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Abstract

Retinal neuronal and glial cell ischemia was produced by occluding a major

retinal vein with repeated argon laser applications to the vessel. Flow patterns and

vascular permeability in the ischemic retinal region were assessed using direct visual

observations and fundus fluorescein angiography. Retrograde flow occurred in the

venules proximal to the occlusion and then via the capillary network into adjacent non-

occluded venous beds. Patchy areas of altered permeability were scattered throughout

the ischemic region. Employing NaF1 and Evan's blue as permeability markers,

fluorescence microscopic assessment of freeze-dried retina from the ischemic region

showed altered permeability to primarily non-proteinaceous edema fluid at the level of

the capillaries and post-capillary venules. The patchiness of the edematous process in

this model, however, has not provided good potential for reliably repeatable studies.

Thus a model of complete retinal ischemia, i.e. ligation of intraorbital pre-retinal vessels,

is also being developed for further studies.

Introduction

Cerebral ischemia has been extensively studied in a variety of animal models

(1,2,3,4,5). Such studies, though, are hampered by the fact that direct cerebral and

vascular observations cannot be accomplished without extensive alteration of the brain's -

Folr
normal environment (e.g. surgically removing cranial bones, etc). The retina, on the

other hand, is a peripheral extension of the central nervous system that can be directly d 0

visualized and studied in many ways without altering its normal environment (e.g.

ophthalmoscopy, fluorescein angiography). It is also generally thought that the blood- n/
tV Codes

;vi: ' and/or
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brain and blood-retinal "barriers" have considerably similar physiologic and morphologic

characteristics. We are developing animal models of retinal ischemia that provide

opportunities to obtain in vivo data that in turn can be correlated with in vitro data

obtained via cellular and subcellular investigative techniques.

Sodium fluorescein (NaFI) is a dye utilized extensively for clinically assessing the

permeability characteristics of the retinal vasculature in both humans and non-humans.

Under the conditions of fluorescein angiographic photography, NaF1 is not evident

outside the retinal vessels in normal subjects; in turn, its presence within neural tissue

indicates an altered permeability of the retinal vessels. However, since the molecules of

NaFl are not all tightly bound to serum proteins (6), its presence outside the vessels and

within tissues does not reflect the nature of the edema fluid, i.e. proteinaceous vs non-

proteinaceous. We have utilized fluoresceinated dextrans (FITC-dextrans) of selected

molecular weights to assess the role of molecular size in retinal vascular permeability (7).

One drawback is that only 1 size can be assessed at any one time, and thus the ability to

assess, for example, proteinaceous versus non-proteinaceous components of edema fluid

in the same sample is lacking. However, experimental studies of cerebral edema have

utilized the combination of NaF1 and EB to help define the nature of the edema fluid

since EB tightly binds to the serum protein, albumin (8). In our studies we will also

utilize the NaFl/EB combination to help understand the nature of the edema fluid.

This report describes our initial clinicopathologic studies, results and

interpretations regarding certain aspects of acute retinal ischemia.



Materials and Methods

Adult female albino (WKY) and pigmented (Long-Evans) laboratory rats were

anesthetized with sodium pentobarbital (40-50 mg/kg) intraperitoneally. Their pupils

were dilated with 1% atropine sulfate and a femoral vein was exteriorized and

cannulated. The rat was positioned at an ophthalmic argon laser (CVL-100;

CooperVision) and a glass cover slip was affixed to the cornea using a 2%

methylcellulose solution to negate the optical power of the air/cornea interface. Using

an initial power setting of 1.25 watts, 200 ms exposure and 100 micron aperture, a

segment of the selected vein was spasmed first somewhat away from and then

immediately adjacent to the optic nerve head. The occluded segment was then

repeatedly treated with argon laser low power burns (power setting of 0.40-0.50 watts)

until the blood column was coagulated (See Figure 1). Visual observation through the

laser delivery system biomicroscope provided initial assessment of blood flow in the

compromised venous region.

Selected animals were then immediately moved to the fluorescein angiographic

camera (Topcon TRC---VT), the coverslip removed and an injection of NaFl 2.5% (17

mg/kg) and/or Evan's blue 2.0% (20 mg/kg) was administered via the femoral vein

cannula. The subsequent angiographic series was recorded on black/white film (ASA

400) which was routinely processed.

Fifteen minutes after the initial injection of NaF1 and/or Evan's blue (EB), the

eyes were enucleated, flash frozen in liquid nitrogen cooled isopentane, and freeze-dried

at -35 degrees C in a molecular sieve apparatus. Non-lasered and non-injected eyes were

similarly freeze-dried processed. Slices of the dried tissue were embedded in paraffin,



sectioned at 10 u and examined with a fluorescence microscope equipped with a

computer-driven monochromator (Zonax System, Zeiss, Inc.) for assessment of

fluorescent wavelengths in the tissues. The voltage and gain, the microscope objective

and the aperture of the monochromator were consistent at each recording session.

Other animals were injected with the NaFl/EB solution at 1, 3, or, after re-

anesthetizing, 24 hours after laser-induced venous closure. Again, 15 minutes after

injection, eyes were enucleated, processed and assessed as described above.

After enucleation, all animals were humanely destroyed using an overdose of

anesthetic.

Results

Following closure of a retinal vein, direct observation of the retinal vessels by

fundus biomicroscopy showed that the blood flow was characterized in that region by a

marked slowing of the flow rate into the occluded vein (the flow was slowed to the

extent that red blood cells could be observed). Flow did continue, however, in the

following manner: the blood moving into the occluded vein slowly exited the

compromised area by retrograde flow via the venules near the site of the occlusion that

normally would empty into the occluded vein; the retrograde flow continued distally from

the occluded vein into adjacent capillary beds that were being drained by adjacent, open

veins (Figure 2).

Fluorescein angiography not only confirmed the above observations, but

demonstrated leakage of dye from capillary beds in the ischemic region (Figure 2). The



leakage was characterized as being patchy rather than diffuse, and this was also apparent

upon examining the freeze-dried tissue prior to embedding (Figure 3).

Fluorescence microscopic examination of the retinal tissues demonstrated the

presence of NaF1 (both visually and spectrally, peak wavelengths 530-550 nm) in the

neural tissue at the sites of dye leakage (Figures 4, 5A & B). In many areas, there was

no frank evidence of dye leakage, but rather simply evidence of vessel dilation (Figures

6A & B). In some instances, though, dye was detected by the monochromator in those

areas. Evan's blue (peak wavelengths 640-690 nm) was infrequently noted, and when

noted, it was to a much lesser degree as compared to the presence of NaFI (Figure 7).

Readings taken from the lumen of major retinal blood vessels (Figure 8) provided the

basic ratio for comparing the presence of NaFl to EB in the tissues. The presence of

both NaF1 and EB was greater in any given area the closer the readings were taken to a

retinal vessel.

Discussion

A basic question to be answered by our studies is the applicability of retinal

ischemia investigations to the understanding of cerebral ischemia. There are several

generalizations which suggest that it should be applicable. For example, both the brain

and retina are central nervous system tissue "housed" within an unyielding structure (i.e.

the cranium and the sclera respectively); both the brain and the retina lack lymphatics;

both have extensive and intricate extracellular spaces; and the intracerebral and

intraretinal vasculatures possess autoregulatory mechanisms. In addition, the

morphologic, physiologic and pathologic characteristics of the blood-brain and blood-



retinal barriers have been shown to be markedly similar, as attested to by the

information presented at 2 symposia concerning those neural and vascular interactions

(9,10). Thus it is apparent that studies of retinal ischemia have a significant basis for

extending that knowledge into the understanding of cerebral ischemia.

