contained numerous clear
vesicles. In other areas the disorganisation of the photoreceptor
cell outer segments was more severe and many of the receptor
cell nuclei were pyknotic (Fig. 5.18). In such areas the vacuo-
lation of the pigment ecpithelial basal cytoplasm appeared to
be more extensive, a greater proportion of the cytoplasm heing
involved. The choroid in both the regions described ahbove
was normal in appearance.

The morphologyof the retina from animal 2/4W/2 was very
similar to that already described for animal 2/4W/1. Disturbances
of the outer segments and pigment epithelium were common.
However, 1in one region (block D2) the degenerative changes
of the retina appeared to be more extensive than those already
described. The neural retina was detached. The receptor cells’
outer segments were swollen and highly disorganised and their

inner segments contained distended mitochondria. Within the
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outer nuclear layer many of the receptor cell nuclei were pyknotic.
Within the inner nuclear layer, the horizontal and amacrine

cells had swollen and lightly stained cytoplasm. This cytoplasmic
swelling of the amacrine and horizontal cells was also present

in their processes in the inner plexiform layer (amacrine cells)

and outer plexiform layer (horizontal cells) (Fig. 5.19).

The retinal pigment epithelium in this region was slightly
abnormal 1in appearance. There were many small wvesicles in
the basal cytoplasm. These were thought to be swollen mitochondria.
The choriocapillaris and choroidal vessels below these regions
of pigment epithelium were frequently filled with impacted red

cells (Fig. 5.20).

5.3 Recovery of the Rabbit Retina and Choroid Following

Light Damage; Light Microscopy; High Intensity Group

At least four blocks were examined from each experimental
eye. In all but one animal (1/2W/1) these blocks were selected
from areas which showed abnormal appearance during dissection
{Figs. 5.1, 5.2, 5.3 and 5.4). The experimental eyes in this
group were exposed to light which preduced an estimated retinal

illumination of 84.4 chm_z.

5.3.1 Group 1; High intensity (2 animals).

In both animals lesions of the retina were seen during
dissection of the retinal and choroidal tissues (Fig. 5.2). In
both animals tissue blocks were taken from within the confines
of the lesion. In animal 1/6h/1, Dblocks A2, B2, C2 and D3
and in animal 1/6h/2, blocks A2, B2, C2 and D4, were selected.
In both animals considerable variation Iwas seen in the tissuc
examined, although the overall pattcrn of damage was quite

similar in hoth animals. The severely damaged pigment epithelium
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was similar in both animals. It contained numerous _'-ud,e.nsely_-
stained bodies, which were presumably receptor cell debris, as
well as a few pale stained vacuoles which occupied a large
proportion of the cells' cytoplasm. Complete vacuolation of
the pigment epithelium was seen very rarely (Fig. 5.21).

The damage to the photoreceptors was extensive. Both
the inner and outer segments were disrupted. The majority
of the receptor cell nuclei were pyknotic. The pyknotic nuclei
were surrounded by a halo of swollen cytoplasm. Qccasionally
the oedema of the receptor cell cytoplasm extended as far as
the outer plexiform layer (Fig. 5.21). Surprisingly, the inner
layers of the refina appeared normal apart from very infrequent
pyknotic nuclei in the inner nuclear layer. As far as could
be discerned by light microscopy the choroid was of normal
morphology.

The remainder of the retina examined showed only slight
disturbances of the pigment epithelium and receptor cell outer
scgments apart from one region, block D4 in animal 1/6h/2,
Within this block the choriocapillaris and the deeper vessels
of the choroid were filled with impacted red cells (Fig. 5.22).
Immediately above this area of choroid the pigment epithelium
was densely stained and contained numerous distended mitochondria.
The detached (probably artifactual) neural retina showed disturb-
ances of the receptor cell outer segments., The remainder of
the tissue, the inner regions of the receptor cells and the inner

retina, were of normal appearance.
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5.3.2 Group 1; 24 Hours Recovery (2 animals)

Lesions of the retina were seen during dissection in

both animals. Tissue blocks were selected from within these
areas. In animal 1/24h/1, blocks Al and B2, showed extensive
damage. The appearance of these two blocks "was similar to
all the tissue examined from animal 1/24h/2. In these areas

the pigment epithclium was reduced in thickness and showed
little intracellular detail. In some regions the pigment epithelium
was separated from Bruch's membrane by a fibrous material
(Fig. 5.23). The receptor cell inner and outer segmenis were
highly disorganised. The subretinal space was completely filled
with photoreceptor cell inner and outer segment debris (Fig.
5.23). Virtually all of the receptor cells' nuclei were pyknotic
and were surrounded by oedematous cytoplasm. The cells of
the inner nuclear layer showed wvarious changes. Some cells
contained pyknotic nuclei within swollen cytoplasm while others
showed only slight oedema of their cytoplasm. Oedema of cell
processes was present throughout the inner plexiform layer.
The cell type to which they belonged was not known. The ganglion
cells were well preserved. The Miller cell cytoplasm
of the innermost retina was very lightly stained and greatly
distended. However, the nerve fibre layer, and the inner limiting
membrane, retained their normal morphology (Tig. 5.24).
The choriocapillaris below these extensively damaged
regions of retina contained numerocus mononuclear cells. The
deeper vessels, and the remainder of the choroid were of normal

morphelogy.
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5.3.3 Group 1; 48 Hours Recovery (2 animals)

Lesions of the retina were visible during dissection
of the tissues in both animals. In animal 1/48h/1 a large area
of retina was damaged {(Fig. 5.2). By light microscopy it
was seen that the retina and choroid of animal 1/48h/1 were
far more severely damaged than the retina and choroid of animal
1/48n/2.

The tissue blocks examined from animal 1/48h/1 were
A3, B2, Cl and D2Z. Block B2, wvirtually from the centre of
the 1lesion (Fig. 5.2), exhibited extremely severe damage to
the retina and choroid. The pigment epithelium was densely
stained, shrunken, and lacked any intracellular detail. The
lipid droplets and melanin granules could still be identified,
however (Fig. 5.25). The receptor cells were separated from
the pigment epithelium by a layer of lightly stained flocculate
material which contained approximately sperical, densely stained
bodies, which may have been outer segment material. The receptor
cells showed degenerative changes throughout their Jlength.
The inner and outer segments were reduced to a layer of vesicular
debris. All the receptor cell nuclei were pyknotic. These pyknotic
nuclei were surrounded by extensive Muller cell cytoplasm.
Oedematous cells, and cells with pyknotic nuclei, were present
throughout the inner retina. The innermost regions of the Muller
cells were so extensively swollen that the inner limiting membrane
and the nerve fibre layer appeared to be separated from the
remainder of the retina (Fig. 5.25). The choriocapillaris and
some of the deeper choroidal vessels appeared 1o be completely

blocked with platelets and impacted red cells.
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Blocks A2 and Cl, both from peripheral regions of the
lesion in animal 1/48h/1, were similar in appearance. The
damage scen in these blocks was similar to the worst damage
observed in animal 1/48h/2. As in the tissues already described,
the photoreceptors and the pigment epithelium were the most
severely damaged vretinal components (Fig. 5.26). Individual
pigment epithelial cells were conspicuous due to rounding of
the cells' apical cytoplasm. These cells appeared to have fine
cytoplasmic bridges extending across a separation belween themsclves
and Bruch's membrane. The cells' cytoplasm contained densely
stained inclusions and lipid droplets (Fig. 5.26), The receptor
cells' inner segments appeared to be greatly reduced in length
and their connection to any of the outer segment material was
uncertain. Most of the receptor cell nuclei were pyknotic, although
some nuclei of more normal appearance were also present, Loss
of receptor cell cytoplasm,and replacement by Muller cell cytoplasm,
was common throughout the outer nuclear layer.

The cells of the inner retina were mostly of normal
appearance although slightly ocedematous cells could be identified
within the inner nuclear layer.

The choroidal vessels below these less severely damaged
areas of retina differed markedly from those described for the
more scverely damaged regions. The deeper vessels were normal
in appearance but the choriocapillaris was filled with mononuclear
cells (Fig. 5.26).

The retinal and choroidal tissues surrounding the lesion
in animal 1/48h/1, and the remainder of the tissue examined
from animal 1/48h/2, were similar in appearance. Slight
abnormalitics of the receptor cells were present. The receplor

cells' nuclei and cytoplasm were unusually densely stained.
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There appeared to be a loss of outer segment material, and
consequently many of the inner segments did not appear to
process outer segments (Fig. 5.27). In all regions described
the inner retina, the pigment epithelium, and the choroid

appeared normal by light microscopy.

5.3.4 Group 1; 4 Days Recovery (2 animals).

Extensive lesions of the retina were seen during dissection
in both animals (Fig. 5.3). As in the previous section the
appearance of the tissue varied with the position from which
the tissue was selected. The appearances of the tissues could
be divided intoe two main categories: firstly, severely damaged
areas and secondly, transitional areas between damaged and
normal tissue.

The severely damaged areas of retina and choroid were
of differing appearances. Areas similar to the severely damaged
areas scen after 48 hours of recovery were present. These
areas showed extensive damage to the entire neural retina.
The choriocapillaris and the larger vessels of the choroid
were occluded by impacted red cells (Fig, b5.28). In regions
where the choroidal circulation appeared to be patent mono-
nuclear cells were present within the <choriocapillaris, and
also throughout the inner layers of the choroid. The inner
retina in these regions was still characterised by the presence
of numerous degenerative cells. The outer retina, however,
showed considerable change, The subretinal space was filled
with macrophagic cells. These cells contained abundant phagosomes,

which were presumably filled with photoreceptor debris (Fig.

5.29).
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Regions of gliotic retina were present adjacent fo the
areas of macrophagic activity. In these. .glictic regions the macro-
phagic removal of cellular debris appeared to be complete.
Therc was extensive loss of receptor cells. Muller cell cytoplasm
was extensive within the outer nuclear layer and appeared to
compensate for the loss of receptor cells by f{filling the spaces
between the surviving receptor cells. Miller cell nuclei were
thought to be frequently observed in the remnants of the outer
nuclear layer (Fig. 5.30}.  Where complete destruction of the
pigment cpithelium had occurred large pigmented cells were seen
above DBruch's membrane, In other areas, presumably where
the initial damage had hbeen less severe, pigment epithelial cells
and receptor cells were present. In these regions the receptor
cells lacked both inner and outer segmenls (Fig. 5.30).

Transitional zones between lightly damaged and severely
damaged retina were often surprisingly abrupt (Fig. 5.31).
These transitional zones only extended over a few hundred microns
of retina. The morphology of these areas was highly variable
but generally the reappearance of rcceptor cells was intimately
associated with the presence of viable pigment epithelium. The
degree of photoreceptor cell loss and loss of other retinal cells
was highly variable. This loss of cellular content was usually
compensaied for by expansion of Muller cell cytoplasm. This
expansion of cytoplasm into the outer nuclear layer was often
accompanied by a migration of the Miiller cell nucleus into the
outer nuclear layer. (Fig. 5.31)

In transitional zones the appearance of the choroid was
also variable. It often appeared normal but as regions of more
extensively damaged relina were approached mononuclear cells

became increasingly common within its blood vessels (Fig. 5.31).
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5.3.5 Group 1; 1, 2 and 4 Weeks Recovery (6 animals)

It was thought practical to describe the appearance of
the tissues from these animals together as their appearance was,
in many respects, similar. All of the animals in these three
recovery periods, except animal 1/1W/2, had lecsions of their
retinae which were obvious during dissection (Fig. 5.3 and 5.4).
Tissue examined by light microscopy was selected from areas
within and around the wvisible lecsions in all the animals except
1/1W/2. In animal 1/1W/2 they were selected randomly as no
lesion was visible.

Extensively damaged photoreceptors, and associated debris
within lhe subretinal spacce, were not observed at any recovery
period longer than four days. The appearance of the tissues
from these three recovery periods was divisible in three categories.
1. Areas of complete photoreceptor, and pigment epithelial cell
loss. 2. Areas of partial photoreceptor loss. 3. Areas of pigment
epithelial proliferation.

Areas where there was complete loss of the recepior cell
and pigment epithelial cells were identified in animals 1/1W/1,
1/2W/1, 1/2W/2 and 1/4W/2. During dissection these areas of
rectina appeared to be of normal colouration, but of reduced
thickness. Light microscopy of such regions revealed that the
inner rctina, from the inner nuclear layer to the inner limiting
membrane, was only slightly abnormal in appearance (Fig. 5.32).
However, the photorecepiors and the pigment epithelial cells
were complelely absent. The receptor cells and pigment epithelial
cells were replaced by Miller cell cytoplasm. Within this cyto-
plasm, what were taken to be, Muller cells' nuclei were secn.
Large pigmented cells were commonly seen adjacent to Bruch's
membrane. By light microscopy it was impossible to decide

whether these were surviving pigment epithelial cells or pigment
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laden macrophages (Fig. 5.33).

There were occasional thickenings of Bruch's membrane
(Fig. 5.32 and 5.33). In these areas the choriocapillaris was
absent, or 1if present contained mononuclear cells (Figs. 5.32
and 5.33).

In the areas of partial photoreceptor loss the survival
of some of the photoreceptors appeared to be intimately associated
with the presence of pigment epithelial cells. In some sections
a few photoreceptor cells extended beyond thce edge of the surviv-
ing pigment epithelium. Their .inner and outer segments were,
however, directed toward the surviving pigment epithelial cells
(Fig. 5.34).

In some areas there appeared to be pigment epithelial
proliferation, This was not a certainty as it was extremely
difficult to distinguish between pigment laden macrophages and
atypical pigment epithelial cells. An area which was thought
to show pigment epithelial proliferation is shown in Figure 5.35.
Such areas were often associated with folding or detachment
of the neural retina. Thesc proliferated pigment epithelial cells
were quite different from the cells which were thought to be
pigment laden macrophages. These macrophages occurred through-
out the outer retina of the later recovery periods (Fig. 5.36:
one week recovery, and Fig. 5.37: four weeks recovery). The
proliferated pigment epithelial cells were spindle shaped and
contained only moderate quantilies of melanin (Fig. 5.35). The
pigment laden macrophages were considerably larger and usually
contained massive amounts of melanin (Figs. 5.36 and 5.37).

The choroid in these animals at the later recovery periods
was usually unremarkable. Only the choriocapillaris showed
any variation. Occasionally it was completely absent (Tig.

5.37), or if present it contained scattered mononuclear cells
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(Figs. 5.31 and 5.32).

5.4 Recovery of the Rabbit Retina and Choroid Following

Light Damage; FElectron Microscopy; Low Intensity Group

This section describes, by electron microscopy, the areas
previously described by light microscopy. Any features of the
tissues which were not seen by 1light microscopy, and which
are of interest, will be described. As in the preceding section
the appearance of the tissues will be first .described - ‘for the
group exposed lo the lower intensily {(estimated retinal illumination

38.6 chmm2 ).

5.4.1 Group 2: 6 Hours Reéovery

After six hours rccovery damage was often restricted

to the pigment epithelium and photorcceptors. In some areas
the entirc retina was abnormal (Fig. 5.38 - Light microscopy
of this region was shown in Figs. 5.5 and 5.6). 'The damage

to the pigment epithelium, and photoreceptor inner and ouler
segments, was similar in appearance to that seen in the higher
intensity groups immediately after the one hour exposure to light.
There was consjderable swelling of the pigment epithelial cells'
mitochondria. The rod outer segments had focal . disturbances
of their disc stacks. The mitochondria of the rod inner segments
were slightly distended. Cone cells' outer segments were un-—
identifiable. Their inner segments were greatly distended and
contained severely swollen mitochondria (Figure 5.39).

Much of the Muller cell cytoplasm within the outer nuclear
layer was electron-lucent and severely swollen. Distended Muller
cell mitochondria could be seen close to the outer limiting mem-
brane. The receptor cells' nuclei and their synapses were

reascnably normal in their appearance (Fig. 5.40).
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The ganglion cells and the majority of the cells of the
inner nuclear layer showed considerable swelling of their cyto-
plasm and cell processes in the plexiform layers (Fig. 5.38).
The Muller cells, apart from swelling of their cytoplasm in the
outer nuclear laycr, were normal in appearance (Fig. 5.38).

The choroid was generally of normal appearance. In
regions of more pronounced retinal damage, however, choroidal
vessels were often occluded with impacted red cells or platelet

thrombi (Fig. 5.38).

5.4.2 Group 2; 24 Hours Recovery

Twenty four hours after the light exposure degenerative
changes were apparent in the pigment epithelium, and in the
receptor cclls (Fig. 5.41: Light microscopy was shown in Fig.
5.7). The pigment epithelium contained numerous electron lucent
vesicles, Some of these were distended mitochondria while the
others appeared to be regions of cytoplasmic rarefaction (Fig.
5.41). The majority of the pigment epithelial cells' cytoplasm
was granular in appearance, although regions of more normal
cytoplasm were found around the nuclei. The pigment epithelial
nuclei were wunusually rounded 1in appearance (Fig. 5.41).
Morpholigical changes were also apparenlt in the apical surface
of the pigment epithelium. The apical villi were reduced or
flattened against the apical surfaces of the cells. The wvilli
no longer interdigitated with the photoreceptor cells' outer segments
(Fig. 5.41). The damage to the photoreceptor cell outer segments
was similar to that seen after six hours recovery. Here again,
the cone cells' inner and outer segments were morc severely
damaged than those of the rod cells, The outer nuclear layver

contained a few pyknotic and disintegrating nuclei (Fig. 5.41).
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In all the tissues examined from these two animals both

the inner retina and the choroid were of normal appearance.

5.4.3 Group 2; 48 Hours Recovery

In both animals disturbances of retinal structure were
limited.  to the receptor cell outer segments and to the pigment
epithelium (Fig. 5.42). The receptor cell outer segments showed
disturbances of their disc stacking. Macrophages were present
among the outer segments in a few sections. These contained
what was thought to be receptor cell outer segment material
(Fig. 5.43. Light microscopy was shown in Fig. 5.9). The
pigment epithelium in these damaged areas was degenerative
and showed complete loss of cellular architecture (Fig. 5.44).

Cells had been seen Dbelow the degenerative pigment
epithelium by light micrescopy. By electron microscopy these
were seen to be enclosed within the structure of Bruch's membrane.
They were usually found immediately below the basement membranc
of the pigment epithelium (Figs. 5.42 and 5.44). Cells of similar
appearance were seen both within and external to the choriocapill-
aris (Fig. 5.44). On the basis of their size, nuclear shape
and chromatin pattern, and their cytoplasmic inclusions, these

cells were thought to be monocytes.

5.4.4 Group 2; 4 Days Recovery

In these animals, both the neural retina and the choroid
were normal in appearance. However, abnormalities of the pigment
epithelium were encountered (Fig. 5.45 a and b}. In regions
of abnormal pigment epithelium the neural retina was detached.
These detachments may have been artifactual. The retina, although
detached, was normal in appearance apart from some slight dis-

organisation of the moest distal regions of the photoreceptor outer
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segments. The atypical pigment epithelium had two distinct

WITH
appearances, In some areas its cytoplasm was packed|phagosomes
(Fig. 5.45a and 5.46). These phagosomes probably contained
outer segment material. in other areas the pigment epithelium

appeared to be "budding" cells (Fig. 5.45b and 5.47). These
"budding" cells appeared to be pinched off at the level of the
junctional complex (Fig. 5.47). These regions of alypical pigment
epithelium were only found in association with retinal folds or

detachments of the retina.

5.4.5 Group 2; 1 Week Recovery

As stated in the section on the light microscopy, the tissue.
from these animals was unremarkable. Only one block showed
a focal lesion of the pigment epithelium. The light microscopy
of this region is shown in Tigure 5.12. Sections suitable for
electron microscopy were fortunately obtained from this region
(Fig. 5.48). There were slight irregularities of the outer segments
of the photoreceptors. Damage was, however, far more conspicuous
within th‘e pigment epithelium. There was extensive vacuolation
of the cytoplasm. This may have been produced by distension
of the smooth endoplasmic reticulum, There was also slight
swelling of the pigment epithelial cells' mitochondria (Fig. 5.48).