The major finding in this clinicopathologic study was that in acute retinal venous

blockage, at least in the rat and under our conditions, the edema fluid was primarily

non-proteinaceous. In essence, the edema was generated primarily by the increased

hydrostatic pressure forcing increased quantities of non-proteinaceous fluid across the

endothelial cells of the vessels. The stretching and associated thinning of the endothelial.

cells as the vessels became congested would also facilitate the passage of non-

proteinaceous fluid in the face of increased hydrostatic pressure. The paucity of

proteinaceous edema fluid indicates that opening of the intercellular tight junctions did

not occur to any significant extent. It would appear that the insult undergone by the

endothelial cells was, therefore, insufficiently damaging such that the tight junctions were

able to remain intact. There are several factors that most likely accounted for the

relatively minimal insult to the vessels. First is the observed fact that flow within the

occluded vessel did not totally cease. It was evident that a slowed flow continued

through the major vessel lumen, but that it could occur only because of the retrograde

flow of blood from the lumen into venules that normally would drain into the major vein.

Thus this retrograde flow provided a reduction of the pressure head within the lumen of

the major vein that was apparently of sufficient magnitude to minimize the stretching of

the endothelial cells. Another factor was the sometime transient nature of the occlusion

itself. On occasion it was even observed within the first few minutes that the clot would



be freed and move along the vein toward the optic nerve head and out of the eye. In

those instances, of course, relatively normal flow would resume quite quickly. It is likely,

therefore, that the severity of the edematous process would be lessened in proportion to

the shorter periods of time that the vein remained occluded.

As can be seen, it became apparent that the single vein closure model of retinal

edema produces an edematous process that is minimal in severity, that is unpredictably

transient and, therefore, not readily reproducible. While important information can be

extracted, especially in relation to minimal, transient insult, for our purposes it became

necessary to consider other models. Closure of 2 adjacent veins readily produced a

much more severe edematous process. However, once again the occlusions were

transient to varying degrees and it was decided that this model would not meet our

needs. Ligation of all the vessels entering the posterior aspect of the eye was then

considered. Because the rat has a relatively open orbit, it was not difficult to surgically

expose the area of the optic nerve. The intraretinal vessels and the choroidal vessels

enter the globe adjacent to the optic nerve immediately adjacent to the sclera. Thus,

ligating the optic nerve would effectively cause total ischemia of the retina by depriving

it of both its intraretinal and choroidal vascular supply. It is readily ascertained that

total occlusion has occurred in that ophthalmoscopically viewing the back of the albino

rat's eye provides direct visualization of both the retinal and choroidal vascular systems.

And, the absence of blood within the vessels confirms the occlusion. Also, ligation,

unlike laser-induced occlusion, is permanent. Because of the distinct advantages

provided by this model, it will now be the model of choice for our continued studies of

retinal ischemia.
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Figure Legends

Figure 1. Fundus photograph of rat showing laser-induced occlusion of a major

retinal vein (arrowhead). A venule providing retrograde flow from the

occluded vein is visible (small arrow).

Figure 2. Fundus fluorescein angiographic photograph showing 1) extensive leakage

of dye at the laser burn sites (*), 2) lack of dye in occluded segment of

vessel ( open arrowhead), 3) dilated and tortuous venule providing

retrograde flow from occluded vessel (small arrow), and 4) patches of

leaked dye within the neuroretinal tissue (solid arrowheads). Optic nerve

head (0).

Figure 3. Macrophotograph of a freeze-dried quadrant of the posterior ocular

segment showing patches of leaked dye (arrows) in the drainage field of

the occluded vein. Laser site (L) and optic nerve (0) are noted.

Figure 4. Photomicrograph of freeze-dried tissue showing presence of NaF1 adjacent

to a capillary in the deep capillary bed of the retina (white arrow). The

dilated major vein is also evident (white arrowhead). Sclera (s) and

choroid (c) are also noted.



Figure 5 A. Monochromator wavelength printout from non-injected/non-lasered control

rat showing peak fluorescence at 550 nm (.1481) which is typical for tissue

autofluorescence.

Figure 5 B. Monochromator wavelength printout from lasered rat showing increased

evidence of fluorescence and peak fluorescence of 540 nm (.5212) which is

typical for NaFI. Reading was taken adjacent to a medium sized vessel at

the level of the inner plexiform layer.

Figure 6 A. Photomicrograph of freeze-dried tissue showing presence of Evans

blue within normal retinal vasculature (small arrows) and choroid (c).

Evans blue on outer surface of sclera (arrowhead) indicates presence of

blood resulting from the enucleation procedure.

Figure 6 B. Photomicrograph of freeze-dried tissue showing Evans blue within dilated

retinal vessels (arrows). Visual evidence of Evans blue outside the vessels

is lacking.

Figure 7. Monochromator wavelength printout from lasered rat showing presence of

NaF1 (.2525-.2606) and to a much smaller extent the presence of Evans

blue (.0505) in neuroretinal tissue adjacent to a dilated capillary.



Figure 8. Monochromator wavelength printout showing fluorescent values for NaFI

and Evans blue in intravascular blood. Note that in comparison to Figure

7 the values are relatively equal for the 2 fluorescent dyes.
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ABSTRACT

Calcium homeostasis in cells is tightly controlled. Increases in intracellular
calcium have been postulated to be important in cell death, particularly in the central
nervous system in which the neuronal and glial cells have little capacity for renewal.
One aspect of this question is whether intracellular calcium arises from redistribution of
intracellular stores or from exogenous calcium. We have examined this question in
retina under various in vitro conditions: control incubation in Ames' medium; ischemia
in 100% N2 atmosphere; high glutamate concentration; high KCI concentration; and in
the presence of A23187.

All incubation conditions resulted in some swelling and distortion of the retina,
particularly in the inner nuclear layer at times up to 6 hours. Cell death was greater in
glutamate incubation than other conditions. Radioactive 45Ca uptake occurred in all
incubated retinas, and was approximately twice as much at 30 minutes in all
experimental conditions than the control.

Analysis of electrolyte localization was made by secondary ion mass spectrometry
(SIMS). Na, K, and Mg localization is qualitatively the same in incubated retinas as in
normal, in vivo retinas. Calcium also shows a similar distribution, except that the outer
plexiform layer (OPL) has high calcium emission in all conditions except glutamate
incubation, and this layer represents the synaptic contacts of the photoreceptor cells
with second order neurons. When the retinas were incubated with the stable isotope,
42Ca, in the medium the exogenous calcium was also very high in the OPL

Digital image analysis of relative quantitation of electrolytes showed the
following: 1) Sodium was increased in control, in vitro, incubations compared to normal
retina; 2) Na was further increased in ischemic and high glutamate incubation,
particularly in the inner nuclear layer, 3) K distribution was not appreciably different
from normal in the incubated retinas; 4) Mg distribution was fairly even in the normal
retina, but was more prominent in the nuclear layers than the plexiform layers in
incubated retina, the opposite distribution of calcium; 5) Calcium exchange in all retinal
layers occurred by 6 hours and was 50% to 70% of the total calcium, although the total
calcium level was maintained and not increased; 6) With the exception of the OPL, the
endogenous 40Ca and exogenous 42Ca distribution was the same in control, ischemic and
glutamate incubated samples at 6 hours.