The choriocapillaris beneath thesec damaged pigment
epithelial cells contained impacted red cells. Plalelets, as seen

by light microscopy (Fig. £5.12) were not seen by electron

microscopy, however. (IFig. 5.48)

5.4.6 Group 2; 2 Weeks Recovery

Structural abnormalities were only seen in animal 2/2W/1
by light microscopy. In the other animal, 2/2W/1, the tissues
appeared normal by light microscopy. Similarly, by electron

microscopy, abnormalities of siructure were only encountered
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in animal 2/2W/1.

Two distinct appearances were seen within the damaged
tissues: firstly, areas of retinal folding, or slight detachment,
with associated pigment epithelial disturbances and secondly,
arcas of genecral degenerative change throughout the entire retina.

In the areas showing pigment epithelial disturbances
the inner retina was of normal appearance. However, slight
irregularities of the receptor cell outer segments did occur (Fig.
5.49. Light microscopy was shown 1in Figs. 5.13 and 5.14).
By clectron microscopy abnormalities of structure were seen in
the choriocapillaris, Bruch's membrane, and the pigment epithelium.

In the regions of pigment epithelial abnormality (Fig.
5.49), the choriocapillaris showed an unusual crenulation or
folding of its lining endothelium (Fig. 5.50).  This did not
appear to affect the patency of the wvessels. In these regions
of pigment epithelial disturbances thickening of Bruch's membrane
was a common finding. This was produced by a thickening of
the inner collagenous layer (Fig. 5.50). In some sections cells
were sccen  within this thickened region of Eruch's membrane.
VYery occasionally, cellular processes were observed passing through
the elastic layer of Bruch's membrane and into the connective
tissue of the choroid (Fig. 5.50}. The regions of pigment
epithelial hyperplasia which were seen by light microscopy (Figs.
5.13 and 5.14) appeared to consist of three types of cells.
1. cells which appeared to be pigment epithelium albeit of atypical
appearance. 2. cells of unknown character, which were found
between the pigment cpithelium and Bruch's membrane. 3. macro-
phages or macrophage-like cells which were found on the apical
surface of the pigment epithelium and in the subretinal space

(5.50).
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In areas of retinal degeneration there was extensive
intracellular oedema of all retinal cells apart from the receptor
cells. The receptor cell cytoplasm was shrunken and densely
stained (Fig. 5.51). The pigment epithelium did not appear
to be severely damaged but did show swelling of its mitochondria
as well as slight rounding of its nuclei (Fig. 5.52). The photo-
receptor damage was unusual and differed considerably {from
that seen immediatcly after light exposure. Outer segment damage
was not severe. However, the inner segments were swollen,
and contained severely distended mitochondria (Figs. 5.51 and
5.53). Many of the receptor cell nuclei, principally rod cell
nuclei, were pyknotic. the cytoplasm of these cells with pyknotic
nuclei was often shrunken and densely stained (Fig. 5.53}).
The rods' spheruless were rounded and densely stained while
the cone cells' pedicles were less scverely damaged (Fig. 5.53).

The cells of the inner retina, except the Muller cells, showed
intracellular oedema and distension of their mitocheondria. Although
the Miiller cells, inwards from the inner nuclear layer, appeared
normal their cytoplasm was occasionally physically displaced
by the severely oedematous cells of the inner retina (Fig. 5.53).
The Muller cells' cytoplasm in the outer nuclear layer was greatly
distended. Within the cytoplasm adjacent to the outer limiting
membrane wcre numerous vesicular strucfures. These were thought
to be distended Miiller cell mitochondria (Fig. 5.53). The
choroidal tissues below these regions of degenerative retina were

normal in appearance (Figs. 5.51 and 5.52).
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5.4.7 Group 2; 4 Weeks Recovery

The appearance of the tissues four weeks after exposure

to light can be divided into three categories. 1. abnormalities
of the choroid. 2. abnormalities of the pigment epithelium,
and the receptor cells. 3. degenerative changes of the relina

and choroid.

In some areas the choreoid contained numerous inflammatory
cells. The majority of these cells were in the extravascular
tissues, These cells were thought to be macrophages, but they
varied in appearance from monocyte-like cells to mature macro—
phages, which contained numerous phagosomes (Fig. 5.54).

The majority of the retinal tissue examined by electron
nicroscopy showed some abnormalities of the receptor cells and
the pigment epithelial cells (Fig. 5.55). The pigment epithelial
mitochondria were slightly distended, and mild distension of
the smooth endoplasmic reticulum was present (Fig. 5.55). The
rod outer segments showed focal irregularities. In these regions
the discs were replaced by a flocculate material (Fig. 5.55).
Cone cell outer segments were absent or greatly reduced. Their
inner segments were greatly distended and contained swollen
mitochondria (Fig. 5.55).

Retinal degeneration similar to that described in the
previous section (2weeks recovery) was also seen in this group.
The retinal oedema and the distension of the Muller cells' cytoplasm
within the outer nuclear layer was not so marked, however (Fig.
5.56). The pigment epithelium was again similar to that described
previously although the choroidal vessels were more severely
damaged. These contained impacted red cells and there was

severe damage to the endothelial cells lining these vessels (Fig.

5.57).
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5.5 Recovery of the Rabbit Retina and Choroid FFollowing Light

Damage; Electron Microscopy; High Intensity Group.

As slated in the section on light microscopy four or more
blocks were examined from each animal. This section describes
the same tissue by electron microscopy. Emphasis is placed

on features not seen by light microscopy.

5.5.1 Group 1; 6 Hours Recovery

In both animals the pattern of damage was quite similar.
In animal 1/6h/l1 blocks A2 and B2 showed severely damaged
tissue. Similarly animal 1/6h/2, blocks A2 and B2, showed severe
damage to the retina. The remainder of the blocks examined,
animal 1/6h/1, blocks C2 and D3, and animal 1/6h/2, block C2
showed only slight abnormalities. The phetoreceptor outer segments
were mildly disturbed while the pigment epithelium's smooth
endoplasmic reticulum was slightly swollen. Apart from these
minor changes the tissues were otherwise normal in appearance.
The single remaining block, animal 1/6h/2 block D4, exhibited
a pattern of damage uncharacteristic of light damage. The
appearance of this block will be described later.

In the severely damaged regions both the photoreceptors
and the pigment epithelium were highly abnormal. The inner
nuclear layer, and the remainder of the retina, were of normal
appearance (Fig. 5.58).

The pigment epithelium exhibited a variety of structural
changes. The apical processes were disorganised or lost. The
melanin granules were scattercd throughout the cytoplasm. The
mitochondria, although still present in the basal cytoplasm,
were small and their internal matrix was densely stained.

There were large phagosomes of outer segment malerial within
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the cytoplasm. The nuclei and basal infoldings of these cells
retained their normal appearance (Fig. 5.59).

The receptor cells in these severely damaged regions
had ruptured inner and outer segments. The majority of the
receptor cells were pyknotic. Their perinuclear cytoplasm was
cither condensed around the nucleus or extrmely oedematous (Fig.
5.58}. The choroid, outer to these regions of damaged retina,
was normal in appearance (Figs. 5.58 and 5.59).

The remainder of the tissue examincd from these two
animals was virtually normal apart from block D4 animal 1/6h/2.
In block D4 the photoreceptor inner and outer segments were
slightly damaged. Many of the outer segments were swollen
and showed disorganisation of their discs. Tge inner segments
showed only slight swelling of their mitochondria. The remainder
of the retinal tissue was unremarkable although there may have
been slight intracellular oedema of the neural elements of the
inner nuclear layer, and the ganglion cells (Fig. 5.60). The
appearance of the pigment epithelium and choriocapillaris was
of more interest. The pigment epilhelium showed considerable
swelling of its mitochondria, some of which were ruptured (Fig.
5.61}. The smooth endoplasmic reticulum was swollen and the
cisternae of rough endoplasmic reticulum were distended (Fig.
5.61). The vessels of the choriocapillaris werc unusual in
appearance. The vessels were uniformly filled with a densely
stained material, which was thought to be haemoglobin derived
from 1lysed red cells (Fig. 5.61). The endothelial cytoplasm
was irregularly swollen and extended into the lumen of the

vessels (Fig. 5.61).
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5.2.2 Group 1; 24 Hours Recovery

The majority of the tissue examined from these animals
was reasonably similar in appearance. However, some variation
in the degree of damage to the retina and pigment epithelium
was apparent. Blocks Al and B2 from animal 1/24h/1, and all
four blocks examined from animal 1/24h/2, showed severe damage.
Within these tissue blocks the retina showed degenerative changes
throughout 1its thickness (Figs. 5.62 and 5.63). In the regions
of most severe damage the pigment epithelium was reduced to
a thin layer of granular material. This material showed little
evidence of cellular architecture apart from melanin granules
and lipid droplets (Figs. 5.62 and 5.64). Occasionally this
type of degenerative pigment ecepithelium was separated from
Bruch's membrane by plasma-like material which contained a
network of fibrous material, probably fibrin (Fig. 5.65).

In regions where the pigment epithelium had survived,
it was similar in appearance to that seen after 6 hours of re-
covery (compare Figs. 5.59 and 5.66). The mitochondria were
small with a densely stained matrix. The apical processes were
lost, and melanin granules were distributed throﬁghout the cyto-
plasm (Fig. 5.66).

The receptor cells' inner and outer segments were similar
in appearance to those seen in severely damaged regions after
six hours of recovery {(compare Figs. 5.58 and 5.62). However,
the outer nuclear layer was considerably different. The majority
of the receptor cell nuclei were pyknotic. These pyknotic nuclei
were surroundedﬁlfhighly oedemaltous cytoplasm. In some regions
of the outer nuclear layer receptor cell membranes had ruptured,
producing cystic spaces containing pyknotic nuclei (Figs. 5.62

and 5.63). The receplor cell synapses werc identifiable within
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the outer plexiform layer. Those of the cone cells appeared
to be better preserved than those of the rods (Fig. 5.63).

The cells of the inner nuclear layer were highly variable
in appearance. Some horizontal and amacrine cells had pyknotic
nuclei within scverely swollen cytoplasm, Other cells, thought
to be bipolar cells, had shrunken intensely stained cytoplasm
and pyknotic nuclei (Fiog. 5.63). Some of the cell processes
within the inner plexiform layer were swollen. These swollen
processes presumably belonged to amacrine or bipolar cells:
lthe ganglion cells were relatively normal, apart from a few
cells in which the cytoplasm stained more intensely than norn;al.
Throughout the retina the Miiller cells were normal in appearance
although their cytoplasm was markedly displaced, in the outer
nuclear layer, by the highly cedematous cytoplasm of the receptor
cells (Fig. 5.63). At the level of the outer limiting membrane,
Miiller cell processes could be seen extending into lhe sub-retinal
space. Inner to the outer limiting membrane the Muller cells’
cytoplasm was densely stained and contained rilany mitochondria
(Fig. 5.67).

Below these damaged regions of retina, fibrin clots often
occluded the choriocapillaris (Figs. 5.62 and 5.64). Where the
choriocapillaris was patent, it contained many mononuclear cells
(Figs. 5.66 and 5.68). The vasl majority of these mononuclear
cells were thought to be monocytes. Cells of a more macrophagic
appearance were seen within the c¢horoidal stroma and between

the vessels of the choriocapillaris (Fig. 5.68).
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5.5.3 Group 1; 48 Hours Recovery

Severe damage, similar to that described in the previous
section, was seen only in one of the animals. This was animal
1/48h/1 blocks B2 and C2. In another two blocks, blocks A2
in animals 1/48h/1 and 1/48h/2, severe damage was restricted
to the receptor cells and the pigment epithelium. In blocks

D2, animal 1/48h/1, and C2, animal 1/48h/2, there was a loss

of photoreceptor cells, The pigment epithelium, however, was
intact. Blocks B2 and D2, animal 1/48h/2, were near normal
in appearance; block B2 did show some abnormalities of the
pigment epithelium which will be discussed laler. In these two

animals the degree of damage shown by a block correlated well
with its position in the lesion (Fig. 5.2).

In the severely damaged areas, the appearance of the
outer retina and choroid was similar to that seen in scverely
damaged regions lwenty four hours after exposure. lHowever,
there appeared to be extensive leakage of plasma through the
damaged pigment epithelium. Fibrin fibres were present within
the plasma in the subretinal space (Fig. 5.6). The receptor
cells were virtually all degenerative. Many nuclei were pyknotic
while others were disintegrating (Fig. 5.70)., Muller cells' cyto-
plasm occupied most of the outer nuclear layer. Ii surrounded,
or possibly contained, the receptor cell debris (Fig. 5.70).
The numerous, small, densely stained structures seen external
to the Muller cells' cytoplasm and within degenerate receplor
cells were thought to be remnants of secondarly lysosomes produced
by the receptor cells (Fig. 5.71).

The inner nuclear layer showed changes which were similar

to those observed 1in severely damaged areas afler 24 hours

recovery although cells in an advanced state of degeneration
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were more common (Fig. 5.70). Within the inner plexiform layer
a greater proportion of the cell processes were swollen (compare
Figs. 5.70 and 5.63). The Miller cells had. more extensive
cytoplasm in both the inner and outer nuclear layers. This
increase in cytoplasmic volume was accompanied by an increase
in the size of the nucleus. The Muller cell nuclei also appeared
to be occupying a more external position within the inner nuclear
layer (Fig. 5.70).

The innermost regions of the retina, the ganglion cells

and the inner regions of the Miiller cells, were wunusualy in

appearance. Many of the ganglion cells' mitochondria were
swollen. The Miller cells' cytoplasm was of varying electron-
density and contained electron-lucenit wvesicles. These may have

been produced by distension of the Muller cell's smooth endo-
plasmic reticulum {(Fig. 5.70}.

Below these regions of severely damaged retina the chorio-
capillaris and the deeper vessels of the choroid showed extensive
damage to their endothelium. The interior of these vessels
were often [filled with [ibrin, various inflammatory cells, and
degranulating platelets (Figs. 5.72 and 5.73).

Within the less severely damaged arcas, the pigment
epithelium and the photoreceptors appeared to be selectively
damaged while the inner retina, the inner nuclear layer, the
inner plexiform layer, and the ganglion cell layer, retained
a more normal appearance. Intracellular oedema and distended
mitochondria were present within the inner retina but the cells
showing these features did not appear to be severely damaged
(Fig. 5.74).

As in the severely damaged tissue, the Muller cells'

nuclei were found more toward the outer aspect of the inner
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nuclear layer. Occasionally, Mlller cells' nuclei were identified
within the outer nuclear layer. These cells were identified as
Miiller cells as, in some instances, their cytoplasm could be
followed 1into the inner layers of the retina where its distribution
was typical of Miller cells (Fig. 5.74).

The choriocapillaris beneath the less severely damaged
regions of retina did not appear to have suffered much damage
to its endothelium. Consequently, fibrin clots, degranulated

platelets, and polymorphonuclear leucocytes were nol seen in

these areas. However, mononuclear cells were present within,
and external to, the choriocapillaris. In some sections cells
were seen within the structure of Bruch's membrane. They were

found between the inner collagenous layer and the basement
membrane of the pigment epithelium. In these areas the remainder
of the choroid was normal in appearance (Fig. 5.75}.

The more peripheral regions of Lhe extensive lesion in
animal 1/48h/1 (block D2).and the area of reduced retinal thick-
ness in animal 1/48h/2 (block C2) were similar in appearance.
Both the outer nuclear layer and the pigment epithelium were
unusual in appearance. Some pyknotic nuclei were present in
the outer nuclear layer but many of the receptor cell nuclei
were normal in appearance (Fig. 5.76). The receptor cells'
inner and outer segments were reduced, Much of the outer seg-
ment shrinkage appeared to result from breakdown of the receptor
cells' disc membranes. However, the plasma membrane of the
outer segment often appeared to be intact (Fig. 5.77). Other
structures, possibly distended inner segments, were [ound adjacent
to the pigment epithelium. These contained mitochondria or outer

segment material.
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The pigment epithelial cells were rounded and had lost
their apical processes. Their nuclei were rounded, their mite-
chondria distended and their melanin granules were randomly
distributed in the cells' apical cytoplasm (Fig. 5.77).

As in other tissues, within this group, after forty eight
hours recovery, loss of receptor cells from the outer nuclear
layer was associated with expansion of Muller cell cytoplasm.
This increase in the quantity of Miller cell cytoplasm within
the outer nuclear layer was accompanied by migration of the
Miller cells' nuclei into the outer nuclear layer (Iigs. 5.76
and 5.78). Much of the Muiller cells' cytoplasm in the outer
nuclear layer contained what was taken to be receptor cell debris
(Fig. 5.78). In thesc areas both the inner retina and the choroid
were of normal appearance.

In one of the blocks examined, animal 1/48h/2, block
B2, the pigment epithelium was highly unusualy in its appearance
(Fig. 5.79). The cells were swollen, apical displacement
of their cytoplasm accommodating the increased cell volume (Fig.
5.79 and 5.80). The nuclei of these cells were rounded and
showed an unusual chromatin pattern (Fig. 5.80). Although
present, the apical processes were much reduced in length.
Melanin granules and a few phagosomes of outer segment material
were present within the apical cytoplasm. In common with the
normal appearance of the ccll, the basal infoldings were present
with their asscociated mitochondria. However, the mitochondria
were slightly smaller and denser than normal. The junctional
complexes were intact and particularly prominent due to the

light staining of the cells cytoplasm (TFig. 5.80). the increased
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cell size was probably due to the nuclear swelling and distension,
or an increase in the amount of smooth endoplasmic reticulum.

The surrounding retinal and choroidal fissues were unremarkable.

5.5.4 Group 1; 4 Days Recovery.

The appearances of the tissues from these animals can
be divided into three groups: 1. blocks showing rapid transition
from lightly to severely damaged tissue ({animal 1/4D/1, blocks
A2, B2 and D3). 2. Dblocks showing uniformly severe damage
(animal 1/4D/1 block C2 and animal 1/4D/2 blocks B2 and C2}.
3. blocks showing normal or near normal morphology (animal
1/4D/2 Dblocks A2 and Dl1). 1t was noted that the degree of
damage exhibited by a block matched well the region of the
lesion from which it was taken (Fig. 5.3}.

In regions of rapid transition from lightly to severely
damaged tissue, many of the patterns of damage seen through-
out the lesion were present within the one block. For example,
figures 5.81, 5.82 and 5.83 show fields taken from adjacent 100
mesh grid squares. The distance between these fields was
around 300um. At the ouler edges of the lesion the only signs
of damage were slight irregularities in the disc stacking of
the rod and cone outcr segments. Within the pigment epithelium
rounding of the nuclei and an increase in the electron density
of the mitochondria were the only abnormalities (Fig. 5.81).
As the lesion was approached there was a striking less of phote~
receptor cells (Fig. 5.82), Once again Miller cells had invaded
the outer nuclcar layer, filling the space once occupied by
receptor cells (Fig. 5.82). At the edge of the lesion, the size
of the individual pigment epithelial cells increased markedly.

These cells often showed extension of their cytoplasm along
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Bruch's membrane towards the centre of the lesion (Fig. 5.82).

Immediately within the edge of the lesion, the degenerative
photoreceptor cells and pigment epithelial cells were similar
in appearance to the severely damaged regions scen after twenty-
four and forty-eight hours of recovery. Vacuolation and
degeneration were still occurring within the inner and outer
nuclear layers. Considerable gquantities of photoreceptor and
pigment epithelial cell debris were present (Fig. 5.83). Below
the degenerate pigment epithelium Jong cytoplasmic processes
were scen extending along Bruch's membrane (Figs. 5.83 and
5.84}). It was thought that these processes were extensions of
the viable pigment epithelium at the edge of the lesion. Below
the severely damaged retina, at the edges of the lesion, numerous
mononuclear cells were present within, and external to, the
choriocapillaris (Fig. 5.83).