These data show appreciable calcium exchange in incubated retinas, which does
not rise above normal levels. At prolonged incubation times, there is no difference in
control, ischemia and glutamate incubation. These data suggest that there is
considerable control of calcium homeostasis during in vitro incubations since increases
in total calcium levels have not been observed. This suggests that redistribution of
intracellular calcium may be the dominant mechanism for cell death under these
circumstances.



INTRODUCTION

Calcium homeostasis in cells is tightly controlled and regulated. Alterations in

calcium homeostasis, either transient or prolonged, can result from specific stimuli such

as neurotransmitter binding. There is increasing evidence that increases in intracellular

calcium could be a common final pathway that results in cell death (1,2,3). The

relationship between cell ischemia and increases in cellular calcium concentration have

been explored in many systems, but is of particular interest in central nervous system

neural tissues, since these neurons and glia have little capacity for renewal and therefore,

cell death leads to loss of CNS function.

One aspect of this questions which is difficult to approach, is whether increased

intracellular calcium arises from redistribution of intracellular calcium stores and/or

from influx of extracellular calcium. We have begun studies on this question using

Secondary Ion Mass Spectrometry (SIMS), a technique which permits direct imaging of

elements and their isotopes, thus giving both a quantitative analysis and a

microlocalization of the elements with approximately 1 Am spatial resolution (4,5).

As a model system of brain ischemia, we have used the CNS tissue of retina,

which has been referred to as "the little brain" (6). In these initial experiments, we have

used an in vitm culture system, at retina, in order to be able to more closely control

the extracellular milieu than is possible in vivo. Several experimental modifications have

been studied, which each bear on some aspect of ischemia: 1) total ischemia is created

with a 100% N2 environment; 2) high concentrations of glutamate are thought to mimic

3



ischemic CNS injury; 3) depolarizing conditions are created with 40 mM KCl; 4) the

calcium ionophore, A23187, could increase calcium entry into cells. These experimental

conditions are compared both to an in vitro control and to retina immediately removed

from the animal (normal retina). Electrolyte (K, Na, Mg and Ca) localization and

relative quantitation was assessed in individual retinal cell layers, using SIMS. By

including the stable calcium isotope, 42Ca, in the medium, influx of extracellular calcium

could also be measured. Radioactive 45Ca uptake into total tissue was also compared.

MATERIALS AND METHODS

Retinal Isolation and Maintenance In Vitro: Adult Long-Evans (LE) rats

weighing 200-275 g were obtained from Charles River Laboratories. All were

maintained on a 12 h light/dark cycle and received food and water ad libitum. Animals

were anesthetized with sodium pentobarbital (35 mg/kg) given intraperitoneally. The

eye was enucleated, removing the cornea and lens, then bisected through the optic nerve.

The vitreous was discarded and the retina was isolated from the choroid and sclera with

gentle manipulation and placed in 20 ml of control medium at approximately 37°C

equilibrated with a 5% C0 2/95% air atmosphere. This large volume of medium should

have the effect of diluting residual anesthetic that could be in the retina. Euthanasia of

animals was performed after enucleation with an intracardiac injection of EUTHA-6 C-

II.

Retinas were incubated in 10 ml of medium contained in 6-well tissue culture

plates. The control medium consisted of 119.5 mM NaCl, 3.6 mM KC1, 1.15 mM CaC12-
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2H20, 1.2 mM MgSO 4, 22.6 mM NaHCO3 and 10 mM glucose (Ames medium). All

chemicals were cell culture tested from Sigma Chemical Company. This was

supplemented with 10 ml/L MEM Vitamins (10OX) solution, 20 ml/L BME Amino

Acids (50X) solution and 10 ml/L Penicillin-Streptomycin (10,000 units/10,000 mcg/ml)

solution (Sigma). Control retinas were maintained at 35-37'C under 5% C0 2/95% air

and 100% humidity. They remained in control medium for periods ranging from 1 to

360 minutes.

Experimental Procedures: Immediately prior to the experiments, the control

medium was replaced with experimental medium having a similar composition but

modified for individual experiments. 1) In the ischemia experiment, control medium

was used but it was equilibrated with 100% N2. 2) 5 mM glutamic acid (Sigma) was

added to the medium. 3) KCI was increased from 3.6 mM to 40 mM with a

concommitant decrease in NaCl to 83.04 mM to preserve the osmolality of the medium.

4) Calcium ionophore A23187 (Sigma) was prepared in dimethyl sulfoxide (DMSO) at 2

mg/ml and was added to cultures for a final concentration of 4 AM A23187. An

equivalent volume of DMSO was added to control cultures, approximately 0.1%. All

experimental retinas were incubated at 35-37'C under 5% C0 2/95% air and 100%

humidity except the ischemia experiment in which incubation was at 35-37%°C in a

100% N2 atmosphere (Modular Incubator Chamber).

Calcium Uptake: 45Ca chloride (Amersham) was added to cultures to measure

the influx of calcium into the retina under the varying experimental conditions. A 100

uCi stock solution of 45 Ca chloride was prepared in 1 ml control medium and 10 Ad were
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added to each culture. Retinas were cultured from 1 to 360 minutes, then removed and

washed three times in 10 ml medium to remove excess calcium. Each retina was then

homogenized in 200 Al of phosphate buffered saline (PBS). 4 Ca was measured in the

medium, the three washes and the homogenate with a liquid scintillation counter.

Remaining homogenate was used to measure total protein of the retina using the Bio-

Rad Protein Assay kit.

Light Microscopy: Tissues were fixed with 3% glutaraldehyde in 0.1 M phosphate

buffer for 24 h at 4C, followed by phosphate buffer rinses, dehydration through graded

ethanol and propylene oxide and embedded in PolyBed-812. Tissue damage was

assessed both qualitatively and quantitatively through morphological observation and by

counting the number of surviving, nonpyknotic nuclei in the inner nuclear layer in 3

photographic fields per specimen at high power (10OX).

GFAP Expression - techniques: Tissues fixed and embedded for light microscopy

were immunocytochemically labeled for glial fibrillary acidic protein (GFAP) as

described previously (7).

SIMS: Cultures were incubated for 1 or 360 minutes in control medium with 10

141 of 45Ca chloride stock solution or 360 minutes with 10 Ml 45Ca chloride solution in

which usual CaCI2 (4°Ca) had been totally replaced in the medium with the stable

isotope 42Ca carbonate (Oak Ridge National Research Laboratories). The 42Ca was

93.77% pure. Samples were then removed and washed three times in 10 ml maintenance

medium to remove excess calcium. The culture medium and the three washes were

counted for 45Ca content.
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Since the electrolytes of interest are readily diffusible, tissues were quick frozen in

isopentene cooled in liquid nitrogen to prevent translocation of calcium and other

electrolytes (5). Tissues were freeze dried at -30°C and dry embedded in Polybed-812

under vacuum. Ten micron thick sections of tissues were dry cut and pressure mounted

on conductive silicon wafers, and overcoated with 99.999% Au to provide charge

conductance (5).