In one of the tissue blocks examined (animal 1/4D/1,
block D3), there was, peripheral to the severely damaged tissue,
an area of retina showing considerable photoreceptor loss (Fig.
5.85). Within this block, the repair of the damaged tissue was
well advanced. Degenerate receptor cells were preseni although
few in number. There was little, if any, photoreceptor debris
seen within, or below, the outer nuclear layer. As in other
regions of retina, previously described, replacement of receptor
cells by Muller cell cytoplasm had occurred throughout the outer
nuclear layer. Once again Muller cell nuclei were present within
what remained the outer nuclear layer. The surviving photo-
receptors showed a considerable reduction in the length of their
inner and outer segments. This appearance may have been due,
in part, to lack of orientation of the inner and outer segments

(Fig. 5.88). The loss of receptor cells was reflected within
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the outer plexiform layer, where there was a considerable
reduction in the number of receptor cell synapses (Fig. 35.85).
The remainder of the retina, the inner layers of the retina and
the pigment epithelium, were normal in appearance, as was the
choroid.

Within the 1lesions, the retina and the choroid showed
uniform, severe damage. This severely damaged tissue could
be divided into two categories. 1. Tissue taken from within
the large lesion seen in animal 1/4D/1 - showing little evidence
of recovery. These blocks were similar in appearance to some

of the scverely damaged tissue examined after 24 hours recovery

{Fig. 5.87). 2. Tissue taken from within the smaller lesion
in animal 1/4D/1. Within this tissue, phagocytic cells were
extremely common (Fig. 5.88). These different appearances were

thought to be related to the patency of the choroidal vessels.
Within the larger lesion the choriocapillaris was occluded by
fibrin. The deeper vessels were filled with impacted red cells
{Fig. 5.87). Within the smaller lesion, and toward the edges
of the larger lesion, the vessels of the choriocapillaris were
filled with mononuclear cells (Fig. 5.88). 1If, as was thought,
these cclls were monocytes, they could be the source of the macro-
phages seen within the damaged retinal tissues. After some
of the earlier recovery periods (24 and 48 hours) mononuclear
cells had been seen within the structure of Bruch's membrane.
In a fortuitous section of the tissue from animal 1/4D/2 one of
these cells was seen extending through all the layers of Bruch's
membrane (Fig. 5.89). The two different appearances of the
severely damaged retina stemmed from the degree of inflammatory

cell invasion. This in turn would be related to the accessibility
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of the damaged tissue to inflammatory cells. Access to the
damaged tissue would be promoted by a patent choroidal circula-
tion and inhibited by occlusion of the choroidal vessels.

In the retinal tissues well removed from the visible lesions
(animal 1/4D/2, block D2) abnormalities in structure were limited
to the outer segments (Fig. 5.90). The disturbances of disc

stacking 1in the rods was more severe in the distal regions of

the outer segment. The cone cells appeared to 1lack outer
segments. Their inner segments were swollen and extended to
the pigment epithelium (Fig. 5.90}. However, some cone cell

outer segment material could be identified at the level of the
pigment epithelium. This material was identified as belonging
to cone cells because of two reasons: its deep penetration
into the pigment cpithelium, and the numecrous ensheathing pig-
ment epithelial processes. These characteristics are typical
of cone outer scgments. The remainder of this tissue was normal

in appearance.

5.5.5 Group 1; 1, 2 and 4 Weeks Recovery.

These three recovery periods were described together
in the section on their 1light microscopic appearance. This
approach will be adopted here as the tissues from these three
recovery pericds were found to have much in common.

Five of these six animals had lesions of the retina which
were seen during dissection. The exception was animal 1/1W7/2
in which no lesion was visible. The tissue examined from this
animal appcared normal by both light microscopy but some pig-
ment epithelial disturbances were seen by eleciron microscopy.

The appearance of these tissues will be described later.

v
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Iin all the tissue examined by electron microscopy no
extracellular cell debris was seen. However, many cells contain~
ed phagosomes or secondary lysosomes.

The appearance of the tissues will be described under
three main headings. 1. Areas showing complete loss of receptor
cells and pigment epithelial cells. 2. Areas showing partial
loss of photoreceptor cells. 3. Areas showing pigment epithelial
preliferation or atypical macrophages.

Areas showing complete 1loss of photoreceptor cells and
pigment epithelial cells were encountered in animals 1/1W/1,
1/2W/1, 1/2W/2, and 1/4W/2, The loss of the photoreceptor cells
and pigment epithelial cells did not unduly affect the structure
of the inner retina (Fig. 5.91). However, some loss of, and
thickening of, cell processes within the inner plexiform layer
was present. The absent photoreceptor <cells and pigment
epithelial cells were replaced by Miller cells' cytoplasm which
came into direct contact with Bruch's membrane (Fig. 5.91).
The Miller cells' cytoplasm immediately above Bruch's membrane

was highly convoluted and formed numerous interdigitating

processes. These processes contained scattered small mito-
chondria, and occasionally <cisternae of rough endoplasmic
reticulum (Fig. 5.92). Pigment 1laden cells wecre found near
to Bruch's membrane (Fig. 5.92a). These cells were thought

to be macrophages, rather than surviving pigment epithelium,
as the melanin granules within their cytoplasm appeared ito be
undergoing degradation. Also, cells of this type were not seen
in intimate association with Bruch's membrane as would be
expected of pigment epithelial cells (Fig. 5.90a).

Bruch's membrane and the choreoid in these regions were

atypical. There was often considerable thickening of Bruch's
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membrane. This appeared tc be due to a marked increase in
the amount of collagen present (Fig. 5.92a). This increase in
collagen content was also present within the inner layers of
the choroid (Fig. 5.92b). Within this tissue, and in tissue
examined after shorter recovery periods, cells were seen within
the structure of Bruch's membrane. Typically, these cells were
mononuclear and had scant cytoplasm, which contained some of
the organelles and inclusion bodies characteristic of monocytes.
However, after the longer recovery periods, cells with more
copious cytoplasm which contained melanin granules and possibly
secondary lysosomes were encountered within the structure of
Bruch's membrane (Fig. 5.92b).

Very occasionally, loss of cellular components extended
beyond the receptor and pigment epithelial cells. In some
instances there was complete loss of recognisable retinal com-
ponents apart from ganglion cells (Fig. 5.93). This tissue
appeared to be composed of highly disorganised Miller cells and
large pigment-laden macrophages (Fig. 5.93). As in the regions
of photorcceptor and pigment epithelial cell loss already described
thickening of Bruch's membrane was common. As in the other
areas, pigmented cells were found within the structure of Bruch's
membrane. The choroid 1in these regions of gliotic retina
frequently showed a marked increase in the amount of collagen
present. In such regions there was also a reduction in both
the size, and occurrence, of the vessels of the cheriocapillaris
{Figs. 5.93 and 5.94).

Regions showing reduced occurrence of photoreceptor cells
were encountered in all animals examined 1, 2 and 4 weeks after

exposure, with the exception of animal 1/1W/1. The degree of
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photoreceptor loss was highly variable ranging from a slight
to near complete loss. It became apparent that photoreceptors
were only found in regions where the pigment epithelium had
survived (Fig. 5.95). Four weeks after exposure photoreceptor
cells showing recognisable inner and outer segments were only
found in conjunction with pigment epithelium cells. Regions
of a similar appcarance were seen as early as four days after
the 1light exposure {see Fig. 5.85). However, four days after
exposure the regeneration of the photoreceptor inner and outer
segments was less advanced. TFour weeks after exposure, photo-
receptor cells which were thought to have suffered a similar
degree of damage had recognisable inner and outer segments
below a well organised outer limiting membrane (Fig. 5.96a and
b). The two regions compared were thought to have suffcred
a similar degree of damage as in both the inner retina, the
choroid, the choriocapillaris, and the pigment epithelium were
all of . similar.: appearance. Damage was restricted to the
receptor cells, which, in both cases; had been so reduced in
number as to comprise a layer of only one or two nuclei within
the outer nuclear layer.

Macrophages were first seen 1in the interphotoreceptor
space 24 to 48 hours after the light exposure. They were a
common finding by the fourth day after exposure. After the
longer recovery periods (1, 2 and /4 weeks) macrophages were
often seen in areas which had suffered extensive loss of retinal
elements. These macrophages were extremely large and packed
with melanin (Fig. 5.93).

Regions of pigment epithelial proliferation or atypical
macrophages were often associated with slight detachment of

the neural retina. Some of these areas were thought, on

123



initial . examination by light microscopy, to show pigment
epithelial proliferation (Tig. 5.35}). Examination by electron
microscopy, however, failed to support this impression. Examina-
tion of block A3 from animal 1/1W/2 by clectron microscopy (light
micrograph TFig. 5.35) allowed the majority of the cells present
below the neural retina to be identified as macrophages. These
macrophages lay inner to a layer of atypical pigment epithelial
cells (Fig. 5.97). It was thought that these cells were lrue
macrophages o©f haemotogenous origin as some did nol contain
any melanin. Also, cells of a similar appearance could be
identified within the choroid and Bruch's membrane (Fig. 5.98).
The retina adjacent to these accumulations of macrophages showed
only slight abnormalities of the receptor cell outer segments
(Fig. 5.97). The choroid and the choriocapillaris below these
regions of macrophage aggregation contained a few scattered
mononuclear cells and macrophages. Bruch's membrane was
slightly thickened and contained a few cells (Figs. 5.97 and
5.98).

The other region of suspected pigment cpithelial prolifera-
tion, block C2 from animal 1/4W/2, (light micrograph Fig. 5.36)
was again associated with a slight detachment of the neural
retina. Unlike the area already described, block A3 animal
1/1W/2, 1loss of photoreceptor cells was evident (Fig. 5.99).
The pigmented cells seen by light microscopy were identified
as pigment laden macrophages. The remainder of thc cells form-
ing this area of 'proliferation” were thought to be Miiller cells
(Fig. 5.100). Their nuclear shape and chromatin pattern, and
their cyteoplasmic organelles were very similar to the cells

identified as Muller cells which had migrated into the outer
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retina as seen in Figures 5.82, 5.85, 5.91 and 5.92.
Diagrammatic summaries of the findings for each tissue
block examined in the animals exposed to both the lower and

higher intensity are given in figures 5.101 and 5.102.
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5.6 DISCUSSION

The ability of the retina to recovery after a damaging
light exposure 1is of obvious importance. This is especially
true when the levels of illumination produced by some modern
diagnostic instruments are considered (Fig. 5.103). In Chapter
Four it was shown that the degree of damage suffered by the
retinal and choroidal tissues was related to the intensity of
light to which the eye was exposed. The degree of recovery
shown by the retinal and choroidal tissues was likely to be
related to both the intensity of the light to which the eye was
exposed, and to the lenglh of time for which the recovery process-
es were active.

To assess the effects of these wvariables, light intensity
and recovery period, two series of rabbits were exposed to one
or other of the two highest light intensities. The two light
intensities employed had already been shown to produce retinal
damage. [n the case of the higher light intensity choroidal
damage was also expected. Retinal and choroidal tissues taken
from the rabbits in both scries were then examined, by light
and electron microscopy, at various periods after the light
exposure {6 hours, 24 hours, 48 hours, 4 days, 1 week, 2 weeks,
or 4 weeks).

As was discussed in Chapter 4, the variation of damage
seen, even within one eye, was considerable. However, the
problem of tissue selection was simplified due to the visibility-
of lesions of the retina during dissection. These lesions were
seen in five out of the fourteen animals in the lower light
intensity group and thirteen out of the fourteen animals in the

higher light intensity group. In eyes having wvisible lesions,
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tissue blocks were selected from areas within and around the
lesion. In eyes where no lesion was visible, the blocks examin-
ed were selected randomly from within the previously illuminated
area.

As already discussed in Chapter 4, illumination of the
retinal and choreoidal tissues must result in slight temperature
increases. In studies employing lasers or photocoagulators,
pre—exposure fundus or body temperature has been [ound to be
related to the threshold for production of a retinal lesion (Ward
and Bruce, 197la; Ward and Bruce, 1971b; Polhamus and Welch,
1975). This effect is related to the amount of energy required
to raise the retinal temperature sufficiently for thermal damage
to occur. The amount of energy required would be decreased
at high body temperatures and increased at lower bedy
temperatures. In this respect the effect appears to be purely
physical.

In the long term experiments of Noel, Walker, Kang and
Berman (1966); Friedman and Kuwabara (1968); Grigolo ,
Orzalesi and Vitone ({1969) and Hannson (1970a) elevated body
temperature during the light exposure increased the rate of
appearance, and the extent of the retinal damage.

Many invesligators have suggested that 1light damage
is separate from thermal damage because the light levels are
simply too low to cause denaturation of refinal proteins.
Kuwabara and Gorn (1968) showed no appreciable increase in
retinal temperature elevation under 1,000{i~c of illumination:
light damage being produced by exposure to 750ft-¢c in their
study. Harwerth and Sperling (1971} produced behavioral
sensitivity shifts at power levels as low as one thosandth the

level reported by Ham, Williams, Mueller, Guerry, Clarke and
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Geeraetes (1966} for thermal damage, or for pigment epithelial
damage as reported by Friedman and Kuwabara (1968).

The primary site of thermal damage is the pigment epithe-
lium and 1is related to the density of melanin granules present
(Geeraetes and Ridgeway, 1963; Ham, Wiesinger, Schmidt, Williams,
Ruffin, Shaffer and Guerry, 1958; l.appin and Coogan, 1970).
Thermal damage is greater in the more pigmented areas of an
individual eye and greater in pigmented eyes than in albinoc eyes
(Geeraetes, Williams, Chan, Ham Guerry and Schmidt, 1962;
Geeraets and Ridgeway, 1963; Lappin and Coogan, 1970).

The damage observed 1in this study did not appear to
be related to pigmentation, and was of a highly irregular nature,
similar to that described by Lawwill {1973). Although heat released
by the absorption of light cannot be ruled out {see Appendix
4} it seems more likely that the damage obéerved in this study
was produced Dby excessive illumination rather than heating.
Possible mechanisms underlying light damage have already been
described in Chapter 4.

Immediately after exposure, and throughout the recovery
periods, cell damage and cell loss was greater in the higher
light intensily group. In the leower intensity group damage was
mostly restricted to the photoreceptors and pigment. Damage to
the inner retina was rare, but it did occur in some of the fissues
examined after the longer recovery periods (one to four weeks}).
This will be discussed later. The milder changes in the appear-
ance of the outer retina were in general agreement with those
reported by Kuwabara and Okisaka (1976), Ham, Ruffolo, Mueller,
Clarke and Moon (1978), and TFuller, Machemer and Knighton (1978)

even although a considerable species difference between monkeys,
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used in the investigations cited, and rabbits, used in this invest-
igation, had been expected.

In the group exposed to the higher light intensity six
hours, twenty four hours and forty eight hours of recovery were
associated with extensive damage to the photoreceptors and the
pigment epithelium. During the recovery periods of twenty four
and forty eight hours degenerating cells were observed within
the inner nuclear layer. Ultrastructural changes in the Muller
cells and horizontal cells of human retina have been reported
by Radnot, Jabbagy, Heszeiger and Lovas (1969). These changes
were seen at the end of a forty three minute exposure to light
and not after any recovery period. In this study the degenerating
cells in the inner nuclear layer seen within forty cight hours
after exposure to the higher intensity light, were horizontal,
bipolar and amacrine cells. The Muller cells appeared to be
surprisingly resistant to damage.

During the early stages of recovery, in regions of extensive
damage to the outer retina, Muller cells appeared to be particularly
active in the processes of repair. Their cytoplasm extended info
the volume once filled by receptor cells. The Miller cells' cyto-
plasm in these areas contained phagosomes of receplor cell material.
This expansion of the Muller cell cytoplasm into the outer nuclear
layer was associated with migration of the Muller cells' nuclei
into the area of expanding cytoplasm. The reason for this nuclear
migration is not understood. In areas of extensive Muller cell
replacement, the Muller cells were responsible for the preservation
of the outer limiting membrane, which separated the degenerating
outer retina from the surviving inner retina. Very similar findings

were reported by Hansson (1970a). Hansson follewed the pattern
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of recovery of the rat retina following light damage produced
at elevated body temperature. After two weeks of recovery, Hansson
reported that, in regions showing complete loss of photoreceptors
and pigment epithelium, the Muller cells apposed Bruch's membrane.
Similar regions were seen in this study one week after exposure
to the higher intensity. After longer recovery periods, Muller
cell cytoplasm was found to extend through the outer limiting
membrane and contact the apical surface of the pigment epithelium.
These regions of Miller cell and pigment epithelial cell contact
were only observed in regions of surviving receptor cell and pig-
ment epithelial cells. The Muller cells' c¢ytoplasm [illed the en-
larged spaces between the decreased numbers of receptor cell outer
segments, in what could be termed the inter photoreceptor space.
Complete loss of the receptor cells, and fusion of the Milller cells
with the pigment epithelium, as described by Kuwabara and Gorn
(1968), was not observed in this study. The survival of receptor
cells appeared to be intimately associated with the presence of
viable pigment epithelium. The importance of the retinal pigment
epithelium in the maintenance of the retina has been stressed
by Meier-Ruge (19€9), Straatsma, Hall, Allan and Cresatelli (1969)
and Hansson (1970a).

Lawwill (1973) investigated the effects on the rabbit retina
of four hour exposures to both white light (xenon arc} and a
monochromatic source (argon laser). In Lawwill's study the effects
of the exposures were assessed t;y electrorctinography, ophthalmo-
scopy, and histopathology. The tissue examined histologically
was obtained from animals killed one to four months after exposure.
Damage was assessed on a scale of 0 to 4+, with the rating deter-
mined by the most severe damage present in an eye. The criteria

used by Lawwill are given below.
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[+

mild oedema and disruption of the receptor cell layer.
I+ cedema, disruption of receptor cell outer segments and
early involvement of the pigment epithelium,
24+ oedema, almost total disruption of the receptor cells
with changes in the nuclei, and extensive pigment
epithelial changes.

3+ total loss of the receptors but with preservation of the
inner nuclear layer.

A complete loss of identifiable rectinal structure.

In Lawwill's study, as in this study, there was consider-
able variation in the degree of damage suffered by the retina.
Lawwill stated that the degree of damage appeared to be determined
by the density of the photoreceptor cells. This would seem to
be a reasonable propesition as the studies of Noel, Walker, Kang
and Berman (1966), and Gorn and Kuwabara (1967) implied that
the effectiveness of a light source in producing 1light damage
is related to its efficiency in bleaching the photoreceptor pigments.
If light damage is mediated by some by-product of rhodopsin
bleaching, there would be more of this by-product in regions
of high receptor density. (This does not take into account the
extreme effectiveness of blue light in producing light damage.
This has already been discussed in Chapter 4.) The area of
greatest photoreceptor density in the rabbit eye is found in the
region of the visual streak (Hughes, 1971). It was in that region
that Lawwill found highest degree of damage. This finding was
not confirmed by this study, but differences in the light sources,
area of retinal illumination, and the length of the experimental

exposure may account for this discrepancy.
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The alterations in retinal structure seen by Lawwill ranged
from slight oedema, associated with disturbances of the photo-
receptors and pigment epithelium, to complete loss of re;tinal
structure. Comparisons between Lawwill's study and this study
are difficult as formaldehyde fixation and conventional histology
were employed in Lawwill's investigation. Therc are, however,
similarities in the appearance of the retinal tissues, In the
low intensity group of this study, retinal damage was seen two
to four weeks after exposure. This damage did not appear fo
be directly related to the light exposure as the retinac of animals
examined up to about the second week of recovery appeared to
be regaining their normal appearance. However, at the later
recovery periods, two and four weeks, regions of damaged retina
were seen in three out of the four animals. In such regions
there was detachment of the neural retina and a generalised
intra-cellular ocedema of the retina. Trequently pyknolic receptor
cell nuclei were seen. The appearance of the retina differed
markedly from that produced by light damage. It was closer
in appearance to that of rabbit retina exposed to perieds of total
acute ischaemia as described by Johnson (1974) and Johnson and
Foulds (1978). The appearance of the retina after sixiy to one
hundred and twenty minutes of acute ischaemia (Johnson,
1974 and Johnson and Toulds, 1978) was very similar to
that shown in Figures 5.51, 5.52 and 5.53. 1f ischaemia produces
an appearance similar to that seen 1in this study, it scems
likely that the underiying mechanisms of damage may be similar.
Two of the four blocks exhibiting an "ischaemia' pattern of damage
showed irregularilies of the choroidal vasculature. There was
either invasion of the choriccapillaris by intlammatory ceclls or
blockage eof the choriocapillaris by impacted red cells and platelets.
The many ischaemic studies conducted in primates are not compar—
able, as primates possess a retinal circulation, which the rabbit

132



lacks. The presence or absence of a retinal circulation would
be crucial in determining the sparing or loss of the inner retina
following cessation of blood flow in the choroid.

The lower intensities employed by Lawwill (1973} resulted
in what he terms 1+ and 2+ changes. These 1+ and 2+ changes
were associated with disturbances of the retinal pigment epithelium.
Similarly, 1in this study, disturbances of the retinal pigment
epithelium were seen after the longer recovery pericds in the
lower intensity group. these regions of pigment epithelial
disturbances werc invariably associated with folding or detachment
of the neural retina. Pigment epithelial disturbances of a similar
appearance io those described in this study (Figs. 5.47, 5.49,
5.97 and 5.98) have been described in the rabbit retina, following
experimental rectinal detachment (Johnson and Foulds, 1977} and
in the rhesus monkey retina following retinal detachment (Machemer,
1968; Kroll and Machemer, 1968; and Machemer and Laqua, 1975).

In this and other studics, regions of suspected pigment
epithelial proliferation or "budding", described by Johnson and
Foulds (1977), have been associated with the presence of macro-
phages in the sub-retinal space. In a study of the rabbit pig-
ment epithelium following photocoagulation Gloor (1969) observed
mitosis and proliferation of the pigment epithelium. He concluded
that pigment epithelial mitosis and preoliferation gave rise to the
macrophages seen in his study. Gloor proposed the term "pigment
epithelial macrophage' as the name for a pigment epithelial cell
which behaves like a macrophage., In 1975 Mandelcorn, Machemer,
Fineberg and Herch demonstrated proliferation of intravitreal
retinal pigment epithelial cell autotransplants, in rhesus monkey
eyes. Perhaps more conclusively Mueller-Jensen, Machemer and

Azarnia (1975) demonstrated similar proliferation and redifferentia-
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tion of rabbit retinal pigment epithelial cells autotransplanted
in cell tight diffusion chambers. This approach removed the
possibility of sccondary contamination of the transplanted cells,
but did not remove the possibility that the cells were contaminated
in the first place by cells of other than pigment epithelial origin.
These studies strongly suggest that the retinal pigment epithelium
of the rhesus monkey and the rabbit are capable of proliferation
and redifferentiation into macrophage-like cells. this was obvious-
ly one source of the macrophages seen in this study.

In both the lower and higher light intensity groups macro-
phages were observed among the photoreceptor and pigment epithclial
cell debris. In both groups they were present within twenty
four to forty eight hours. In the higher intensity group they
were particularly numerous by the fourth day of recovery. The
origin of these macrophages is in some doubt. As already suggest—
ed the retinal pigment epithelium could, either by proliferation
or budding, give rise to these cells. Such an origin for the
macrophages scen in this study was considered. However, it was
thought unlikely that the majority of the macrophages seen in
this study originated from the pigment epithelium for the following
reasons:

1) No mitotic figures were ever observed within the pig-
ment epithelium or the retina. The fact that none were seen does
not preclude their existence. this finding 1is in contrast to the
observations of Ishikawa, Uga and 1lkai (1973), Ishikawa and
Ikai (1974) and Wallow Tso and Fine (1975) all of whom reported
mitotic figures in the retina following photocoagulation.

2) In the regions of greatest damage macrophages were
common. In these areas the pigment epithelium had been destroyed

by the photic insult. Therefore it could not be the source of
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these macrophages., Proliferation of retinal pigment epithelial
cells at the edges of the lesion and subsequent migration of pig-
ment epithelial macrophages was never observed. Sliding of sur-
viving plgment epithelial «cells beneath  degerate pigment
epithelium was seen at the edges of the lesions (Fig. 5.84).

The macrophages seen within the retina were thought to
be of haemotogenous origin for the following reasons:

1) Beneath severely damaged regions of retina, where
macrophages were plentiful, mononuclear cells filled the wvessels
of the choriocapillaris and were common in the coxtravascular
tissues of the chovroid. If, as was thought, these cells were mono-
cytes, they represented a source for the macrophages seen in
the subretinal space.

2) the mononuclear cells were also observed within the
structure of Bruch's membrane. They wusually lay immediately
below the basement membrane of the pigment epithelium. On
one occasion a favourable section revealed one of these cells
penetrating the complete thickness of Bruch's membrane (Fig.
5.89). As the nucleus of the cell remains in the plane of section
throughout the region of penetration of Bruch's membrane it 1is
apparent that Bruch's membrane does not reperesent a barrier
to the migration of these mononuclear cells from the choroid into
the retina.

Following retinal detachment in the rabbit cells of haemoto-
genous origin have been seen within the structure of Bruch's
membrane, and among proliferated rctinal pigment epithelial cells
(Johnson and Foulds, 1977). Following mixed sympathetic and
lens induced ophthalmitis cells of haemotogenous origin have been
observed below the basement membrane of the pigment epithelium

(Lee and Grierson, 1977).
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During the carly stages of phagocytosis of receptor cell
and pigment epithelial cell debris, forty eight hours to four days
after the photic insult, macrophages were very common. These
phagocytic cells were ultrastructurally very similar to those
described by Hannson (1970a). Hannson thought that the phago-
cytosing cells were partly derived from glial cells in the inner
half of the retina and possibly from blood cells, as in the case
of brain macrophages (Konigsmark and Sidman, 1963). In the
study of Hannson the phagocytosing cells appeared during the
second day of recovery and rapidly removed the cell debris.
Most of the cell debris was removed within one week and little
remained thereafter. These observations of Hannson are very
similar to what was seen in the higher intensity group of this
investigation. There were, however, some differences. According
to Hannson the phagocytosing cells first appeared in the inner
retina and migrated outward inte the photoreceptor debris.
Similarly, In another light damage study in the rat, O'Steen and
Lytle (1971) first noted the presence of phagocytosing cells in
the outer plexiform and receptor cell layers. In & later paper,
{O'Steen and Karcioglu, 1974) light damaged rats were injected
intravenously or intravitreally with fine carbon particles in an
attempt to follow the patiern of invasion, migration and egression
of the carbon filled phagocytes in eyes with degenerate retinae.
They concluded that retinal debris was removed by two populations
of <cells: mononuclear cells of vascular origin, and pigment
cpithelial cells. Following retinal damage, mononuclear cells
were first detected in the vitreous body.

At later recovery periods they were seen progressively
deeper in the inner plexiform layer and out te the bipolar layer,

where they were seen within, or partially within, the retinal
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capillaries. They concluded that these mononuclear cells entered
the eye through the central retinal artery or its capillaries, and
left through the central retinal vein. They also concluded that
phagocytic cells did not leave the retina by way of the choroidal
circulation, as following intravitreal injection of carbon particles,
phagocytes containing carbon particles were never observed in
the choroid or choroidal vessels. In the study of O'Steen and
Karcioglu, pigment epithelial <cells which had proliferated by
mitotic activity, occurred as single cells separated from Bruch's
membrane by the photoreceptor debris. After direct exposure to
carbon particles, pigment epithelial cell phagosomes contained
both carbon and lamellated discs of ocuter segment material. They
could not determine whether these cells left the eye through the
retinal capillarics or returned to Bruch's membrane to re-establish
continuity in the pigment epithelium.

The ultrastructure of the phagocytic cells seen in the
studies of Hannson {(1970a), O'Steen and Lytle (1971) and Q'Steen
and Karcioglu (1974) and their peried of peak activity (2-4 days
after the initial damage to the retina) was very similar to that
seen 1in this study. However, in the studies cited, the phago-
cytic cells entered and left the retina wvia the central retinal
artery and the central retinal vein. In this study it appears
that the majority of the phagocytic cells entered the retina from
the choroidal circulation, passing through Bruch's membranec.
This difference in the behaviour of the phagocytic cells can pro—
bably be c¢xplained by the fact that the rat possesses a retinal
circulation which the rabbit lacks. If the phagocytosing cells
are of haemotogenous origin in both the rat and the rabbit, they

have little option in the rabbit but to enter the retina from the
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choroidal circulation. It is possible that blood borne cells could
enter the rabbit retina from the vessels of the medullated nerve
fibres. Mononuclear cells were observed around the wvessels in
this area and among the fibres of the cortical vitreous. It was
thought unlikely however, that these cells would make any signifi-
cant contribution te the population of phagocytesing cells.

0'Steen and Karioglu (1974} reported that, following intra-
vitreal injection of carbon particles, carbon containing phagocytes
were never observed in the choroid. They concluded that it was
unlikely that retinal phagocytes escaped from the retina by passing
through Bruch's membrane and into the choreoidal circulation.
However, from the results of this study, it was thought thal the
retinal phagocytes left the site of damage wvia Bruch's membrane
and the choriocapillaris. In figure 5.92b a cell containing pigment
epithelium like melanin granules can be seen within the structure
of Bruch's membrane. It was thought that cells of this nature
had been previously active phagocytes {hence the melanin), which
were leaving the site of retinal damage, and migrating toward
the chorocidal vasculature.

Pigment containing macrophages were a common f;aa‘ture of
the choroid in the higher intensity group. It was thought that
some of these cells may have been retinal phagocytes, which had
migrated back into the choroid. It is possible, however, that
cells such as the one shown in Figure 5.92b may be migrating
into the retina, and not out of it. The melanin content of tLhe
cells being derived from damaged choroidal melanocytes.

Invasion of the retina by phagocytic cells which appear
to originate in the choreoid and enter the retina through Bruch's
membrane has bcen observed in rabbit retinae damaged by diamino-

diphcnoxypentane,  (Orgalesi, Grignolo, Calabria, Castellazzo,
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1967) but not those damaged by sodium iodate or fluoride {Grignolo,
Orzalesi and Calabria, 1966, Orzalesi, Grignolé and Calabria, 1967).
Hansson (1970a).. Hansson and Sourander (1970) reported, follow-
ing 1light induced retinal degeneration in the rat, lipid laden
macrophages passed through an apparently intact Bruch's membrane
to appear in the choroid, often perivascularly. Following exposure
of monkey eyes to light from an indirect ophthalmoscope Tso (1973)
concluded that the phagocytic cells left the site of injury by way
of the choroidal vasculature. It seems possible that the pattern
of phagocyte invasion and egression is related to the extent of
retinal and choroidal damage produced by the light exposure, or
other insult empleyed. In the present study and that of Hansson
(1970.9) choroidal damage was occasionally encountered. Complete
loss of the choriocapillaris was seen in this study, and invasion
of the damaged choriccapillaris by mesenchymal cells was observed
by Hansson (1970a4). Phagocytes lecaving the retina might be
influenced by the degrec of damage present, not only in the retina,
but also in the chereid. It is interesting to note that the retinal
degeneration induced by diaminodiphenoxypentane (Orzalesi,
Grignolo, Calabri and Castellazzo, 1967) results in rapid and com-
plete destruction of the pipgment epithelium. The degeneration induced
by iedate or fluoride result in a patchy destruction of the pigment
epithelium. It appears that where there was complete destruction
of the pigment epithelium non-native phagocytic cells invade the
retina and are active in the removal of cellular debris. If pigment
epithelial cells survive, these surviving cells become more macro-
phagic in character and are active in the removal of cellular
debris, without any assistance from non-nalive phagocytic cells.

Similar results are obtained following retinal degeneration induced
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by iodoacetié. acid (Orzalesi, Calabria and Gignolo, 1970). Iodo-
acetic acid appears to be highly specific in its action, causing
destruction of the receptor cells by leaving the pigment epithelium
and inner retina intact, Following poisoning by iodoacetic acid,
receptor debris is removed by pigment epithelial cells and Maller
cells. 1t appears that the fate of the pigment epithelium, follow-
ing administration of rctino-toxic compounds, or exposure to damag-
ing illumination, 1is important 1in determining which cells are
responsible for the phagocytosis of cell debris. If the pigment
epithelium survives, it and possibly the Miller cells, are respons-—
ible for the removal of debris. If the pigment epithelium 1is
destroyed, non-native cells invade the retina and are responsible
for the removal of cell debris.

One further piece of evidence points to a haemotogenous
origin for the phagocytic cells seen in this study. Phagocytic
cells were usually most numerous at the edges of severely damaged
regions. It was thought that this vigerous response was due to
the patency of the surrounding choroidal vessels. In the centre
of severe lesions the choroidal vessels were occluded by impacted
red cells, fibrin clots and degranulated platelets. Therefore,
if the phagocytic cells were of haemotogcnous origin, they would
be far more numerous at the edges of the lesions where they had
easier access to the damaged tissues. As already stated, this
was in fact seen.

In the immediate effects study it was thought that occlusion
of the choriocapillaris, or deeper choroidal wvessels, would give
rise to regions of increased retinal damage due ta the combined
effects of light exposure and ischaemia. This process was also
thought to be responsible for the areas of extreme retinal damage

seen in the recovery series of experiments.
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In the group exposed to the higher light intensity, after
one, two or four weeks recovery, regions of complete loss of photo-
receptor and pigment epithelial cells were seen, In these areas
there was, occasionally, an associated loss of the choriocapillaris.
1t was usually replaced by fibroblasts and collagen fibres, Bruch's
membrane, adjacent to these areas, showed a highly irregular
thickening. The- collagenous layers of Bruch's appeared to have
increasced markedly in thickness. The source of this collagen is
in some doubt. The cells seen within Bruch's membrane may have
been responsible, but this is highly unlikely if they were monocytes,
The two remaining possibilities are: 1) It was produced by
choroidal fibroblasts. 2} 1t was secreted by the Miller cells,
which had replaced the outer retina. Fibroblastic invasion of
Bruch's membrane following the passage of the mononuclear cells
would be the most favourable alternative.

Thickening of Bruch's membrane, with or without loss of
the choriocapillaris, must have a considerable effect on the diffusion
of metabolites and metabolic by-products to and from the retina.
It scems very likely that the condition of Bruch's membrane will
exert a considerable influence on the degree of recovery achieved
by the retina.

In the non-survival series of experiments it was found that
the cone cells' outer and inner segments were more susceptible
to light damage than their rod equivalents. Similar findings have
bcen reported in pigeon retinae damaged by continuous illumina-
tion from fluorescent lamps (Marshall, Mellerio and Palmer, 1972).
Curiously the increased sensitivity of the cone cell outer segment
does not appear to influence the survival of the cell or its eventual
regencration of outer segment material. In a study of light

damaged rats supposedly lacking photoreceptors Anderson and Q'Steen
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(1972) demonstrated that the rats possessed both black/white and
pattern recognition. It was later demonstrated by La Vail (1976a)
that there were in fact surviving photoreceptor elements in the
chronically light damaged rat retina. These surviving elements
were later identified as cones {(Cicerone, 1976). In this investiga-
tion, in the group exposed to the higher light intensity, cones
were frequently encountered among the surviving photoreceptor cells.
They could be identified as cones on the basis of their nuclear
chromatin pattern and the presence of synaptic pedicles. They
appeared to comprise far more than their predicted 8% of the
photoreceptor population (Hughes, 1971). To account for this
discrepancy it is necessary only (o hypothesise selective loss of
rod photoreceptor cells.

In the high intensity group, regeneration of photoreceptor
outer segment material began about one week after the photic insult.
It still appeared to be progressing four weeks after the photic
insult. Therefore the regeneration of the outer scgments appeared
to be considerably slower than that predicted by the studies of
Young (1967); Bok and Hall (1971); La Vail, Sidman and Q'Neil
(1972); and Wyse (1980). These studies indicated a complete turn-
over of the ral outer segment in about nine days. In the higher
intensity group of this study, the surviving photoreceptors still
appeared abnormally short, even after twenty eight days of recovery.
This discrepency in the rate of outer segment regeneration was
probably due to damage of the inner segment and even the cell
body of the receptor. Thus the repair processes would be more
involved and consequently take longer. Also complete regeneration
of an outer segment is probably more demanding than the gradual

turnover of an already cxisting outer segment.

142



There remains the possibility that some of the degenerative
changes seen within the experimental fissue were the result of age
changes. Light damage and age changes, in the rat, have been
shown to produce a similar morphology (Weisse and Stotzer, 1974).
Age changes in the rat take several years to develop. The Jong-
est survival period employed in this investigation was twenty eight
days and control eyes were usually of normal appearance. There-~
fore it can be concluded that the changes seen in the experimental
eyes in this study were afttributable to light exposure or to its

secondary effects.
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Figures 5.1 to 5.4 show the positions of the retinal lesions seen
during dissection. 1f no lesion was seen during dissection no

diagram is shown. The key shown below refers to all four figures,

Figure 5.1

KEY

% PIGMENTARY DISTURBANCE

A" RETINAL FOLD |

&) AREA OF WHITE DISCOLOURATION

AREA OF PATCHY DISCOLOURATION
> AREA OF REDUCED RETINAI. THICKNFSS



Figure 5.2



Figure 5.3



Figure 5.4



Figure 5.5 (2 /6h/1 block D4). Light micrograph showing the

appearance of the retina, six hours after exposure to light of

12 lower intensitv. A: amacrine cell; H: horvicomtal cell (x 4ov).

Figure 5.6 (2/0h/1 block D4). Light micrograph showing the
appearance of the outer retina, six hours after exposure to light
of the lower intensity. OS$: outer segments; PE: pigment epithelium;

IRC: impacted red cells (x 1000).
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Figure 5.7 (2/24h/1 block D2). LLight micrograph showing the

outer retina and the choriocapillaris, twenty four hours after

exposure to light of the lower intensity. ONL: outer nucleur
layer; PE: pigment epithelium: CC: choriocapillaris (x 1000]).
Figure 5.8 (2/24h/1 block Cl1). Light micrograph showing the

retina, twenty ftour hours after exposure to light of the Ilower

intensity. Arrows: disrupted pigment epithelial cells; 05 outer

4]

segments; A: amacrine cell (x 400},
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Figure 5.9 (2/48h/1 block A2). Light micrograph showing the
outer retina, forty eight hours after exposure to light of the
lewer intensity. Ma:macrophage; PE: pigment epithelium; Arrow:

Mononuclear cell within Bruchs membrane (x 1,000).

Figure 5.10 (2/4D/1 block C4). Light micrograph showing the
retina and choroid, four days after exposure to light of the lower
intensity. Numerous phagosomes are present within the pigment

epithelium (x 400).



Figure 5.11 .(2/4D/2 block Al). Light micrograph showing the

appearance of the outer retina, four days after exposure to light
of the lower intensity. One of the cells forming the irrvegular
layer above the pigment epithelium is shown. PE: pigment epith-

elium {(x 1000).

Figure 5.12 (2/1W/1 block C2). Light micrograph showing the

appearance of the retina, one week after exposure to light of

the lower intensity. There is a small lesion of the pigment epith-
elium overlying a vessel of the choricocapillaris. The vessel
contains a small thrombus of red cells and platelets. PE: pigment

epithelium; Arrow: thrombosed vessel (x 400).



Figure 5.13 (2 /2W/1 block A2). Light micrograph of the retina,
two weeks after exposure to light of the lower intensity, showing

possible hyperplasia of the pigment epithelium (x 400).