SIMS analysis was performed with a Cameca IMS 4f operated in stigmatic ion

imaging beam mode with a positively charged O2 + primary ion beam of ca. 100 nA

current. A 250 Am x 250 Am crater was sputtered through the gold coating before

analysis began. Images of 150 Am diameter of the retina were formed, selected areas

were isolated and counted using a digital image processing system.

RESULTS

Morphology: The freeze-drying method used for preservation of electrolyte

distribution results in adequate preservation of morphological detail at the light

microscopic level (Figure 1). Eyecups containing retina which were removed from the

animal and immediately quick frozen appeared completely normal (Figure la). There is

some evidence of ice crystal formation, but it does not disrupt electrolyte distribution (5).

All incubation conditions resulted in some swelling and distortion of the retina

(Figure lb to if). The inner nuclear layer (INL) which contains the cell bodies of the

horizontal, bipolar and amacrine neuronal cells and the Mfiller glial cell, was distorted,

even if the remainder of the retina looked relatively normal. The nerve fiber layer

(NFL) was sometimes also swollen. The outer nuclear layer (ONL), the nuclei of the
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photoreceptor cells, was usually relatively intact. The photoreceptor cell outer and inner

segments were commonly somewhat distorted, but this is possibly due to their mechanical

separation from the retinal pigment epithelium (RPE) as well as the incubation

conditions. The incubation in high K' resulted in the worst morphological damage, with

the entire retina being uniformly distorted (Figure le). There was some variability of

morphology within a single specimen.

All incubation conditions, including the control, resulted in loss of surviving,

nonpyknotic nuclei in the INL during the 6 hours of incubation (Table I). The counts of

nuclei were made from glutaraldehyde fixed specimens, rather than the illustrations of

freeze-dried material shown in Figure 1. In the fixed material the differentiation of

healthy and pyknotic nuclei is much easier. There is an approximately 33% loss of

nuclei in the control incubated retina over 6 hours. Some of the variability in

morphology can be appreciated from the standard deviations of the averages in this

table. Ischemic and A23187 incubation showed essentially the same rate of loss of INL

nuclei (Figure 2), which was not different from control incubation conditions. Both

glutamate and high K' incubation resulted in rapid loss of INL nuclei within 30 minutes,

but in high K' medium there was no further loss after 2 hours, and the numbers of

normal INL nuclei matched the control at 4 and 6 hours. However, in the glutamate

medium, INL nuclei survival decreased over 6 hours and was consistently 25% less than

in control incubation.

Miller cells of the retina express glial fibrillary acidic protein (GFAP) under

many conditions of damage or stress (7), so we performed immunohistochemical staining
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for GFAP in the retinas incubated for 6 hours under all conditions. Although GFAP

was found in the astrocytes of the inner retina, where it normally occurs, it was not

present in the Mdller cell radial fibers under any incubation conditions (data not shown).

Radioactive 46 Ca uptake: There is uptake of 45Ca by the retina incubated under

control conditions (Figure 3). This uptake rises gradually during the first hour and then

the uptake rate is slower for the next 5 hours of incubation.

A common feature of 45Ca uptake in all the experimental conditions is that the

initial rise is faster than in the control retinas (Figure 3). At 30 minutes, the uptake

under all experimental conditions is the same, and is approximately twice as much as in

control incubations.

At later time periods, the curves for 45Ca uptake vary for each of the experimental

conditions. In ischemic conditions, there is no further increase in 45Ca in the retina until

the 6 hour time point (Figure 3a). With incubation in glutamate, 45Ca uptake increases

for the first 2 hours and then the amount stays the same until 6 hours (Figure 3a). In

high K' medium, calcium increases for 2 hours and then plateaus and, at 6 hours, has

the same value as the control incubations (Figure 3b). Incubation with the calcium

ionophore, A23187, has the initial rapid rise in 'Ca in the retina and then a slower, but

steady, increase in 45Ca uptake throughout the 6 hours of incubation (Figure 3b).

SIMS Analysis, Ion Images: Images of electrolytes in the normal, in vivo retina

were the same as previously described (Figure 4) (8). Sodium emission is particularly

intense in the choroid and RPE layer due to the melanin granules present in these areas

(8). The ONL and INL are different in emission from the plexiform layers, both OPL
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and IPL, as well as the photoreceptor outer segments (ROS). These electrolytes are

absent from the epoxy resin (E). The potassium emission is generally brighter than the

sodium, since the tissue is mostly cellular with little extracellular space present. The

normal calcium isotope, 4°Ca, is also present in high concentrations in the choroid and

RPE, but within the retina is more emissive in the plexiform layers, the regions of

synaptic contact, than in the nuclear layers. An image of 42Ca barely shows any counts,

since the natural abundance of this isotope is only 0.64%, compared to 97.0% for 4Ca,

and no 42Ca was added to this sample. An image of 12' from this area is uniform,

reflecting a homogeneous emission of carbon from the tissue and from the epoxy resin

(not shown).

The ion images of rat retina that had been incubated in control medium for 6

hours are shown in Figure 5, and correspond to the light micrograph shown in Figure lb.

The electrolyte distributions of sodium and potassium correspond to the same layers as

was seen in the normal, in vivo retina, although there is, of course, no choroid or RPE in

the dissected samples. The emission from the INL is more diffuse, probably due to the

disruption of this layer during incubation. A difference in the incubated samples is seen

in the 4°Ca image. A line of heavy 4Ca emission is seen in the outer plexiform layer,

corresponding to the synaptic endings of the photoreceptor cells with second order

neurons. An image of 'Mg shows an inverse relationship to calcium, in that the nuclear

layers are more emissive than the plexiform layers. Using high mass resolution analysis,

we have found 10% or less contribution of IC2' to the magnesium signal.

Rat retinas incubated under ischemic conditions showed similar ion images of
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sodium and potassium (Figure 6), although the distinction of electrolyte distribution in

the inner layers was less obvious. Again 4°Ca showed a bright, emissive line

corresponding to the outer plexiform layer, and another emissive line at the level of the

outer edge of the ONL The OPL concentration of 40Ca was seen in all incubated

samples except for incubation in glutamate.

The distribution of 42Ca in four incubated rat retinas is shown in Figure 7. The

orientation of the retinas is slightly different in each sample, but the layers are labelled.

In all cases, the most emission of 42Ca is seen in the inner and outer plexiform layers.

This is particularly true for the ischemic (upper right) and high potassium (lower right)

incubation conditions. The high emission of the OPL for both 4°Ca and 42Ca was not

seen in the glutamate incubated sample, even though the general morphology of this

sample was neither better nor worse than any of the other incubation conditions.

SIMS Analysis, Quantitative Analysis: Several factors should be noted in the

following analysis. First, SIMS analysis measures the total elemental content of a

sample, not only ionized species that exist in situ. Rather the ions that are measured are

formed during the sputtering process (4). Second, from preliminary, unpublished studies,

we know that the ion emission reflects only a relative quantitation, not an absolute one.

Therefore the data should be compared only between similar areas of retina, since there

is a possibility that matrix effects exist that make comparisons between layers unreliable

(9, 10). Thirdly, we cannot distinguish intra-and extracellular electrolyte content because

1) the instrument resolution is 1 jum or more, and 2) the tissue preservation is not

designed to preserve intra- and extracellular space. Fourthly, we have not found it
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useful, in practice, to normalize ion counts to carbon counts in a given area. Fiat.. the

studies to be reported were done on the longest incubation times, 6 hours. We chose

these samples first so that uptake of 42Ca would be maximal. Analysis of the samples

incubated for shorter times are in progress. Sixth, ion images oF 45 did not give any

specific distribution that would be expected from calcium localization as seen with 'Ca

and 42Ca. We concluded that the signal at 45 ' did not correspond to 45Ca, but rather a

nonspecific organic species in the sample.

Comparison of Na, K, Mg and Ca in vivo and control incubation: The counts

per pixel per second of 23', sodium, in retinal layers in shown in Figure 8. The sclera

and choroid, being largely extracellular space have the highest levels of sodium emission.

The RPE and inner retinal layers, with the exception of the ganglion cell layer, are less

emissive which is consistent with the relatively small extracellular space of the retina.

Values for the ganglion cell layer are less reliable than other layers for two reasons: this

layer is very narrow and we are including ganglion cells and their axons, known as the

nerve fiber layer; small blood vessels exist in this layer which are highly emissive for

sodium and would contribute to the counts obtained; this layer tends to show freezing

artifact and may have sodium which comes from the vitreous, a large aqueous

extracellular compartment immediately adjacent to the inner retina. All layers of the

retina in the control incubation sample show increased sodium emission. This is not

unexpected, given the swelling of the retina that occurs during the 6 hour incubation

time.

The potassium count rates for various retinal layers in the normal, in vivo sample
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(Figure 9) reflect the ion image relative emission. The sclera, being extracellular space,

is low in K' emission, but K' is high in the choroid, due to the emissivity of the melanin

granules in this layer (10). The two nuclear layers are more emissive than the two

plexiform layers. This distinction is lost in the control, in vitro, sample (Figure 9).

Potassium is increased in the ONL, OPL and IPL, and decreased in the ROS and INL,

although the count rates are not significantly different between the normal and control

specimens. A problem which we have not yet solved is that the potassium count rates

for these analyses are uniformly one half that of a previous series of determinations

(unpublished). There seems to be a systematic reason for this, but we have not yet

found the source of the discrepancy.

Magnesium count rates in various retinal layers are presented in Figure 10. Since

these count rates are taken under low mass resolution conditions, it should be noted that

there can be a discrepancy of ca. 10% due to counting the interfering ion, C. For the

in 3jM normal retina, the levels of Mg are relatively even throughout the inner retina,

and somewhat less in the photoreceptor cell layer. There appears to be some selective

loss of magnesium from the INL, IPL and GC layer in the retina incubated in vitro for 6

hours.

Calcium count rates for normal and control conditions are shown in Figure 11.

The highest count rates for calcium are found in the sclera, choroid and RPE for n vivo

samples. Again, this is because the sclera and choroid are largely extracellular space and

due to the large component of pigment granules in the choroid and RPE, which have a

high intrinsic concentration of calcium (11) as well as showing more intense ion emission,
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due to an intrinsic oxygen content (12). The in vivo control has counts of 4'Ca that are

less than 1% of the 4°Ca counts, approximately what is expected from the natural isotope

abundances. As we have seen from the images, the normal retina has more calcium in

the plexiform layers than in the nuclear layers. The ganglion cell layer also shows high

calcium emission, but this may be somewhat artifactual, for the same reasons discussed

for the high sodium emission from this layer.

After incubation in vitro under control conditions, most retinal layers show a

decreased level of 4°Ca. However, the loss of 4°Ca is compensated for by an increase in

42Ca in these layers, resulting in reestablishment of the total calcium levels in the various

retinal layers. The one exception is the outer plexiform layer which appears to

concentrate 4°Ca during the incubation period, perhaps scavenging it from other retinal

layers, since the only exogenous calcium is 42Ca. This region also appears to concentrate

exogenous calcium as the combined total 4'Ca + 42Ca level in this layer is higher than

any other retinal region. We will be adding more samples to validate these data. High

mass resolution analysis of the 42Ca peak showed that less than 1% of this peak could be

due to polyatomic interferences.

SIMS Analysis of Experimental Conditions:

The data for electrolyte distributions in the retinas incubated under ischemia or

high glutamate concentrations are given in Figures 12 through 16. With a few

exceptions, there are no statistically significant differences between electrolyte

concentrations in the different retinal layers. For example, sodium and potassium in the

INL is higher in retinas incubated in high glutamate than in control conditions (Figure
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12 and 13). This could reflect the swelling of the cell bodies seen in this layer and the

increased levels of pyknotic nuclei observed. The level of K" in the photoreceptor outer

segment layer is higher in ischemia but not in any other conditions examined (Figure 13).

Magnesium is also higher in ischemic photoreceptor outer segments, as well as in the

IPL (Figure 14).

There is loss of 4Ca in ischemia and glutamate incubation that is not statistically

different from that of control incubations (Figure 15). This is compensated for by influx

of 42Ca from the medium, that brings the total calcium level in the retinal layers within

range of the normal, in vivo, retinas (Figure 16). We have limited data at the present

time of the levels of calcium in the OPL, which shows an unusually high level, and so

have not been able to statistically evaluate it.

The data for incubations in high potassium medium and in the presence of the

calcium ionophore, A23187, are presented in Table II. These data show increases of Na,

K, Mg, and Ca in different retinal layers, but the sampling size for these analyses is too

small to feel confident about this data. Further analyses of these samples is in progress.

DISCUSSION

In this discussion, we are deliberately taking a limited view of the vast literature

on the involvement of calcium in cell ischemic processes. This is because the technique,

SIMS, which we are using offers unique capabilities for analysis that are not readily

comparable to other methods used in this research. Some of these capabilities are the

following: 1) The technique we are using is relatively new to analysis of biological
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problems, particularly quantitative aspects; 2) SIMS measures total cellular electrolytes

rather than ionized forms and therefore is difficult to correlate with published studies

using either ion sensitive electrodes or imaging of ionized calcium with video systems

(11,12); 3) This technique measures large areas rather than single cells, which is useful

in following tissue level damage; 4) The inherent instrument resolution and tissue

preservation methods do not permit a distinction between intra- and extracellular space;

5) The use of stable isotopes as tracers enables microlocalization studies in combination

with "pulse-chase" labelling.

An important point is the degree of calcium exchange that we observed during the

time course studied. Up to 6 hours in culture, as much as 70% of the tissue calcium was

exchanged for the stable isotope added to the medium. And yet the total levels of

calcium in the tissue was preserved, indicating that the cells appear to be able to

maintain total calcium homeostasis, despite apparent damage as assessed by loss of cell

nuclei and cell swelling, which was marked in the inner retinal layers. It thus appears

that calcium is more mobile than might have been expected.