Figure 5.14 (2/2W/1 block A2). Light micrograph of the retina,
two weeks after exposure to light of the lower intensity. The

remainder of the area seen in figure 5.13 is shown (x 400).



Figure 5.15 (2/2W7]1 block Cl). Light micrograph showing the

appearance of the retina, two weeks after exposure to light of

the lower intensity. There is slight ocedema of the entire retina

(x 400).

Figure 5.16 (2/2W/l block D3). Light micrograph showing the
appearance of the retina, itwo weeks after exposure to light of
the lower intensitly. There 1is prominent oedema of the inner

retina. Many of the receptor cell nuclei are pyknotic (x 400).
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Figure 5.17 (2/4W/1 block A2). Light micrograph showing the

appearance of the retina, four weeks after exposure to light of

the lower intensity. There are minor disturbances of the outer
retina. I'he pigment epithelium is vacuolated. Arrows: vacuoles
(x 400).

Figure 5.18 (2/4W/1 block C2). Similar to figure 5.17 but showing
greater disturbances of the outer segments and more extensive

vacuolation of the pigment epithelium (x 400).
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Figure 5.19 (24w, 2 block D2). Light micrograph showing degener-
dative changes within the retina, four weeks after exposure to

dight of the lower intensity (x 400).

5.20 (2/4W/2 block D2).  Light micrograph showing the appearance

of  the pigment epithelium and the choroid, underlying regions

ol retina such as shown in figure 5.19. The pigment epithelium
contains many small vacuoles. The choroidal vessels are filled
with impacted red cells. PE: pigment epithelium; IRC: impacted

red cells (x 400).



Figure .21 1 och'l A2) Light micrograph showing the appearance
ot the retina and choreoid, six hours after exposure to light of
the higher intensitv. Many of the receptor cell nuclei are pyknotic.
Fhere 1s  w considerable amount of photoreceptor debris present.

INL: inner nuclear laver: ONL: outer nuclear layer (x 250).

Figure 5.22 (1/6h/1 block D4). Light micrograph of the retina
and choroid, six hours after exposure to light of the higher intens-
ity. Areas of retina showing slight intracellular oedema were
often adjacent to regions of choroid in which the blood wvessels
were filled with impacted red cells. IRC: impacted red cells

(x 400).



Figure 523 1/724h/2 Dlock A2). Light micrograph of the retina,
twonty four hours alter exposure to light of the higher intensity.

Pvknotic nucler are present in both the inner nuclear layer and

the cuter nuclear laver. Severely damaged pigment epithelium
15 separdted trom Bruch's membrane by a tibrous material. INL:
inner nucltear  laver: UNL: outer nuclear layer: PE: pigment

epithelium:  FM: fibrous material (x 4001,

Figure 5.24 (1/24h/2 Dblock Bl). Light micrograph of the retina,
iwenly four hours after exposure to light of the higher intensity,
Cellular damage is evident in all layers ol the retina. 1AL

inner limiting membrane; MC: Muller cell cvtoplasm  x 400,
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Figure 5.25 (1/48h/1 block B2). Light micrograph showing the
appearance ot the retina and choroid forty eight hours after
exposure 1o light ol the higher intensity. There 1is extensive
damage to both the neural retina and the pigment epithelium.

The choriocapillaris is  occluded by platelets and red cells.

CC: choriocapillaris (x 400).

Figure 5.260 (1/48h/1 block A3). Light micrograph showing the
appearance of the retina and cheroia., fortv eight hours after
expeosure to light of the higher intensitv, In the less severely
damaged regions the inner retina was ©of more normal appedrance.
llowever, there was still extensive damage te the outer retina.
The wvessels of the choriocapillaris are filled with mononuclear

cells  tx 250).
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Figure 5.27 (1/48h/1 block D2). Light micrograph showing the

appearance of the retina, in a peripheral region of the lesion,
forty eight hours after exposure to light of the higher intensity.

There are pyknotic nuclei within the outer nuclear layer. The
receptor cell outer segments are reduced in length. ONL: outer

nuclear layer: 0S: outer segments (x 400).

Figure 5.28 (1/4D/1 block C3). Light micrograph showing the
appearance of the outer retina and choroid, in the centre of
a lesion, four days after exposure to light of the higher intensity.
There i1s severe damage to the outer retina. T'he choroidal vessels
are  filled with impacted red cells. IPC: impacted red cells

(x 400).



Figure 5.29 (1/4D/1 block D3). lLight micrograph showing the
appearance of the outer retina and choroid, at the ¢doe of a
lesion, four davs after exposure to light of the higher intensity.
The sub-retinal space is filled with macrophages. The choriocapillaris
contains many mononuclear cells. Ma: macrophages; Arrows:

mononuclear cells (x 400).
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Figure 5.31 t1/4D/1 block D3). Light micrograph showing the
appearance of the retina and choroid, four days after exposure
to light ot the higher intensity. In the region shown there is
a rapid transition from mild to severe damage. Where there

is eoxtensive loss of  photoreceptor cells, Muller cells are present

1°]

within the outer nuclear laver. Arrows: Muller cells; Ma: macro-

phage ' x 2Hih,

Figure 5.32 (1/2W/2 block <(C2). Light micrograph showing the

appearance of the retina. two weeks after exposure to light of

the higher intensity. [here is complete loss of the photoreceptors
and the pigment  epithelium. Muller cells’ cytoplasm occupies
all of the outer retina. Mc:  Muller cell cvtoplasm; Arrows:

thickenings of Bruch's membrane (x 400).



Figure 5.33 (1/4W/2 block C2). Light micrograph showing the
appearance of the retina and choroid, four weeks after exposuire
1o hight of the higher intensity. As shown in figure 5.32, the

outer retina has been replaced by Miller cetl cvioplasm. Adjacent

to Bruch's membranc are large pigmentod  cells., It is thought
that these c¢ells are macrophages but this is not certain., P
pigmented cells (x 4OQ): B.M. Bruch's membrane: Arrows:

thickenings of Bruch's membrance (x Z00).

Figure 5.34 (1/4W/2 block D2). Light micrograph showing an
area ot partial  photoreceptor loss, four weeks after exposure
te the higher intensitv.  The presence of photoreceptors is intimate-

Iv  associated  with  the presence of pigment epithelial cells (x



Figure 5.35 (1/1W/2 block A3). Light micrograph of the retina, one
week after exposure to the higher intensity, showing an area of
suspected pigment epithelial proliferation. Ma: macrophage;

PP: proliferated pigment epithelium (x 400).

Figure 5.36 (1/4W/2 block C2). Light micrograph of the retina,

four weeks after exposure to light of the higher intensity. The

pigmented cells are different in appearance to those seen in figure

©.35. These large pigmented cells are thought to be macrophages.

Pc: pigmented cells (x 400).



Figure 5.3/ lLight micrograph of the retina

ind  choreid,  1en after exposure te light of the higher
Intensiy, fe resiorn hown  has suffered considerable loss of
retimal  colls. Large  plemented  cells,  probably macrophages.,

are ywresent adjpaceont to Bruch's membrane. The choriocapillaris
}

i1s absent in the region shown. Pc: pigmented cells (x 250!,
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Figure 5.38 (2/oh/1 block D4). Electron micrograph showing
the appearance of the retina and choroid, six hours after exposure
to Light ol the lower intensity. PE: pigment epithelium; C1S:
cone  inner  segment; Arrows: swollen Muller cell mitochondria;

IRC: impacted red cells (x 1.000).



Figure 5.39 (2/6h/1 block D4). Electron micrograph showing the

pigment epithelium and receptor cell inner and outer segments,
six hours afterexposure to light of the lower intensity. ROS:
rod outer segment; ClS: cone inner segment; Mt: mitochondria:

Ld: lipid droplet; N: nucleus (x 3,600).



Figure 5.40

(2/6h/1

block D4).

outer nuclear

layer and the

after exposure to

light of the

Cn: cone nucleus; Mc: Muller

Rs: rod spherule ; Arrows:

{x 3,600).

Electron micrograph showing the

outer plexiform layer, six hours

lower intensity. Rn: rod nucleus;

cell cytoplasm; Cp: cone pedicle;

distended Muller

cell mitochondria



Figure 5.41 (2/24h/1 block DI1). Electron micrograph showing

the appearance of the outer retina, twenty four hours after exposure

to light of the Jower intensity. Ev: electron lucent vesicles;
Mt: mitochondria; N: pigment epithelial nucleus; Cl&: cone
inner segment; Arrows: disintegrating receptor cell nucler Ix

1900 .
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Figure 5.42 ( 2/48h/2 block A2). Electron micrograph showing
the appearance of the outer retina and choroid, forty eight hours
after exposure to light of the lower intensity. O0S: outer segments;

PE: pigment epithelium; Arrow: cell in Bruch's membrane (x 1,000).



Figure 5.43 (2/48h/2 block A2). Electron micrograph of a macro-

phage, seen in the subretinal space, forty eight hours after expos-
ure to light of the lower intensity. RIS: rod inner segment;

Ph: phagosomes of receptor cell material (x 6,000).



Figure 5.44 (2/48h/2 block A2). Electron micrograph showing
the cell seen in Bruch's membrane in Figure 5.42 at higher power.
PE: pigment epithelium; Pbm: pigment epithelium basement mem-

brane; CC: choriocapillaris (x 7,600).



Figure 5.45 a. (2/4D/1 block C4); b. (2/4D/1 block A2). Electron
micrographs showing the appearances of the pigment epithelium,
four days after exposure to light of the lower intensity. In
a. the pigment epithelium is packed with phagosomes. In b.
there appears to be "budding'" of the pigment epithelium (both

x 1500} .
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Figure 5.47 (2/4D/1 block A2). Electron micrograph, at higher
magnilication, of the pigment epithelium shown in Figure 5.45b.
The cell appears to be constricted at the level of the zonula

adhaerens. ZA: zonula adhaerens (x 6,600),




Figure 5.48 (2/1W/1 block <2). Electron micrograph of the outer
retina, one week after exposure to light of the lower intensity.
Abnormalities of the pigment epithelium were only seen adjacent
to regions of occluded choriccapillaris. Ev: electron lucent vesicle;

Ld: lipid droplet: [IRC: impacted red cells tx 1,700).
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Figure 5.49 (2/2W/1 block C2). Electron micrograph of the outer
retina and choroid, two weeks after exposure to light of the lower
intensity. By light microscopy this region was thought to show
pigment epithelial proliferation. Ma: macrophage; PE: pigment

epithelium; Arrow: cell within Bruch's membrane (x 1,000).



Figure 5.50 (2/2W/1 block C2). Electron micrograph, at higher

magnification, of the region shown in figure 5.49. A cell is
present within Bruch's membrane. BM: Bruch's membrane; Ec:
endothelial cell cytoplasm; Ma: macrophage; PE: pigment epithe-

lium; C: cell of unknown origin (x 3,800).



Figure 5.51 (2/2W/1 Dblock D3). Electron micrograph showing
the appearance of the retina and choroid, two weeks after exposure
to light of the lower intensity. There is intracellular oedema
of the inner nuclear layer. Receptor cell cytoplasm is shrunken
and densely stained. INL: inner nuclear layer; Rn: rod nucleus;
Cn: cone nucleus; Mc: Muller cell cytoplasm; PE: pigment epithe-

lium (x900).






Figure: 5.53 (2/2W/1 block D3, Electron micrograph showing,
at slightly greater magnification, the inner retina shown in Figure
5.51. OS: outer segments; 1S: inner segments: Rn: rod nucleus;
Cn: cone nucleus; Mc: Mualler cell cytoplasm; Mn: Muller cell

nucleus; A: amacrine cell; H: horizontal cell; IPL.: inner

plexiform layer; G: ganglion cell (x 1,200}



Figure 5.54 (2/4W/1 block A4). Electron micrograph showing the
appearance of the choroid, four weeks after exposure to light

of the lower intensity. Extra-vascular inflammatory cells are

abundant. Ma: macrophage (x 1,650).



Figure 5.55 (2/4W/1 Dblock D2). Electron micrograph showing

the appearance of the outer retina, four weeks after exposure

to light of the lower intensity. PE: pigment epithelium; Iid 4
lipid droplet, SER: smooth endoplasmic reticuium; ROS: rod outer
scgment; Arrows: flecculate material within rod outer scgment

ClS: ceone inner segment {x 3,700
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Figure 5.56 (2/4W/2 block D2). Electron micrograph showing
degenerative changes in the neural retina, four weeks after expos-
ure to light of the lower intensity. G: ganglion cell; A: amacrine
cell; H: horizontal cell: M: Maualler cell; ONL: outer nuclear

layer; 1S: inner segments; 0S: outer segments (x 1,000).



Figure 5.57 (2/4W/2 block D2). Electron micrograph showing
the appearance of the pigment epithelium and choriocapillaris,
in an area of retinal degeneration, four weeks after exposure
to light of the lower intensity. SER: smooth endoplasmic reticulum;
Ld: lipid droplet; Mt: mitochondria; Ec: endothelial cell cyto-

plasm; IRC: impacted rod cells (x 3,200).



Figure 5.58 (1/6h/1 block 82). Electron micrograph showing the
appearance of the outer retina and choroid, six hours after expos-
ure to light of the higher intensity. ONL: outer nuclear laver:
Arrows: pyknotic receptor cell nuclei; PE: pigment epithelium

{x 900).
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Figure 5.59 (1/6h/1 block B2). Electron micrograph showing the
appearance of the pigment epithelium, six hours after exposure
to light of the higher intensity. Ph: phagosome: Mt: mitochondria;

Mg: melanin granules; 0S: outer segment material (x 5,500,
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Figure 5.60 (1/6h/2 block D4). Electron micrograph of the neural
retina six hours after exposure to light of the higher intensity.
The pattern of damage is not characteristic of that produced
by light. G: panglion cell; INL: inner nuclear lavyer; ONL:
outer nuclear layer; IS: inner segments; QS: outer scgments

(x 1,2007.



Figure 5.61 (1/6h/2 block D4). Electron micrograph showing the
appearance of the pigment epithelium, adjacent to areas of retinal
degeneration, six hours after exposure to light of the higher
intensity. Mt: mitochondria; RER: rough endoplasmic reticulum;
SER: smooth endoplasmic reticulum; Ec: endothelial cytoplasm;
Hg: densely staining material throught to be haemoglobin or one

of its breakdown preoducts ix 8,800).
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Figure 5.62 (1/24h/1 block B2). Electron micrograph showing
the appearance of the outer retina and choriocapillaris, twenty
four hours after exposure to light of the higher intensity. (CC:
choriocapillaris; PE: pigment epithelium; ONL: outer nuclear

layer (x 1,100),



Figure 5.63 (1/24h/2 block A2). Electron micrograph showing
the appearance of the neural retina, twenty four hours after
exposure to light of the higher intensity. G: ganglion cell;
INL: inner nuclear layer; ONL: outer nuclear layer; CS: cystic

spaces; OS: outer segment material (x 950).



Figure 5.64 (1/24h/1 block B2). Electron micrograph showing
the appearance of the pigment epithelium and choriocapilliaris,
twenty four hours after exposure to light of the higher intensity.

FE: pigment epithelium; Fit fibrin (x 2,200).



Figure 5.65 (1/24h/1 block A2). Electron micrograph showing
the presence of plasma and fibrin, between Bruch's membrane
and the pigment epithelium, twenty four hours after exposure

to light of the higher intensity. Fi: fibrin (% 9,000}



Figure 5.66 (1/24h/2 block C2). Electron micrograph showing

the appearance of surviving pigment epithelium, twenty four hours
after exposure to light of the higher intensity. Mt: mitochondria;
Ld: lipid droplet; Ph: phagosome; MO: mononuclear cell (x
3,800).



Figure 5.67 (1/24h/2 block C2). Electron micrograph

showing

the appearance of Muller cells' cytoplasi: at the level o! the

outer limiting membrane, twenty four aours after exposure to

light of the higher intensity. Mv: Microvilli;  Mt: mitochondria

(x 18,000).



Figure 5.68 (1/24h/1 block Bl1). Electron micrograph showing
the appearance of the choriocapillaris, twenty four hours atter
exposure to light of the higher intensity. Cells, thought to be
monocytes, are present within, and between, the vessel !t the

choriccapillaris. MO monocyte (x 3.700).



Figure 5.69 (1/48h/1 block Cl). Electron micrograph of the outer
retina and choroid, forty eight hours after exposure to light
of the higher intensity. OS: outer segment material; PE: pigment
epithelium; CC: choriocapillaris; MO: mononuclear cells; &0

plasma; Fi: fibrin (x 1,000).



Figure 5.70 (./48h/1 block Cl1). Electron micrograph showing
the appearance of the inner retina, forty eight hours after expos-
ure to light of the higher intensity. Arrows: pyknotic and dis-
integrating nuclei; Mc: Miller cell cytoplasm; Mn: Mualler cell

nucleus; G: ganglion cell (x 1,200).






Figure 5.72 (1/48h/1 block B2). Electron micrograph of the
pigment ecpithelium and choroid, forty eight hours after exposure
to light of the higher intensity. PE: pigment epithelium; Ma:

macrophage; F: fibroblast; Fi: fibrin (x 3,500).



Figure 5.73 (1/48h/1 block B2). Electron micrograph of a choroidal
venule, forty eight hours after exposure to light of the higher
intensity. The lining endothelium is severely damaged and many
inflammatory cells fill the lumen of the vessel. PMN: poly-

morphonuclear leucocyte; MC: monocyte; PL: platelet {x 3,0600).



Figure 5.74 (1/48h/1 block A2}. Electron micrograph showing
a less severely damaged region of neural retina, forty eight
hours after exposure to light of the higher intensity. G: ganglion;
Mn: Muller cell nucleus; Arrows: pyknotic, and disintegrating,

receptor cell nuclei {x 900).
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Figure 5.76 (1/48h/1 block D2). Electron micrograph showing
the appearance of the outer retina, in a peripheral region of
a lesion, forty eight hours after exposure to light of the higher
intensity. Arrows: pyknotic and disintegrating nuclei; Kn:
rod nucleus; Cn: cone nucleus; Mn: Muller cell nucleus; Mce:

Muller cell cytoplasm; PE: pigment epithelium (x 1,400)-.



Figure 5.77 (1/48h/1 block D2). Electron micrograph, showing
at higher magnification, the outer retina seen in Figure 5.76.
15: inner segment; 0S: outer segment material; PE: pigment

epithelium (x 3,500).



Figure 5.78 (I/48h/1 block D2). Electron micrograph showing,

at higher magnification, one of the Muller cell nuclei observed

within the outer nuclear layer in Figure 5.76. Mn: Muller cell
nucleus; PRn: pyknotic rod nucleus; Ph: phagosomes of receptor
cell material; Arrows: distended Muller cell mitochondria ( x

4,600).



Figure 5.79 (1/48h/2 block B2). Electron micrograph of the outer
retina and choroid, forty eight hours after exposure to light
of the higher intensity. The neural retina does not appear to
nave suffered any damage but the pigment epithelium is highly

unusual in appearance. PE: pigment epithelium (x 1,000).



Figure 5.80 (1/48h/2 block B2). Electron micrograph, at higher
magnification, of the pigment epithelium shown in Figure 5.79.
Ap: apical processes; Ph: phagosome; Mt: mitochondria; SEK:
smooth endoplasmic reticulum; Bl: basal infoldings;: N: nucleus

(x 8,000).
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Figure 5.81 (1/4D/1 block B3). Figures 5.81, 5.82 and 5.83 are
electron micrographs of the same tissue block. The fields shown
are approximately 300um apart. Figure 5.81 shows the appearance

of the retina and choroid, at the extreme edge of a lesion, four

davs uiter exposure to light of the higher intensity. Structural
abpnurimalities are limited to the outer segments dand the pigmen?t
epithelium. QS: outer segments; PE:  pigment epithelium.

I X YOO ) .



Figure 5.82 (1/4D/1 block B3). Electron micrograph showing the
appearance of the retina and choroid four days after exposure
to light of the higher intensity. The field shown is approximately
300um further toward the lesion than the field shown in Figure
58l .. There is a loss of photoreceptor cells. Macrophages are
plentiful in the subretinal space. The pigment epithelium is
greatly extended in direction of increasing severity of damage.
Arrow: pigment epithelial extension:; Ma: macrophage: Mn: Muller

cell nucleus: ONL: outer nuclear laver x YOO,



Figure 5.83 (1/4D/1 block B3). Electron micrograph showing the
appearance of the retina, and choreoid, four davs after exposure
to light of the higher intensity. The field shown is approximately
300um further into the lesion than tnat shown in Figure 75.582.
The retina has suffered considerably more damage. The vessels
of the choriocapillaris are filled with monconuclear cells, probably
monocytes.  MO: mononuclear cells; Ma: macrophage: Mn: Mulier
cell nucleus; CS: cystic spaces; EP: extensions ot 1he plament

epithelium. (x 930



Figure 5.84 (1/4D/1 block B3). Electron micrograph, showing

at higher magnification, the pigment epithelial processes seen

in Figure 5.83. The processes appear to extend along Bruch's
membrane below the degenerate pigment epithelium. DRE:
degenerate pigment epithelium; EP: extensions of viable pigment

epithelium {x 2,000).
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Figure 5.806 (1/4/1 block D3). Electron micrograph showing,

at higher magnification, the appearance of the surviving photo-

receptors, four days after exposure to light ot the higher

intensity. Rn: rod nucleus: Mn: Muller cell nucleus; Mwv: MGller
cell micro wvilli; Mt: mitochondria sluller cell g Ph: pha o

cell junctions of cuter limiting membrane X



Figure 5.87 (1/4D/1 block (2). Electron micrograph showing the

appearance of the outer retina and the choroid, four days after

exposure to light of the higher intensity. Fhe field shown is
from the centre of the lesion. ONL: outer nuclear layer; S
outer segment material; PE: pigment epithelium; CC: chorio-

capillaris; IRC: impacted rod cells {x 850).



Figure 5.88 (1/4D/2 block C2). Electron micrograph showing
the appearance of the retina and the choroid, four days after
exposure to light of the higher intensity. The tissue shown 1s
from a smaller lesion than that shown in Figure 5.87. Macrophages
are abundant within the outer retina, some are present within
the inner nuclear layer. The choriocapillaris is filled with mono-
nuclear cells. Ma: macrophage: Mn: Muller cell nucleus;

MO mononuclear cell (x 850).



Figure 5.89 (1/4D/2 block B2). Electron micrograph showing

a mononuclear cell passing through Bruch's membrane, four days
after exposure to light of the higher intensity. MO: mononuclear
cell; BM: Bruch's membrane; Arrows: pigment epithelial base-

ment membrane; CC: choriocapillaris (x 8,600).



Figure 5.90 (1/4D/1 block Dl1). Electron micrograph showing

a mildly damaged region of outer retina, four days after exposure

to light of the higher intensity., There are disturbances of the
rod outer segments. The pigment epithelial mitochondria are
more densely stained than normal, ROUS: red outer segment;
ClS: cone inner segment; COS: cone ocuter scament; Mi: nmute

chondria (x 3,500).



Figure 5.91 (1/2W/2 block C2). Electron micrograph of the retina

and the choroid, two weeks after exposure to light of the higher

intensity. The photoreceptors and the pigment epithelium are
completely absent. Muller cell cytoplasm is in direct contact
with Brucnh's membrane. There are thickenings, and cellular
infiltration, of Bruch's membrane. Macrophages and mononuclear
cells are common 1in the inner regions of the choroid. Mn: Muiler
cell nucleus: Mc: Muller cell cytoplasm: Arrows: thickenings
of, and cell within, Bruch's membrane: MO: monenuclear cells

tx 1,000 .



Figure 5.92 a and b (both 1/1W/1 block C2). a) Electron micro-

graph showing the appearance of the Muller cell cytoplasm, 1n

an area of complete photoreceptor and pigment epithelial loss,
one week after exposure to light of the higher intensity. Mc:
Muller cell cytoplasm; BM: thickened Bruch's membrane; Mis
macrophage. {(x 2,600). b) Same as a) but showing the presence
of pigmented and non-pigmented cells within the struciure of
Bruch's membrane. Mc: Maller cell cytoplasm; Pc: prgmented
cells NPc: non-pigmented cell; BM; Bruch's membrane X
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Figure 5.93 (1/4W/2 block D2). Electron micrograph showing
the appearance of the retina, in a region of profound cellular
loss, four weeks after exposure to light of the higher intensitv.
G: ganglion cell; Mn: Muller cell nucleus; Mc: Muller cell
cytoplasm; Pc: pigmented cells, thought te be macrophages;
BM: Bruch's membrane; Arrow: pigmented cell within the structure

of Bruch's membrane (x 1,800,



Figure 5.94 (1/4W/2 block C2). Electron micrograph showing
the appearance of Bruch's membrane and the choroid, in an area
of receptor and pigment epithelial cell loss, four weeks atter

exposure to light of the higher intensity. There are thickenings

of Bruch's membrane. The choriccapillaris is absent, or ol highly
atypical appearance. Arrows: thickenings of Bruch's membrane:
CC: greatly reduced vessel of the choriocapillaris.  The endotheiiagl

cells show crenellation of their nuclei which suggests contraction

of the cells (x 2,000/,



Figure 5.95 (1/4W/2 Dblock D2). Electron micrograph showing

the appearance of the retina and the choroid, four weeks after
exposure to light of the higher intensity. Surviving photoreceptors
occur only in association with viable pigment epithelium. Rn:
rod nucleus; PE: pigment epithelium; Mc: Miller cell cytoplasm

{(x 900).



Figure 5.96 (a) 1/4D/1 block D2; b) 1/4W/2 block D3). Electron

micrographs showing the appearance of the rod inner and outer

segments, a) 4 days and b) 4 weeks, after exposure to ligit

of the higher intensity. The regions shown are thought to have
suffered a similar degree of initial damage. Rn: rod nucleus;
1S: inner segment; 0S: outer segment; Mn: Muller cell nucleus:
Mc: Mualler cell cvtoplasm; |: Junctions of the outer limiting

membrane: PE: pigment epithelium Iboth x 3.1007,



Figure 5.97 (1/1W/2 block A3). Electron micrograph showing

an area of suspected pigment epithelial proliferation, one week
after exposure to light of the higher intensity. By light microscopy
this area was thought to show pigment epithelial proliteration.
Electron microscopy suggested that the majority of the cells were

macrophages. PLE: pigment epithelium: Ma: macrophage (x 8501,



Figure 5.98 (1/1W/2 block A3). Electron micrograph showing,

at slightly higher power, a region of suspected pigment epithelial
proliferation one week after exposure to light of the higher intensity,
The majority of the cells present are thought to be macrophages.
A similarity of the cells in the retina, to the cell between Bruch's
membrane and the choroid, is apparant. PE: pigment cpithelium;
Ma: cells thought to be macrophages: Arrow: cell partly within

Bruch's membrane 1 .200K






Figure 5.100 (1/4W/2 block C(C2). Electron micrograph showing,
at higher power, the area of suspected proliferation seen in Figure
5.99. The larger pigmented cells are thought to be pigment laden
macrophage. The irregularly shaped cells, on the basis ot their
nuclear appearance, cytoplasmic appearance, and their ability
to fuse with Bruch's membrane, are thought to be Maller cells.
Mc: Muller cell cytoplasm; Pc: pigment laden macrophage; BM:

Bruch's membrane (x 4,300,
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- COMPARISON OF LEVELS OF RETINAL

ILLUMINATION

INDIRECT OPHTHALMOSCOPE 1

1

SLIT-LAMP

SURGICAL MICROSCOPES .

68,6 micM 2

217 MNCM‘Z

460 MHeM 2—0970 MAcM 2

1 Calkins, ]J.L. and Hochhewmer, B.F. {1980}

2  Hockheimer, B.F., D'Anna, 5.A. and Calkins, J.L. (1979).

Figure 5.103

Table showing retinal illumination levels

associated with various light sources.



CHAPTER 6

FINAL DISCUSSION
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6.1 FINDINGS IN RELATION TO AIMS

The aims of this project were:
1) To investigate the fine structural changes in the rabbit
reinae resulting from moderate intensity, moderate duration (1
hour), exposures to white light.
2} To determine the threshold for light damage.
3) To investigate qualitatively and quantitatively damage to
individual retinal components resulting from various degrees of
super threshold light exposure.
4) To investigate any possible effect of light on the structure
of the choroid, and to assess the role of choroidal damage in
producing secondary retinal changes.

5) To study the repair processes following light damage.

These aims shall he discussed in the order given above.
1) the light levels employecd in this investigation were chosen,
at first subjectively, to be comparable with the light levels used
in such procedures as indirect ophthalmescopy. The levels of
retinal illumination were later calculated (as suitable equipment
became available). A good agreement was found between the
light levels employed in this investigation and the levels of
illumination experience by human retina during indirect ophthalmo-
sCopy. The levels of retinal illumination in this study were
between ZOchm_2 and SAchm_z } Indirect ophthalmoscepy has
been shown {Calkins and Hochheimer, 1980} to result in retinal
illumination levels of about 69chm"2.

The appearance of the light dJdamaged retinal tissues was
similar to previously published descriptions apart from the varia-
tion in damage seen within individual eyes. This variation has

already been discussed. In the non-survival experiments, where
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the animals were killed immediately after the experimental light
exposure, ultrastructural abnormalities were firsl encountered
in group 4. The pigment epithelial cells in the animals in this
group occasionally had rounded nuclei, swollen mitochondria,
and distended smooth endoplasmic reticulum. Both the rod and
cone cells showed abnormalitiecs of their inner and outer segments:
the cone cells exhibiting a slightly greater degree of damage.
As all these indications of damage appeared simultaneously in group
4, the primary site of light damage remains obscurc. The un-
expected scnsitivity of the cone cells to damage does lead one
to suspect that the cone receptor cells were the primary site
of ultrastructural damage. However, it does not follow that they
were the primary site of functional impairment. The histochemical
studies of Hannson (1970b), and the report of Ham, Muecller and
Sliney (1976) indicating increased retinal sensitivity to damage
al short wavelengths, tend to suggest that impairment of some
enzymic function of the retinal pigment epithelium may be the
initial site of damage, Ultrastructural changes in the photo-
receptor may be the first indications.oef damage, but this is not
surprising due to the intimate metabolic relation between the
pigment epithelium and the veceptor cells.

As the intensity of illumination was increased (groups 3,
2 and 1) damage to the outer retina became more severe. At
the two highest intensities employed, severe damage to the outer
retina was associated with appreciable damage to the inner retina,
particularly the horizontal, bipolar and amacrine cells. At the
highest intensity employed varying degrees of damage were seen
in &all the «cells of the retina. It scemed probable that the
increased severity of damage to the inner retina, at the higher

inlensitics, may be due to impairment of the transport systems
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of the pigment epithelium. This would deprive the retina of
essential metabolites, and probably produce an ischaemia-like
pattern of damage, In some instances, especially in the higher
intensity groups, occlusion of the choriccapillaris by platelets
and impacted red cells was probably responsible for the damage
to the inner retina.

2) The first definite structural changes were observed in group
4, This group was exposed 1o an estimated retinal illumination
of 291:(1WCm_2 for one hour. The total energy delivered to the
retina was therefore about 10/4]cm_2 . From the Americal National
Standard for the safe use of lasers (ANSl Z-136-1-1976 as quoted
by Calkins and Hochheimer, 1980}, the maximum permissible
exposure (MPE) for a retinal illumination level of 29mWecm 2 s
101 secconds. However, the MPE is calculated to lie two orders
of magnitude below Lhe level of illumination which would result
in a 50% probability of producing an ophthalmoscopically visible
lesions of monkey retinae. Therefore, exposure times, at this

level of illumination, would have to be in the order of 168 minutes

(lolsec. X 100)
60

The MPE and the MPE x 100 for the light intensities used

to produce an ophthalmoscopically visible lesion.

in this investigation have been calculated (Figure 6.1).
The MPE x 100 gives the level of illumination at which
lesions of the retina would be expected to become visible. In

this study, lesions of the retina were seen in groups 1 and 2.

The estimated retinal illumination in these groups was 0.084Wem

and 0.038Wcm = .. The MPE x 100 for {.08mWcm -2 and 0.038mWem

2

are 56 minutes and 126 minutes respectively. Therefore, as _the

-exposures were of 60 minules, the predicted appearance of visible

lesions agrees well with their actual appearance.
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3) The qualitative results of the immediate effects study were
shown in Figure 4.40. However, these observations can be shown
graphically (Fig. 6.2). It is apparent that the cone cclls are
the retinal cell type most sensitive to damage, followed by the
rod cells and pigment epithelial cells. The cells of the inner
nuclear layer appeared to be slightly less sensitive to damage
than cither the pigment epithelium or receptor cells, but more
sensitive than either the Milller cells or the ganglion cells,
The Miller cells and the ganglion cells were of similar sensitivity
to damage at the higher 1light intensities, but the Muller cells
appear to be slightly more sensitive al the lower intensities.

The quantitative results of this study were disappeinting,
as correlations between light intensity and counts for wvarious
cell components within the outer nuclear layer were poor. Reasons
for this poor correlation have already been discussed in Chapter
4. The method of quantification did appear to be sensitive to
changes in the morphology of the outer nuclear layer. Unfortunate-
ly the wvariation within and Dbelween animals was so large
as to mask any positive results. The variation within the
experimental tissues 1is probably rclated to the length of the
exposure period (1 hour). This long exposure period would allow
regions of severe damage to develop. Possible reasons for this
have already been discussed in Chapters 4 and 5, focal
occlusions of the choriocapillaris being the main candidate for
the production of the variation seen in retinal damage.

A series of experiments investigating the combined effects
of wvarious periods of acute pressure induced ischaemia coupled
with exposure to light have been conducted. These experiments

will be reported elsehwere (McKechnie, Johnsoen and Foulds).
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The light intensity employed in that investigation was similar
to that to which group 5 was exposed. That was 23chm_2 for
one hour. In addition one eye of each experimental animal was
made ischaemic for one of the following periods, 15, 30, 45 or
60 minutes. The retinal damage produced by this procedure was
more severe than that produced by light, or by ischacmia, in
isolation. The retinal damage seen in the combined light and
ischaemia experimenls was very similar to that seen in this study
where the choriocapillaris had been occluded by inflammatory
cells, platelets or impacted red cells, In the combined light
and ischaemia experiments the morphology of the damaged tissues
varied little with location. This was further evidence that focal

occlusion of the choriccapillaris was responsible for tlhe wvariation

seen in the purely light damage experiments.

4) Choreidal damage was only observed in the groups exposed io
the highest light intensity (Group 1). The damaged choroidal
cells being fibroblasts and endothelial cells. These damaged

cells were only found on the retinal aspect of the choroid. Focal
occlusions of the choriocapillaris were seen in the groups exposed
to lower light intensities. The consequences of these occlusions
of the choriocapillaris have already been discussed.

5) The two highest light intensities employed in the investiga-
tions described in Chapter 4 were chosen for further investigation
into the recovery processes. They were chosen because they were
already known:to cause damage to the photoreceptors and the pig-
ment epithelium, with the accumulation of cellular debris in the
subretinal space. The aim of this part of the study was to
investigate t{he appearance of the rctina and choreid at various
times after the photic insult to determine the fate of the cellular

debris debris produced by the initial insult,
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The findings of this part of the study were described in
Chapter 5. Diagrammatic representations of the results are shown
in Figures 5.101 and 5.102.

In the group exposed to the lower intensity the findings
of note were:-

a) The association between severe retinal damage and
occlusion of the choriocapillaris.

b) The appearance of cellular damage within rectina one
to four weeks after the exposure to light. The cause of this
delayed retinal damage remains obscure but secondary retinal
damage due to delayed appearance of capillary damage within
the choroid seems a possibility.

In the group exposed to the higher intensity the findings
of note were:

a) The good association between regions of severe retinal
damage and occlusion of the choroidal vessels or choriocapillaris.

b) The phagocytds?slof receptor cell debris by Muller cells.

¢) The expansion of Mller cells' cytoplasm to replace lost
elements of the outer nuclear layer, and the accompanying migration
of the cells' nuclei.

d) The invasion of the light damaged retina by inflammafory
cells of wvascular origin, and the relation between inflammatory
cell invasion and patency of the choroidal circulation.

e} The migration of monocytes through Bruch's membrane.
Macrophages derived from these cells were, in the main, respons-—
ible for the removal of cellular debris.

f} The association of pigmentary disturbances, e.g. hyper—
plasia and budding of the pigment epithelium with the longer

recovery periods.
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g) The regenerative 'capabilities of the photoreceptors in
the presence of pigment epithelium.

h) The high survival of conec cells following light damage,
even though their outer segments appear to be very susceptible

to damage.

6.2 Possible Modifications of Experimental Design

OCne of the main causes of concern and difficulty in these
experiments was the system wused to illuminaile the experimental
eyes., In any future experiments it would be preferable to use
a modified fundus camera, or at least an optical system similar
to that wused in the fundus camera. With this type of optical
arrangement it would be poossible to observe the fundus of the
experimental eye during the course of the light exposure. This
would allow observations to he made on the formation of lesions,
such as were seen in the non-survival experiments, and the
resolution of lesions, such as were seen 1in the survival experi-
ments. The rate of formation, the time of appearance, and the
rate of resolution, of these lesions is not known from the present
investigation.

Given direct visualisation of the rabbit's fundus during
the experimental exposure it would be possible to make more exact
measurements of the area of retinal illumination.

In the experimental design, the possibility of continuously
measuring the output of the light sources using a radiometer
was considered. Unfortunately, the cost of such equipment was
prohibitive. The absence of such measuring equipment was
recognised as a flaw in the experimental design but little could

be done to rectify the problem.
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In relation to the experiments of Ham, Mueller and Sliney
{1976}, it would have been advantageous to have been able to
alter the wavelength distribution of the light reaching the retina.
This could be achieved by the use of interference filters, either
narrow band pass filters or by use of combinations of leng and
short wavelength pass filters. With combinations of these filters
it would be possible to achieve bandpasses from about 10nm to
100nm in width. One unfortunate consequence of such filtering
systems is the need for a powerful light source of relatively
even output across the wavelengths considered for investigation.

In this respect xXenon arc lamps are probably ideal.

6.3 Other Possible Experimental Techniques

In the non-survival experiments, one of the major difficulties
was Lhe lack of localisation of the sites of retinal damage.
It is probable that fluorescéin angiography would show where
there were defects in the pigment epithelium. This would allow
more accurale localisation of lesions of the retina. It would
also be of interest to follow the pattern of recovery by repeated
ITuorescein angiography.

The possibility of using ERG's to study the initial degree
of damage, and the progress of recovery was considered. However,
due to the system of illumination, the retina is only partly
illuminated. This coupled with the irregular nature of the lesions
greatly reduces the wvalidity of the ERG in assessing the degree
of retinal damage. Some studies were conducted into the use
of ERGs but these were not successful. After exposurc to damaging
levels of 1illumination ERGs were not recordable. At lower levels
of illumination the recovery of the ERG was very similar to the

normal dark adaption curve obtained by mecasuring ERG wave
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form amplitudes at various times after the cessation of illumination.

6.4 Future Lines of Investigation

The future lines of investigation fall inte iwo categories: -

1) Additional techniques.

2) New experimental models.

Additional techniques include the cyto-chemical demonstration
of acid phosphatasc (Gomori, 1952) and aryl suphatase {(Goldfischer,
1965) in the phagocytic cells present within the retina, and
choroid, after damaging exposures. This may be useful in the
determination of the origins of these phagocytic cells, These
techniques were used successfully by Essner and Gorrin (1979)
to demonstrate the presence of actively phagocytic cells in the
retinae of rats with inherited retinal dystrophy.