A question that remains is whether or not the exchangeable calcium is that

normally found in the extracellular compartment, rather than internal cell calcium. If

one accepts the commonly used figure of 5% for retinal extracellular space, one might

expect only this amount of exchange, if the total intracellular and extracellular calcium

concentrations are the same. Using SIMS, a recent determination of intracellular

calcium concentration in fibroblasts would be ca. 1 mM (using some assumptions to

convert the data to wet weight) (13). If we assume that the extracellular calcium
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concentration is similar to serum (2.5 mM), then exchange of extracellular calcium only

would be 2.5 x the extracellular volume estimation, or about 12 to 15%. Since the

observed exchange is considerably more than that, it is likely that intracellular calcium

was also exchanged during these experiments. Similar analyses using cell culture systems,

and direct measurement of total tissue calcium concentrations would be desirable.

In this study, with the data we have at hand, we have not found evidence for

massive influx of calcium above normal physiological concentrations that could be

responsible for cell death. We thus conclude that it is more likely that release of

intracellular stores of ionized calcium is responsible for derangment of cellular processes.

We will collect more detailed data concerning this point by doing analyses on short time

incubations, as well as trying to differentiate calcium in obviously pyknotic cell bodies

from cell cytosolic locations.

The overall results of electrolyte analysis are not unexpected, in that, given the

degree of cell swelling observed in the inner layers, the increase in sodium, but not

potassium seen would reflect water movement into cells. Although one needs to be

critically skeptical of a technique which is known to exhibit matrix effects (9), these

results have an internal consistency, which is reassuring.

Other authors have reported swelling of the inner nuclear layers in retinal

ischemia in vitro (14), but the Mfiller cells, the dominant glial cells of the retina were

relatively spared. We have observed similar morphological findings, but our study of

GFAP expression did not indicate stress of this cell. We also did preliminary studies

measuring release of lactic dehydrogenase to the medium, an enzyme which is
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predominantly in the Miiller cell, and found insignificant release. These studies will be

repeated using the current culture conditions. Since astrocyte cell swelling (and the

Miller cell exhibits many astrocytic properties) is a characteristic of brain ischemia and

edema (15,16), it is noteworthy that retinal glial cells seem relatively resistant to

ischemia, by the measures tested. This bears further inquiry, and could perhaps be due

to the capacity of the Miller cell to buffer extracellular K' (17), although astrocytes also

possess this capacity (18).

The finding of high calcium emission, of both the normally abundant 44Ca and the

exogenous 42Ca in the outer plexiform layer in all incubated retinas (except for glutamate

treated) was dramatic. Normally, the plexiform layers of the retina contain more calcium

than the nuclear layers (8), but this effect is exaggerated in the incubated retinas. The

only other report that relates to this phenomenon was a study by Ripps, et al., (19) that

showed accumulation of calcium rich deposits in the processes of the OPL layer by

electron microprobe analysis, when high calcium concentrations were included in the

fixative solutions. We have used normal calcium concentrations in these studies. They

reported an increase in deposits in the postsynaptic elements during light adaptation of

the retina and an decrease of deposits associated with the photoreceptor membranes.

These relative locations were reversed in the dark. We have taken no precautions to

define the light conditions of the experiments, although the retinas are incubated in the

dark. This relative location of calcium may simply be a function of focal synaptic

activity. Unlike other neurons, the photoreceptor cells release transmitter, which may be

glutamate (20), in the dark, rather than upon stimulation by light. Thus it may be that
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there is rapid turnover and accumulation of calcium in this region associated with the

dark conditions. It may or may not be significant that this focal OPL calcium

concentration was not seen in the glutamate treated retinas. At first we considered that

this treatment resulted in severe damage to this area, and so the structures that might

sequester calcium were not there. However, the damage in glutamate is not obviously

worse morphologically than in other incubation conditions, particularly high potassium

concentrations, although it is true that INL cell death is more extensive during glutamate

incubation. It is tempting to speculate that the high glutamate incubation may be related

to the normal neurotransmitter release, or saturation of the presumed glutamate

receptors on the postsynaptic cells, but this is premature.

The studies reported need to be correlated with other measures of cell death and

swelling and extended to the in vivo condition, which is part of our research plan for the

coming year.
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LEGENDS

Figure la. Light micrograph of normal rat retinal eyeceup, quick frozen immediately
after enucleation. The morphology of the entire retina appears normal. The choroid
(C) and retinal pigment epithelium (RPE) are apposed. The RPE is immediately
adjacent to the photoreceptor outer segments (ROS). The outer nuclear layer (ONL)
and inner nuclear layer (INL) are compact. The outer and inner plexiform layers
(OPLIPL) are well formed. Bar = 20 ,m.

lb. Rat retina incubated for 6 hours in control medium. The entire retina is
swollen compared to freshly frozen retinas. The INL shows a large degree of swelling, as
do the other retinal layers, but the overall morphology is retained. Careful comparison
with Figure la indicates that most of the swelling is in the inner retina. Other specimens
had even less damage and distortion than this example. Bar = 20 Am.

1c. Rat retina incubated for 6 hours in ischemic medium. The general retinal
morphology is well retained, although there is marked swelling of cell soma in the INL
layer. When compared with Figure la, it can be appreciated that most of the swelling is
in the inner retinal layers. Bar = 20 Am.

1d. Rat retina incubated for 6 hours in glutamate containing medium. Although
the general retinal morphology is apparent, there is pronounced swelling and pyknosis of
nuclei of the INL and swelling of the inner plexiform layer (IPL) and nerve fiber layer
(NFL). The outer retina in this area is relatively intact, but other specimens were more
grossly distorted. Bar = 20 Am.

le. Rat retina incubated for 6 hours in 40 mM K. The retina is grossly
distorted and this was uniform throughout all specimens. Bar = 20 Am.

If. Rat retina incubated for 6 hours in 4 AM A23187. The photoreceptor outer
segments and nuclei (ONL) appear relatively normal, but the inner retinal layers are
swollen, with apparently cystic spaces in the outer plexiform layer (OPL) and the NFL.
Bar = 20 Mm.

Figure 4. Ion Images of normal, in vivo, rat retina. The upper right image of sodium is
labelled with the retinal layers. The other images of potassium, 'Calcium and 42Calcium
are taken from exactly the same area, but with different times for integration of the
image. Sodium and potassium images are accumulated for 10 sec, 4°Ca for 30 sec and
42Ca for 60 sec. The diameter of the imaged field is 150 Mm.

Figure 5. Ion images of control rat retina incubated for 6 hours. The images are
discussed in the text.

Figure 6. Ion images of ischemic rat retina incubated for 6 hours. The images are
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discussed in the text.

Figure 7. Ion images of 42Ca in incubated rat retinas. The upper left image is of a
control (the same specimen shown in Figure 5); upper right image of an ischemic retina
(other images from this specimen are in Figure 6); lower left image of glutamate
incubation; lower right image of high potassium incubated rat retina. Labelling is the
same as in other figures.

Figure 8. Digital image analysis of sodium (23+) counts per pixel per second in retinal
layers. Scl = sclera; chor = choroid; rpe = retinal pigment epithelium; ros =
photoreceptor outer segments; onl = outer nuclear layer; opl = outer plexiform layer;
inl = inner nuclear layer; ipl = inner plexiform layer; gc = ganglion cell layer.
Comparisons with the control condition that are statistically significant with P :5.05 are
marked with an asterisk in this and all following figures.

Figure 9. Digital image analysis of potassium (39 +) counts per pixel per second in
retinal layers. Abbreviations in this and following histograms are the same as in Figure
8.

Figure 10. Digital image analysis of magnesium (24') counts per pixel per second in
retinal layers.

Figure 11. Digital image analysis of calcium (40' or 42 +) counts per pixel per second in
retinal layers.

Figure 12. Digital image analysis of sodium, comparing control and two experimental
incubation conditions.

Figure 13. Potassium distribution in control and experimental conditions.

Figure 14. Magnesium distribution in control and experimental conditions.

Figure 15. 40-Calcium distribution in control and experimental conditions.

Figure 16. 42-Calcium distribution in control and experimental conditions.

23



-4 18



Table I

SURVIVING NUCLEI

Incubation Condition

Control Ischemia 5mM Glut 40mM KC1 A23187

1min 144± 12 152±31 159 ± 16 144 ± 7 150± 4

30min 154 ± 18 157± 23 116 ± 4* 120± 8" 155 ± 8

120min 132± 7 134± 11 9± 11* 107± 9* 118 ± 38

240min 103 ± 12 111± 10 75 ± 6* 113 ± 8 109 ± 5

360min 97 ± 7 106 ± 8 71± 8* 106± 3 113 ± 11

* Different from Control with P 5 .05.
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Table II

Ion Counts in Retinal Layers

counts/pixel/second (xl03)

Control 40 mM KC1 .4 M A23187

Na ROS 1017.9 ± 1096.6 (3) 808.3 ± 211.0 (4) 1079.0 ± 380.8 (3)
ONL 1119.1 ± 387.4 (5) 1977.9 ± 382.7 (4)$ 2120.6 ± 539.1 (3)*
OPL 1178.5 + (2)
INL 888.0 ± 113.0 (5) 1837.0 ± 744.5 (4)* 1733.5 ± 365.0 (3)*
IPL 1166.0 ± 194.2 (5) 1383.5 ± 740.0 (4) 2132.8 ± 703.8 (3)
GC 1076.3 ± (2)

K ROS 587.5 ± 177.8 (3) 960.9 ± 307.8 (4) 1568.3 ± 594.1 (3)
ONL 1473.1 ± 354.6 (5) 2691.8 ± 1018.0 (4) 3186.4 ± 618.8 (3)*
OPL 1178.5 + (2)
INL 950.0 ± 205.3 (5) 1797.6 ± 935.5 (4) 2362.7 ± 738.0 (3)*
IPL 1080.5 ± 397.6 (5) 1577.0 ± 693.3 (4) 2474.0 ± 462.8 (3)*
GC 1450.8 + (2)

Mg ROS 8.3 ± 3.2 (3) 22.7 ± 9.4 (4)* 18.9 ± 2.4 (3)*
ONL 16.2 ± 9.3 (5) 48.1 ± 12.6 (4)* 26.0 ± 4.7 (3)
OPL 19.4 ± (2)
INL 10.7 ± 4.6 (5) 32.8 ± 8.1 (4)s 19.6 ± 9.0 (3)
IPL 7.2 ± 3.1 (5) 15.5 ± 3.5 (4)* 15.8 ± 4.2 (3)*
GC 10.4 ± (2)

40Ca ROS 5.8 ± 4.6 (3) 13.5 ± 3.4 (4) 7.6 ± 1.1 (3)
ONL 3.6 ± 2.2 (5) 6.2 ± 1.2 (4) 3.8 ± 1.0 (3)
OPL 25.8 ± (2)
INL 3.0 ± 1.5 (5) 6.6 ± 2.5 (4)* 5.0 ± 1.2 (3)
IPL 5.5 ± 3.2 (5) 7.3 ± 1.4 (4) 11.3 ± 0.4 (3)*
GC 4.6 ± (2)

92C ROS 8.3 ± 11.2 (3) 2.9 ± 0.5 (4) 3.2 ± 0.8 (3)
ONL 3.2 ± 1.8 (5) 4.4 ± 1.5 (4) 1.7 ± 0.5 (3)
OPL 33.5 ± (2)
INL 6.3 ± 2.1 (5) 19.3 ± 2.2 (4) J.5 3± 4.6 (3)
IPL 11.8 ± 5.7 (5) 27.0 ± 5.5 (4)* 26.0 ± 7.2 (3)'
GC 10.4 ± (2)

*Different from Control at P < .05.
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ABSTRACT

Gap junctions are found between astrocytes in the inner retina of normal rats, but are

rare between Muller cells or between astrocytes and Miller cells in the inner retina.

Following photoreceptor degeneration induced by urethane treatment of newborn

animals, morphological alterations of glial cells occur in the inner retina. The Miller

cells withdraw from the inner limiting membrane and the astrocytes hypertrophy and

occupy the vitread surface of the inner limiting membrane. The frequency and size of

the gap junctions between astrocytes increases with time in rats with urethane induced

photoreceptor degeneration, more than expected from elaboration of additional astrocyte

plasma membrane. The gap junction profile length ter glial cell membrane contact

length is 2.8 +/- 1.1 m/1000 m membrane in 8 week old normal animals and

increases to 18.9 +/- 9.4 lim/1000 um membrane at 56 weeks of age in urethane treated

animals. The average size of the gap junction profile length doubles during this same

period. This is the first study demonstrating pathological changes in gap junctions in

central nervous system tissue. We speculate that this up-regulation of gap junctions

occurs in response to an altered extracellular ionic composition in an attempt to increase

the lateral spatial buffering of K by these cells. The relative location of glial cells in

retina can determine, in part, the vulnerability of the retina to edema.
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A

INTRODUCTION

The retinal vasculature has an intimate relationship with retinal neurons and glia in

normal and pathological responses.1 Glial investment of the retinal vasculature is an

important facet of its ultrastructure3 but the physiological functions5 of the perivascular

glia is not known. Three types of glial cells - Miiller cells, astrocytes and microglia -

have been identified in retina and each has a relationship with the retinal vasculature.4-6

The radial Muller fibers are considered to be analogous to glioependymal cells in

brain and are distributed throughout the retina, with the exception of the optic nerve

head and fovea.7 Fine processes of Miuller cells invest both large vessels and capillaries

in the inner and outer retinal vessel beds.3 Morphological and functional polarity is

exhibited by the Miller cell in that the Miller "end-feet" processes lining the vitreous

have the highest concentration of mitochondria and potassium channels, facilitating

removal of K' from the extracellular space into the vitreous.3' 8'9 Spatial buffering of K'

by these cells could be extended over large areas if the Miuller cells were coupled by

communicating junctions.

Gap junctions are communicating junctions visible ultrastructurally as a heptalaminar

array of apposed cell membranes with a discrete intercellular "gap" of 2 nm. They

function to electrically couple the cells involved through low resistance pathways capable

of transmitting ions and small molecules up to 1200 daltons in size."0 Gap junctions

between Miller cells at the external limiting membrane have been reported in some
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vertebrates such as newt, frog, fish, mudpuppy and toad..... Gap junctions have not

been found between MOler cells in cat, rat, rabbit, opossum, pigeon, turtle, eel and

shark13 using ultrastructural criteria. Electrophysiologically, MOller cells of turtle retina

were found to be coupled in situ. 16 Using freeze-fracture techniques, Reale et al.,17

reported gap junctions between Mdller cells close to the inner limiting membrane in

human retina.