Hanson (1970b), by light microscopy and histochemistry,
successfully demonstrated a reduction in the activities of the
following enzymes in the light damaged rat retina: a) Cytochrome
oxidase, b) _Nigotinamide adenine dinucleotide diaphorase. c)
Succinate dehydrogenase. d) Lactate dehydrogenase.

It would be of interest to repeat this type of experiment
but wusing the higher resolution afforded by EM cytochemistry.
Seligman, Xarnovsky, Wasserkrug and Henker (1968) have devised
a technique suitable for the electron microscopic localisation of
cytochrome oxidase aclivity. It is probably poessible to stain
for nicotinamide adenine dinucleotide diphorase activity and succinate
dehydrogenase activity by the use of ferricyanide or nitro-sub-
stituted tetrazolium salts. Similarly, lactate dehydrogenase
activity can be demonsiratecd by the appropriate use of tetrazolium
salts (Lewis and Knight, 1977). With these techniques it may
be possible to localise the metabolic origin of light damage hypo-

thesised by MHam, Mueller and Sliney (1976).
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If light damage results from some metabolic disturbance
of the cell it 1is possible thalt photosensitising agcnts such as
the phenothiazines, the psoralens, and the tetracyclines may
enhance, or produce Ilight damage at wunusually low levels of
illumination. Phenothiazine has been shown to induce atrophy
of the photoreceptors and proliferation of the pigment epithelium
(Cerletti and Meier-Ruge, 1967). Studies utilising EM cyto-
chemistry in combination with wvarious photosensitising agents
may be useful in ellucidating the metabolic origin of light damage.

New experimental models to study the effects of light on
tissues could include the use of tissue culture systems. It seems
probable that 1light of short wavelengths, around 400nm, may
damage cells by the photochemical production of highly reactive
radicles, or 1ions, which cause chemical modification of other
nearby molecules of the cell. 1If this is the case, then it should
be possible to produce 'light damage" in cells other than those
of the retina. The ability to conduct studies on simple systems,
such as cultured fibroblasts or pigment epithelium, may greatly

simplify cytochemical and biochemical studies of light damage.
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LIGHT INTENSITY (Wcm °) MPE (seconds) MPEx100 (minutes)

0.084 34 : 56
0.038 76 126
0.032 91 151
0.029 101 168
0.023 126 210
0.020 146 243

Figure 6.1

Table giving the light intensities used in this 'Ln'vestigation
and the maximum permissible exposure (MPE) calculated from the
recommendations of American National Standard for the 5Safe Use
of Lasers ( ANS1 Z-136. 1-1976}. The MPEx100 gives the exposure
time at which there would be a 50% probability of producing an

ophthalmoscopically visible lesion.
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APPENDIX 1

ANIMALS
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LIGHT DAMAGE IMMEDIATE EFFECTS SERIES

GROUP AND .
[NTENSITY DESIGNATION WEIGHT SEX coLgul ANAESTHETIC DATE

1 1.1 1.8ks fod B ML 7.10.77
1.2 1.8ks * Br 8ML 30, 8.77
[D1.3 1.5x6 “ Baow 8L n. 8.77
D14 1.8x6 * BaW ML 30, 8,79
2 Ln2.1 2.1x6 " Fa & W 10.5me 7.11.77
Lb2.2 1.9%e " RaW BML 31.10.77
tD2.3 1.9a Bew Qe 19.11.78
LDZ,4 1.7x6 “ Be W 8Smu 19,11.78
3 Ln3.1 1.3k6 " Br 7nL 21.10.77
1D3.2 2.3x6 " Br 10M, 21.10.77
LD3.3 1.8k6 “ De & 4 ML 3, 9.79
Lo3,4 2.1k " Do & W 10mL 3, 9.79
4 Loy, 1 2.0ke " BeW 9.5mL 10.11.77
Loy, 2 2.0x6 " BgWw 9, 5ML 10.11.77
LDy, 3 1.5ke " Do &8 W M 17.11.78
Lby.4 1.5x6 " Do & W 8mL 17,11.78
5 LDs.1 1.3x6 “ 6N 6ML 23,11.77
D5, 2 1.%s " 6 &Y 7,51 23.11.77
6 LD6. 1 2. kg ” Da 10k 20.10,77

ANAESTHETIC ¢,v. fM0X URETHANE

CCLOUR CODE:

B BLACK D8 & W DARX BROWN AND WHITE
B & W Brack anp wHiTe De DARK GREY

Br BROWN D6 8 W DARX GREY AND WHITE
Ba & W BROWN AND WMITE Fa & W FawN aND WHITE

1)} DARK BROWN b6 8 Y GREY AND WHITE

Figure Ai-1
Table giving the details of the animals used in the 'Light

Damage Immediate Effects” experiments.,
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LIGHT DAMAGE RECOVERY SERIES

DESIGNATION REC., PERIOD WEIGHT SEX COLQUR ANAESTHETIC DATE* TIME KILLED

HIGHER LDR1/6 /1 6 Hours 1.3 ke d G &N BmL 5.2.79 12.30
INTENSITY LDRY/E /2 B Hours 1.7 «6 » B&W 8uL 15.5.79 14.45
LDR1/24/} 24 Hours 1.8 xa . BB W 7ML 29.1.79 12,15
LDR1/24/2 24 Houms 1.8 xa “ B & ¥ LTS 29,1.79 15,15
LDR1/48/1 48 HOuRs 1.7 xa “ G§H 6.5mL 30,1.79 12,15
LDR1/48/2 48 Hours 2.2 ka " Br ML 9,5.79 14,40
LDR1/4D/1 4 pavs 1.4 ke " De g # BrL 5.2.79 14,40
LDOR1/4D/2 4 pars LB ke “ | 8nL 4.5.79 11,50
LDR1/1k/1 1 week 1.8 ke - GLEW 8.5mL 30.1.78 10,50
L.DR1/1KW/2 1 neex 2.1 xs * BeX BnL 5.5.79 14,30
LOR1/2W/1 2 WEEKS 1.8 ke " Gaw 7L 12.1.79 10,45
LDR1/2%/2 2 nEExs 2.0 xa » G&X " 8L 12,1.79 12.40
{DR1/4H/1 4 Wweeks 1.7 xe ~ o | 7L 15.1.79 11.30
LDR1/4¥/2 4 WEEKS 2.3 xs " Br & W 9L 15.1.79 14,45
ANAESTHETIC IML SAGATAL + 1ML HEPARIN (5000 1.u. SML) + GML SaLINE

LIGKT DAMAGE RECQOVERY SERIES

DESIGNATION REC. PERIOD HE{GHT SEX COLOUR ANAESTHETIC DATE TIME KILLED

LOMWER LDR2/6 /1 6 HOURS 2,3 xa d BaN 7mL 30.10,78 -

INTENSITY LDR2/6 /2 § Hougrs 1,7 ka - Bew ML 31.10.78 -
LDR2/24/1 24 Houmrs 2.0 k¢ " g Sut, 2,11.78 -
{DR2/24/2 24 HOURS 1.6 xs . BeH 3. 13,11.78 11,45
LDR2/48/1 48 wours 1.9 ks * BeW e 11.12.78 14,00
LOR2/48/2 48 HOuRs 1.9 ke " Bz ML 11.12,78 15.30
LOR2/1D/1 it pays 1.8 ks ” Bzy 8m1 30,11.78 12,30
LDRZ2/4D/2 4 pavs 1.7 xe * BeW 8ML 30.11.78 15,10
LDRZ/1W/1 1 WeEK 1,8 & - Baw 8L 22.11.78 10.50
LDR2/1W/2 1 week 1.9 k& . Bay 8L 22,11.78 14,00
LOR2/2W/1 2 WEEKS 1.7 k& * BzH 6M1. 7.,11.78 11.45
LDR2/2K/2 2 Weexs 2.0 xa " Gal ML 7.11.78 14.30
LDR2/uN/1 4 weexs - 2.3 ke o B&N 10mL 6.11.78 15.00
LDR2/4N/2 4 wEEXS 1.1 k& “ Ds & W i 6.11.78 16,40

ANAESTHETIC 2K sAGATAL + IML HEPARIN (5000 I.u. S5ML) + 7ML SALINE

Figure Al-2
Table giving the details of the animals used in the "Light

Damage Recovery'" experiments.
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APPENDIX 2

MEASUREMENT OF LIGHT INTENSITIES AND ASSOCIATED

PARAMETERS
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LIGHT INTENSITY MEASUREMENTS

The light intensity measurements were made using a Rank
Hilager ¥T32 thermopile. All measurements were made at 50cm.
from the end of the light guide. For cach light source the four
possible combinations of light imput and output were measured.
The ends of the light guide was manipulated to obtain the maxi-

mum output from the thermopile.

LIGHT SOURCE 1 LIGHT SOURCE 2

0.62 mWem -2 Q.42 chm_2

0-40 n 0.44 7]

0.0 " 0.40

0.55 0.40

0.£9.25 mWem 2 0.41.5 mWem 2 AVERAGE
2

Combined average 0.91mWem

The maximum light intensity wused 1in this investigation
was 0.91mWcm -2 measured at 50cm. from the end of the light
guide. Intensities at other distances from the end of the light

guide were calculated by applying the law of inverse squares

(Fig. A2-2).
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BEAM ENERGY DISTRIBUTION AND TOTAL BEAM ENERGY

The radial energy distribution within the beam was measured
15cm. from the end of the fibre optic light guide. The photo-
diode cirucit shown in Figure AZ.1 was used. The distribution
obtained is shown in Figure AZ2.5.

From measurements of the light intensity within the beam
it was known that the maximum energy within the beam at 15cm.

from the end of the light guide was 10.08mWem ™2,

5.7 arbitry units cm 2 (Fig.A2.5)

We know 10. O8chmw2

1 arbitry unit = 10.08mW

To find the total energy within the beam
E TOT = Integral over the whole beam of the radial
energy distribution (i.e. Fig. A2.5)

X scaling factor (i.e. 1.76mW{arb. units) 1)

= 660mMW
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AREA AND INTENSITY OF RETINAL I1LLUMINATION

Hughes (1972} gives a schemmatic eye for the rabbit. This
model is used to help evaluate the illumination falling on the
rabbit's retina from a fibre optic light guide placed adjacent

to the corneal vertex.

+The ray diagram, utilising Hughes parameters, 1is shown

in Figure AZ2.6.

From the diagram, by similar triangles the following are

obtained:
Y - N Yz - '
- = T - D Sizes from Hughes
s = diganceto cornea + 4.0mm
s’ = distance to cornea + 4.7mn
and o =% a Y1 (2) P
" - -\ ff = 13.3mm
s + f
f = 9.9mm
From (1) fly, ~—v:) = SYL
i.e. Yz(F —5) = fy;
. f f -s #+ 0. if f -s = 0 no real
18- = oM (f_s) - 3 (or virtual image is formed
From (3) a— N = Y1 ff_s - Y
_ Y, f-(f-5)
f— s
= 1
YL .

1A1



Now substitute into (2) for y, -y, and vy,

Yo+ - .= = | % o
(f -s) s (f -s) (s + §)
1.€. —s—‘ = f
B (s + )
i.e. s{s' +§) = s f
i.e. s'(f - s ) = s
j.e. 5 = s . F - )

(f~5s)

Thus equations (3) and (4) may be used to derive values
for y, and s from the position and size of the source and the
parameters given by Hughes.

For a Smm. diameter fibre optic placed 2mm from the cornea.

Y, = radius of effective source

- 2.5 . 2:9
9.9 - (2.0mm + 4.0mm)

i.e. radius of effective source = 6.35mm.

Equation (4) gives:

%]
~
i]

position of effective source from plane H’

(2.0 + 4.0)mm 13.3mm
(9.9mm - (2.0mm+4.0mm))

20.46mm (= distance to cornea + 4.7mm = 15.76mm to cornea)

Hughes described the retina as being positioned at a radius
of 9.6mm with a centre of curvature of 8.3mm to the posterior of

the cornea.

162



Thus the distance from the effective source to the retina is

(20.46mm - 4.7mm) + (9.6mm + 8.3mm)
= 33.66

i.e. say 33.7mm.

The source used and the optics of the rabbit eye may be
replaced by an effective source of diameter 12.7mm. positioned

33.7mm. in front of the retina.

These data and the measured intensity distribution in the
beam (Fig. A2.5) werc used to construct an approximate intensity
distribution in the plane of the back of the eye (Fig. A2.7).

The data on the absorption in the ocular media (Fig. AZ.3
and A2.4) indicate thal only 56% of light entering the eye will
reach the rectina. Observations during the experiments revealed
that, because the pupils were maximally dilated, the iris did
not restrict the entry into the eye of the light beam from the
fibre optic so that only transmission losses need be considered.

The total energy rcaching the retina is then:-
0.56 x 660mW = 370mW.

A scale factor for the abscissa of Figure A2.6b 1is readily
deduced; integration of this distribution over the whole beam
gives a total energy of 42.4 arbitrary units, which must equal
370mW.

Thus for Figure AZ.7b

1 arb. unit = 8.7mW.

Fig. A2.7b then reveals the highest intensity at the retina is
84.4mWem ™2 . (This igure is an average of the intensities out
to a radius of 0.6cm). This figure of 84chm_2 represents the
highest retinal 1illumination used in these studies. All the other

intensity levels shown in Figure A2.8 were derived from this figure.
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+VE

10K

Figure A2.1

This figure shows the circuit diagram of the light méter
used in the >ca1ibration of source 2 to give the required percentage
output. This was achieved by measuring the light output while

adjusting the iris diaphragm within the light source.

A. fet op amp. uwAF355TC

Diode. silicon photodiode (peak response 800nm).

The dicde current Ip varies with light level from 1lnA to
lmA. The resistor R (typically 1M ) is chosen to give the required

- output. The output voltage was displayed on an oscilloscope

{Tecktrinix 5103N).
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SOURCES INTENS]TY AT VARIOUS DISTANCES 1
GROUP 1 2 Slcm 15¢H ZZéca

1 v 1002 ow 0.91micH 2 10,08#KcH 2 363ubcm2
2 ore  100% oN 0.61mMcM™2 4, B1mNeN 2 16BmMem ™2
3 oFF  85% on 0.3UsNcH2  3,92uMem 8 140mHen~2
y OFF  75% ON 0.314Ncn™2  3.46MHcM™>  116MHem™2
5 oFF 60X on 0.25kNca™2  2.77uHcM 2 100MKce™2
§ oFF 531 on 0.22:Mcn2  2.44mMcn™2  80micm2

1) ASSUMING INVERSE SQUARE LAW APPLIES

Figure A2.2
This table gives the maximum intensities within the bean
from the fibre optic light guide at various distances from the

end of the light guide.

165



TRANSMISSION OF LIGHT GUIDE AND OCULAR MEDIA

» . 3
HAV%hﬁgGTH SOURCE 1 LIGHT GUIDE OCULAR MED!A

T EMERGENCE(RELATIVE)  § TRANSMISSION 2 % EMERGENCE A % TRANSHISSION *3 INCIDENT ON RETINA P

400 12,0 35 4.2 ] 1.7
450 22,6 45 10.2 82 8.4
500 35,5 52 18.5 %0 16.6
550 50.3 53 26,7 92 24,6
600 66.5 52 34.6 93 32.2
650 80.5 52 41,9 94 39.4
700 83.4 51 45.1 94 42.4
750 93.5 51 45.1 ay 42.4
800 98.0 52 47,7 92 43,9
850 99.0 53 52.5 92 48,3
900 100,0 53 53.0 88 46.6
950 99,7 52 51.8 86 44,5
1000 97.4 52 50.6 56 283
1050 86,7 52 50.3 65 32.7
1100 93.5 52 48,8 82 39.2
1150 90,9 52 47.3 76 35.9
1200 87.7 52 45.6 22 10,0
1250 85,2 52 uy.3 17 7.5
1300 81.3 52 42.3 23 9.7
1350 74.8 S0 37.4 15 5.8
1400 69.6 46 32,0 5 1.5

* 1 MAKES DATA
* 2 MAKERS DATA
* 3 GEERAETS AND BERRY 1966,

INTEGRAL OF A = 50280.66

INTEGRAL OF B = 28328,33

TRANSMISS108 FACTOR = 28328.33
50286.66

= 0.56

Figure A2.3

This tabie gives the transmission of the fibre optic light
guide and the ocular media of the rabbit. C(ombining these para-
meters with the output of the source gives the wavelengths, and
their relative energies, incident upon the retina. The integral
of the percentage wavelength emergence of the fibre optic system
divided by the integral of the percentage wavelength incident
"upon the retina gives the transmission factor for the rabbit ocular
media over the wavelength employed in these experiments. This
transmission factor of 0.56 is used in the calculation of the retinal

illumination.
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Figure A2.4

This figure shows the wavelength distribution of the sources,
the light guide emission (extrapelated to 2,000nm), and the wave-

lengths incident upon the retina.
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Figure AZ.5

This figufe gives the 'radial" energy distribution within
the beam of light eminating from the fibre optic light guide at
15¢m. from the end of the light guide. The light is meésured

in terms of wvolts output of the photodiode light meter shown in

Figure AZ.1.
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Figure A2.6

This figure shows the ray diagram, utilising the parameters
of Hughes (1971), which was constructed to evaluate the area of
illumination on the retina produced by a S5mm. diameter fibre

optic placed 2mm. above the corneal vertex.



Figure AZ.7

Derivation of approximate vradial energy distribution ina
plane at the back of the rabbit eye.

a) Diagrammatic hasis of method. The curve (1) is the measured
intensity _distri'bution of Fig. A2.5. The ray lines (2) indicate
the approximate spread of the fractional intensity contours along
the beam. The:-diagram is scaled for the actual fibre optic (3)
diameter of Smm.

b) Derived approximate radial energy distribution in the plane
of the back of the rabbit eye. This is deduced from IFig. A2.7(a)
by:~

1) Selecting a plane at  the distance of the retina from
the effective source (i.e. 33.7mm) x scaling factor of the ratio
real/effective source diameters {(i.e. 5/12.7) from the source
(3) in a). This positien is thus 13.3mm from (3), indicated
by the line {(4) in a).

2} Reading off the radial positions of the fractional intensity
contours on line (4) and scaling by 12.7/5 (= 2.54) to give - true
values.

J) Plotting fractional intensities against their corresponding

radii to produce.Fig. A2.7b.
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LIGHT [NTENSITIES

SOURCES INTENSITY AT VARIOUS DISTANCES ESTIMATED RETINAL 1LLUMINATION
GROUP 1 2 50cm 15¢m 2.5¢m A* »*
1 on  100% on 0,91NcH 2 10,084Mcn™8  363mHcn2 84, 4MHcn 2 168, 4men?
2 off 100X on O.4lsHew™ 4, 6luHcm2  166mKcn~2 38,64WCH™2 77, 2uHcn™2
3 ofF  85% on 0.3%Hen2  3,92uHcn2  140mben 32.84HcH2  65,6MHcn ™2
4 OFF  75% oN 0.31MMen2 3. 46micn™?  116mHeH2 28, 9Mcw™2  57,9mMHen™?
5 off  60% on 0.25WHen2  2,77Micn™2  100MHcH™2 23.2Mcm 2 46, Inew~2
6 OFF  53% on 0.22Nen2 2, 4em e BOmMew2 20,94HcM™2 40, GuHen

Figure A2.8

1)  ASSUMING INYERSE SGUARE LAW APPLIES
ASSUMING AREA OF RETINAL JLLUMINATION

TO BE AS ESTIMATED
B® ASSUMING AREA OF RETINAL ILLUMINATION

T0 BE

OF THAT EST

IMATED

This table shows the relation between animal group numbers

and the level of illumination to which they were exposed.

The

light intensities are given for a variety of distances from the

end of the fibre optic light guide.

tion levels are also shown.

Estimates of retinal illumina-
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APPENDIX 3

QUANTIFICATION : NUMERICAL DATA
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Figures A3.1 to 10
These figures give the complete numerical data from the
quantification experiments. X : mean; SD: standard deviation;.

P: the probability value of the results when t tested against

the pooled control results,

ANTMAL  L.D., 1.1,
BLOCK RESULTS ANIMAL RESULT
PYK RC NC PYX RC MC
RCN RCN CYTO CYTO RCH RCN CYTO CYTO
Block Al X - 33.0 34,5 22,0 X 1.1 44 .6 5.6 18.6
D - 5.3 2.0 34 so 2.1 12.8 11.4 4.8.
P - 0.02 NS NS P - 0.005 0.02 NS
Block B4 X - 54.0 26 0 20.0
sb - 7.0 2.6 5 Q
P - NS NS NS
Block C2 X 4.5 27.0 52,0 17.0
SD 1.0 7.4 7.4 4,0
P - 0.001 0.001 NS
Block D1 X - 54.0 30.0 15.Q
sD - .0 B.2 313
P - NS NS NS
CONTROI.  BLOCK
X N 45,0 30,0 24,0
sob - 2.5 1.3 3,0

Figure A3.1

Numerical data for animal LD1.1.
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Figure A3.2

"2

hE|

131

B3

Al

B4

c2

D1

SD

S

ANTAtAL

1.1, 1.

5N 1.5

BLOCK  RESULTN
PYK RO e
RCYN RCX CYro OYTO
- 50.0 27, 22.4
- 14.3 5.9 0.1
- Ns NS NS
- 56.1 28 5 15.3
- 2.4 1.5 4.4
- NS NS NS
- 61,3 25.0 14,0
- 1.8 3.7 2.2
- 0,005 0,05 NS
.5 84,3 32.0  12.25
30 2.9 4.8 d.1
- NS NS NS
CONTHOL HLOCK
- 53.3 26.0  22.0
- 5.3 6.1 6.2
ANIMAL LD 1,3,
BLOCK RESULTS
PYK RC MC
ACN  HCW CYTO  CYTO
10.5 38.8 7.0 13.5
5.7 13,1 7.6 6.2
- 0.001  0.005 NS
0.3 48,3 34.8 17,0
0.5 6.6 6.8 2.9
- NS NS NS
- 52.5 22,0 18.8
- 5.3 78 5.9
- NS NS NS
.8 53.0 28.5 15.8
3.7 7.3 3.1 2.8
- NS NS NS
CONTROL  BLOCK
- 49. 5 31.4 18.8
- 7.0 5.1 7.6

ANI[MAL RESULT

PYK RC [ o4
RCN RCN CYTQ CYTQ
0.4 $5.4 28,3 16,1
7.7 6.0 7.2
- Q.01 NS NS
ANIMAL RESULT.
PYK AC WC
RCN RCN CYTO CYTO
3.4 48,1 32.3 16.3
4.9 9.7 7.0 1.4
- NS NS NS

Numerical data for animals LD1.2 and LD1.3.
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Figure A3.3

n2

Al

B2

¢4

D2

X

1

b-15]

=1

S0

ANTMAL L.D, 1.4,
BLOCK RESULTS
PYK RC ¥
ACN ACN £YTG  CYTO
- 52.5 32.0 14,5
- 6.4 10.0 4.9
- NS R3S NS
- 46.2 41,5 12,0
- 11.4 8.7 2.7
- NS 0.00r 0.05
- 45.0 38.5 19.3
- 5,0 5.9 3.8
- NS NS NS
- 47.0 8.5 17.7
- 0.8 4.0 5.0
- NS NS NS
CONTROL BLOCK
- 50.13 J32.Q 18.3
- 8 4 8.8 48
ANIMAL L,00, 2.1,
BLOCK RESULTS
PYX fac uC
ACN RCN CYTO  CYTO
4,0 356.0 40,0 20.0
8.0 9.0 5.0 10,0
- 4,001 0.005 NS
2,0 48.0 4.0 15.0
2.3 4.9 2.2 6.0
- NE NG NS
- 20.0 30.5 18.0
- 5.7 1.7 5.6
- NS NS NS
- 46.0 2.5 20,0
- 2.0 5.6 1.4
- NS NS NS
CONTROL BLOCK
- 9.5 20,0 20,0
- 2.9 1.3 1.3

Numerical data

1

3D

b

s,

ANIMAL RESULT
PYK RC MC
RCN RCN CYTO CYTO
- 17.7 36.1 14,8
- 7.0 7.9 4.8
- NS 0.005 NS
ANIMAL RESULT
PYK RC  uC
RCN RCN CYTO CYTO
1.7 44.9 4.4 18.8
2.4 7.8 4.7 6.3
- 0.001 0,025 N3

for animals LD1.4 and LD2.1.

1T



Block

Block

Block

Block

Block

Block

Bloek

Block

Figure A3.4

Al

A2

Bl

B3

Al

B2

C3

D4

*®

SD

ol

SD

x4

8D

Xt D

SD

8D

SD

ANDMAL  L.D. 2.2,
BLOCKX RESULTS
PYK RC MC
RCN  RCR CYTO  CYTO
- 56.0 9.0 20.0
- 12.0 2.5 4.2
- NS NS NS
0.3 50.0 3.0 18,0
0.5 5.5 i¢.0 6,0
NS NS NS
0.3 47.0 30.5  22.0
0 7.0 0.3 4.0
- NS NS NS
- 430 az.o  23.5
: 6.0 a5 3.7
- 0.02 NS 0.05
CONTROL  BLOCK
- 49.0 33.5 18.0
- 5,0 2.8 50
ANIMAL L.D, 2.3,
BLOCK RESULTS
PYK RC ue
RCN  RCN CYTO  CYTO
- 51.4 26,5 21,8
- 5.2 2,6 2.5
- NS NS NS
1.3 52.0 5.5 11.0
1.5 5.2 6.0 4.2
- NS NS 0.025
- 50.8 33.0 16,3
- 5.4 2.2 4.8
- NS NS NS
- 48.0 31.5  20.3
- 2.8 3.4 5.3
- NS NS NS
CONTROL BLOCK
- 53,5 38,0 8.5
- 4.1 2.4 3.1

ANIMAL RESULT
PYK RC N
ACN RCN CYTO CYIO
X0, 48.9 3o.8 21.0
SD o0 8.4 6.7 4.8
g - NS NS Q.05
ANIMAL RESULT
PYK RC | &
RCN ACN CYTO ~ CYTO
X 0.4 5%0.8 31.6 17.3
5P 1.1 4,1 4.8 5.8
[ - NS XS NS

Numerical data for animals LD2.2 and LD2.3.
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ANIMAL L.D, 2.4
BLOCK RESULTS
PYXK RC NC
RCN RCN CYTQ CYTO
Block A2 X 1,3 50.3 30.13 18.3
Sp 4.8 6.8 4,6 5,3
P - NS NS NS
Block B3 X 25.0 25.0 23.8 26.0 -
3D 5.8 4.8 8.8 11,4
P - 0.001 0.02 0.0!
Block €3 x 1.0 53.0 27.3  17.8
SD 1.2 8.5 8.1 1.5
P - NS NS NS
Block D2 x 11.0 40.5 33.8 15.5
5D 15.2 11.8 8.6 4.3
P - 0.005 NS NS
CONTROL, BLOCK
x - 53.90 28.3 19.3
SD - 7.0 7.2 8.3
ANIMAL L.D. 3.1.
BLOCX RESULTS
PYX RC MC
RCN RCN CYTO CYTO
Block A3 X - 47.0 32.0 20,0
SD - 6.6 4.0 2.0
P - NS NS NS
Block B2 X - 48.0 34,0 21.0
sp - 10.0 7.8 13.0
P - NS NS NS
Block C4 X - 50.0 28,5 17.0
sp - 4,4 a.8 3.3
P - NS NS NS
Block D2 X - 47.0 30.0 22.0
sb - 6.1 g.0 1.4
P - NS NS NS
CONTROL BLOCK
X - 53.0 30.0 19,0
sb - 6.9 2,0 5.8

Figure A3.5

ANIMNAL RESULT

PYX RC NC

RCN RCN CYTO CYTO
X 2,8 42.2 28,8 18,4
8D 12.3 13.8 8.1 7.3
4 - 0,001 NS NS

ANIMAL RESULT

PYK RC - MC

RCN RCN CYTO CYTO
x - 48.3 31.4 20,3
S -~ 6.3 7.2 6,5
P - NS NS NS

Numerical data for animals LD2.4 and LD3.1.
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ANIMAL L.D. 3.2,

1

BLOCK RESULTS ANIMAL RESULT
PYK RC MC PYK RC WC
RCR RCN CYTO  CYTO RCN RCN CYTO  CYTQ
Block Al X - 39,0 3g.0 22.0 X . 47.4 30.9  18.7
1) T 6.8 6.2 1.0 SD 4.4 8.5 7.4 4.0
p - 0.001 0.01 NS P - NS NS NS
Block B3 X 4.0 47.0 29.5 19.0
sD 3,3 5.8 7.7 2.1
P - NS NS NS
Block C2 X 6.3 49.0 25,0 20,0
SD 6.6 7.0 4.6 3.8
P - NS 0.05 NS -
Block D3 X - 56.5 29,8 14,0
SD - 5.0 4.5 1.9
p - NS NS NS
CONTROL BLOCK
X - 19,0 28.0 23.0
3D - 7.3 2.2 7.4
ANIMAL 1.0, 2.3,
BLOCX RESULTS ANIMAL RESULT
PYK RC e PYK ’c MC
RCN RCN CYTQ  CYTO RCN ACN CYTO - CYTO
Block A2 X - 57.0 29,0 14,0 X 0.3 53.8 28,1 17.7
so - 8.0 7.4 3.0 s0 1.0 7.5 5.7 B.1
p - NS NS NS pr - NS NS NS
Block B3 X 1,0 58.5 28,5 9.3
SD 2,0 6.2 1.7 8.7
P - 0,05 NS ©.00%
Block Ca X - 49,5 27.3 23.5
30 TR 9,3 4.0 10.0
P - NS NS NS
Block D2 X - 50.5% 27.8  21.5
SD - 5.0 6.0 7.1
p - NS NS NS

CONTROL  BLAOCK

X - 50,5 33.0 16.0
5D - 3.0 2.6 1.7

Figure A3.6

Numerical data for animals LD3.2 and LD3.3.
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Figure A3.7
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ANIMAL L.D. 1.4,
BLOCK RESULTS
PYK RC HC
RCN RCN CYTC CYTO
- 54,0 30.3 16.0 X
7.0 7.8 1.8 sD
- NS NS NS P
- 52.0 4.0 13,8
- 2.5 4.2 2.2
NS NS NS
6. 40.8 33.3 20.0
1, 5.6 5,2 2.9
- 0,005 NS NS
2.0 44.8 23,0 24,0
.0 2.8 4.8 8.8
- NS NS 0.05
CONTROL 8LOCK
- 61,0 26.1 13.0
~ B.1 4,3 4,7
ANINAL L.D. 4.
BLOCK RESULTS
PYK RC uC
RCN RCN CYTO  CYTO
- 50,5 24,0 25,0 X
- 9.3 5.7 1.9 sD
- NS 0,02 0.01 P
- 47.0 28,0  24.8
- 8.0 8.0 1.0
- NS NS 0.02
- 44.7 11,0 24.7
- 7.6 5.5 7.8
- NS NS 0.02
- 49.0 28,2 22.7
- 2.9 5.2 1.7
- NS NS NS
CONTACT BLOCK
- 51.0 1.7 16.7
- 7.0 8.2 1.7

ANIMAL RESULT

PYK RC b
RCH RCN CYTG  CYTO
2, 47.9 1.6 1B.4
a, 4.3 5.5 8.0

- NS NS ‘NS
ANIMAL RESULT

PYK RC C

RCN RCN CYTO -CYTOQ
- 47.9 27.9  24.3
- 6.5 6.1 4.8
- NS 0.05 0.001

Numerical data for animals LD3.Z and LD4.1.



ANIMAL L.D. 4.2,

BLOCK RESULTS ANIMAL RESULT
PYK RC MC PYK RC MC
RCN RCN CYTO CYTO ACN RCN CYTO  CYTO
Black A3 X - 45.8 30.0 15.8 x 0.1 50.8 30.8 20.0
sp _ 2.6 4.8 7.2 SD 0.3 6.8 5,6 6.2
P - NS NS NS p - NS NS NS
Block B2 x 0,3 55,8 28.8 27,0
SD 0.5 10.3 3.8 7.3
P 0.3 NS NS NS
Block C4 X - 49.3 36,3 13,0
sD - 2.5 6.6 7.3
P - NS NS NS .
Bloek D2 X - 82.5 28.3  24.5
s - 5,9 5.2 9.9
P - NS NS NS
CONTROL BLOCK
x - 47.8 33.5 14,3
SD - 3.0 2.6 5.3
ANIMAL  L.D, 4.3,
BLOCK  RESULTS ANIMAL RESULT
PYK RC uC PYK RC  NC
RCN ACN CYTO  CYTO - RCN RCN CYTO ' CYTO
Block A2 X - 47.12 31.4 19.0 X - 49.7 31.6 17.9
SO - 3.8 8.2 2.8 sD - 6.8 6.1 4.7
p - NS NS NS pY - NS NS NS
Block B2 X - 46.5 a5.3  19.8
s - 3.7 5.7 5.2
- NS N§ NS
Blogk C3 X - 55.3 29.Q 15.%
sD - 10,0 §$.0 5.8
- NS NS NS
Block D4 X% - 50.8 31.3 17.5
sD - 5.0 5.9 5.0
P - NS NS NS
CONTROL BLOCK
X - 50,3 28.5 21.0
sD - 5.0 6.2 1.0

Figure A3.8 .

Numerical data for animals LD4.2 and LD4.3
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Figure A3.9

A2

B4

Cl

D3

A2

B2

)

D1

1

SD

S0

AN IMAL

BLOCK  RESULTS

PYK RC NC
RCN RCN CYTG  CYTO
- 51,0 az.s  11.5
- 2.7 7.9 6.0
- NS 0,05 0.05
- 46.3 31,2 22.8
- 6.0 4.6 3.6
- NS NS NS
18,3 37.0 25.0 20.0
19.86 15.4 5,2 2.8
- 0.001 0.0% NS
0.8 51.8 28,3 1%.3
1.5 2.9 4.4 5.9
- NS NS NS
CONTROL BLOCK
- 55,3 26,3  16.3
- 6,1 5.1 4.0
ANTMAL  L.D. 5
BLOCK RESULTS
. PYK RC uC
RCN RCN CYTO  CYTO
- 52,3 28.5 19.0
- 4,8 1.0 1.2
- NS NS NS
- 50,5 29,3 20.5
- 7.0 8.7 2.4
- NS NS NS
6.8 51,8 25,5 22,0
1.5 5.7 3.0 2.9
- NS NS NS
1.0 523.5 25,3 21.2
1.2 9.1 G.7 3.3
- NS .04 NS
CUNTROL. BLOCK
- 54,3 27.8  26.5
- 2.6 2.1 5.8

ANIMAL AESULT

PYK RC HC

RCK HCN CYTO CYTO
x 4.8 46,8 30.%5 18.4
30 11.9 8.7 7.0 6,0
P - 0.025 NS NS

ANIMAL RESULT

PYK RC - HWC

ACN ACN CYTQ  CYTO
X 0.4 52.2 27.1 20,7
SD, t.1 6,2 4.8 a.1
P - NS 0.02 0.05

-

Numerical data for animals LD4.4 and LDS.1.
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ANIMAL L.D, a.2,
BLOCK RESULTS
PYK RC XC
RCN RCN cYTO  CYTO
0.8 51.8 29.8 19,3 X
.5 3.9 5.2 4.3 sD
- NS NS NS P
- 58,5 28,0 13.3
- 3.9 2.8 1.9
- Q.05 NS NS
- 55.8 33.5 13.5
- 9.4 13.4 1.3
- NS NS NS
- 1.3 30,31 18.5
- 7.6 3,9 4,2
- NS NS NS
CONTRQL  BLOCK
- 45,5 38.0 16,3
- 8.1 2.9 6.2
ANIMAL  L.D. 6.1
BLOCK  RESULTS
. PYK RC NC
RCN RCN CYTO CYTO
- 57.8 30 0 12.3 X
- 13.0 10.2 3.4 SD
- NS NS NS [
- 50,0 32.3  17.5
- 3.7 2.4 4.1
- HE] NS NS
- 48,8 35,8  15.3
- 6.2 4.2 1.7
- NS NS NS
- 50,3 34.8  14.8
- 3,7 3.0 1.9
- NS NS RS
CONTROL GBLOCK
- 51,3 36.5 16.5
- 7.5 2.6 1.0

SD

ANIMAL RESULT

PYK RC wC
RCN RCHN CYTO cYTO
0, 54,2 30,4 15.8
0.8 8.7 7.1 3.7
- NS NS NS
ANI®AL RESULT
YK RC NC
ACN RCN CYTO0 - CYTO
- §1.7 33.2 14.9
- 7.7 5.7 3.3
- NS NS NS

Numerical data for animals LDS5.2 and LD8.1.
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rigure> ng.Lt LO 1D

These figures show the raw data for the block results as
histograms. The histograms give the percentage of points, within
the outer nuclear layer, fa11ing- on each facture of intenest.
The group number is given at the top of each figure. The animal
number 1is given at the side of each figure. RCN: receptor cell

nuclei; RCC: receptor cell cytoplasm; MCC: Muller cell cytoplasm.

EXPERIMENTAL GROUP 1

animal no. RC.N. ' RCC. MC.C.
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Figure A3.11

Histograms of the individual block results from the four

animals in group 1.
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EXPERIMENTAL GROUP 2

anmal no R.C.N. RC.C M.C.C.
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Figure A3.12

Histograms of the individual block results from the four

animals in group 2.
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EXPERIMENTAL GROUP 3

arumal no % R.C.N. % R.C.C. % M.C.C.
&) &0 &
i
1 40 _L‘ 4Q 4Q
20 20 20{c.
0 Q
60 i 60] &Q)
) 40} 40
20 l 2q| 20
o | Q:Dilj
BQ_IT_L 60 60
[ L
3 40 : 40 4Q,
20 pat] 20,
Q 0 0]
a1 ” .
’_T...
4 4Q 404_L aQ
20 20, 20
ol | ) 0.
A B C D A B C D A B COD

Figure A3.13

Histograms of the individual block results from the four

animals in group 3.
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EXERIMENTAL GROUP 4
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Figure A3.14
Histogrames of the individual block results

animals in group 4.
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EXPERIMENTAL GROUP 5

anunal no R.C.N. R.CC. MC.C.
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EXPERIMENTAL GRQUP B8
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Figure AJ.15

Histograms of the individual block results from the two

animals in group 5 and the one animal in group 6.
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Pyknotic Receptor Cell Nuclei

animal no—-% 1 2 3 4

40,
0 =

group no ]
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}
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Figure A3.16

This figure gives the counts obtained for pyknetic receptor
cell nuclei as histograms. The histograms show the percentage
of points, within the outer nuclear layer, which fell on pyknotic
receptor cell nuclei.
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APPENDIX 4

RETINAL. TEMPERATURE MEASUREMENTS
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CRAPH OF RETIHAL TEMPERATURE ACAINST BIAM KXERGY

THEQRETICAL YALUEY AND KEASUHED VALUES
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Figure A4.1

This figure shows both the predicted retinal temperature,
assuming various levels of choroidal blood flow, and the measured
retinal temperature, at various levels of total beam power. The
lines represent the results predicted by Moseley and Strang, 1981,
The encircled points are direct measurements of retinal temperature,
using a needle mounted thermocouple,at various levels of illumina-
tion. The results showing error bars are the mean results, and
standard deviations, of four observations. The small arrows

on the axis show the light intensities employed in these investiga-

tions.
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