Astrocytes have a distribution in retina which can be ubiquitous or highly

restricted, depending upon the extent of retinal vascularization. 6' I s' 9 They invest inner,

but not outer, retinal vessels in the holangiotic retina and are the only type of glial cell

within the non-myelinated portion of the optic nerve.7 Astrocytes from the optic nerve

of salamanders have high K' conductance in their endfeet processes which abut on

vessels.20 Inter-astrocytic gap junctions are a frequent observation in brain astrocytes. 2' 22

In retina, Quigley described gap junctions between optic nerve head astrocytes in man

and monkey.23 Biissow7 demonstrated gap junctions between optic nerve head astrocytes

in cat and monkey and discussed the existence of such junctions between retinal

astrocytes, but not Muller cells.

The microglial cells of the retina are considered to be of mesodermal origin,

possibly arising from vascular pericyte cells.5 Credence is given to this hypothesis by

findings of similar enzyme histochemical staining of microglial cells and the retinal

vascular cells which are known to be of mesodermal origin.24 The presence of a
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macrophage specific antigen on microglia in mouse retina also supports a mesodermal

origin of these cells. Although gap junctions between microglia have not been

demonstrated, Boycott and Hopkins 2 raised the possibility that the gap junctions

reported by Reale, et al.,'17 were not betwe, i Muller cells, but rather, inner retinal glia,

possibly microglia.

During the course of our studies of the cell-cell interrelationships in rat retina

undergoing urethane-induced photoreceptor degeneration27 we noticed prominent gap

junctions between glial cells at the inner limiting membrane. This observation prompted

us to perform a morphometric study of glial cells and gap junctions in normal and

pathologic rat retina to ascertain the types of cells involved and the extent of cell

coupling.
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MATERIALS AND METHODS

Production of Urethane Retinopathy

Urethane retinopathy was produced in newborn Long-Evans rats as previously

described.27',2 We have adhered to the principles of the ARVO resolution on the Use of

Animals in Research. Briefly, newborn rat pups were injected subcutaneously on Day 1,

followed by seven weekly injections with urethane (ethyl carbamate, Aldrich Chemical

Co.) in phosphate buffered saline (PBS) at a dose of 1 mg/gm body weight. Control

animals were injected with the same volume of PBS. The rats were maintained under

standard laboratory conditions with room light at 20 to 30 foot-candles on a 12 hour light

(beginning at 7 am), 12 hour dark cycle until the time of sacrifice. Sacrifice was

performed after 9:00 am to avoid the peak light-induced phagocytosis of rod outer

segment discs. Five urethane and three control animals were sacrificed at age 8, 16 and

24 weeks. Tissue specimens from animals 56 weeks of age were available from earlier

studies s although no control animals of this age were available.

Preparation of Tissues

Following an overdose of sodium pentobarbital, the 12 o'clock limbal position was

marked with a 6-0 silk suture, both eyes were rapidly enucleated, immersed for

approximately 20 minutes in 3.0% glutaraldehyde in 0.1 M phosphate buffer at pH 7.4
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and then the cornea and lens removed to facilitate fixative diffusion to the retina.

Fixation continued until the next day, when the eye cups were rinsed with buffer,

postfixed with osmium, dehydrated in a standard series of ethanol and propylene oxide

and embedded in Polybed 812 (Polysciences, Inc.). The posterior eye cups were

hemisected from 12 to 6 o'clock and oriented at embeddment so that light microscopic

sections of the entire half eye cup could be made.

Microscopy and Morphometry

Ught microscopic sections (1 to 2 ;i.m) were cut with a glass knife on a Sorvall

MT2B and stained with Toluidine Blue and Azure II in borax. The central half of the

retina was cut into a superior and inferior portion and remounted for electron

microscopy. Ultrathin sections were cut on a Reichert OmU3 ultramicrotome, placed on

200 mesh copper/palladium grids, stained with lead citrate and uranyl acetate and

examined in a Philips 410 electron microscope.

For morphometric measurements, a grid window that had inner retina across the

entire window, with no folds or other artifacts apparent, was randomly selected at very

low magnification (1700 x). A montage of the inner retinal edge was made at 6900x.

Preliminary experiments had shown that gap junctions were readily recognizable and

could be accurately measured at this magnification. Depending upon the orientation of

the retina relative to the grid window, 7 to 9 films covered the inner retinal edge. One
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grid window from each of two grids was photographed for each animal. One grid was

from the superior central retina and the other from the inferior central retina. There is

no reason to think these two regions are different, since the retinopathy develops from

central to peripheral regions28 and we have controlled for selective light damage to the

superior retina29 in this experiment. The films were printed at approximately 2.6 x

magnification (each set of films was measured independently and ranged from 2.55 to

2.63 x).

Since preliminary observations indicated that gap junctions exist only close to the

inner retinal edge, we limited our area of examination to the 3 micrometers of retina

closest to the inner limiting membrane. This area was defined on the photograph and all

non-glial structures (such as ganglion cells, ganglion cell axons and blood vessels) within

the area were excluded from measurement. Measurements of area, length of inner

limiting membrane (ILM), length of gap junctions (GJ) and total glial membrane contact

length were made using a Summagraphics Summasketch MM1201 attached to an IBM

PC AT clone computer. The total glial membrane contact length included only those

glial cell membranes that were adjacent to another glial cell membrane, since our initial

observations had indicated that the gap junctions were formed only between glial cells.

Thus, the glial cell membrane facing a nerve fiber bundle and the innermost plasma

membrane facing the vitreous were not included in total glial cell membrane contact

length. Statistical analysis of the data was performed by a one way analysis of variance

(ANOVA). Tables I, II and III indicate that the sample size was the same in all groups.
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RESULTS

Urethane Retinopathy

Urethane retinopathy (UR) is a primary degeneration of photoreceptor cells

which follows the developmental pattern of these cells from central to peripheral retina.27

By 8 weeks, no photoreceptor outer segments are apparent in the central retina and, by

24 weeks, few photoreceptor nuclei remain in the outer retina (Figure 1). The retinal

pigment epithelium (RPE), choriocapillaris (CC) and inner plexiform layer (IPL) are not-

affected as a primary process in this photoreceptor degeneration. 27 Even at 24 weeks of

age, the number of vessel profiles observed in the nerve fiber layer (NFL) is not

different from normal. 30

Inner Retina. Control Animals

In the control animals of all ages studied, the innermost aspect of the retina is

formed primarily by the "end-feet" of the Miller cells, with their characteristic

complement of mitochondria and smooth endoplasmic reticulum (SER). The organelles

within the Miller cell are compartmentalized as seen, for example, in the bundles of

intermediate filaments (IF), which are apparent at the level of the nerve fiber layer

(Figure 2a).9 Thick Miller endfeet processes appear to spread laterally and form most,
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but not all, of the interface between the axons of the nerve fiber layer and the inner

limiting membrane (Figure 2b).

Astrocytes are present within the innermost 3 micrometers of the retina, but are

not particularly numerous. They are recognizable as relatively fine processes in the

vicinity of the nerve fiber bundles and around retinal vessels in the inner retina (Figure

2c). In the control animals of all ages, these processes correspond to the protoplasmic

astrocyte as described by Hogan and Feeney3 and Bfissow.7 The processes tend to be

electron lucent, and have a complement of IF placed sporadically throughout the

cytoplasm and occasional ribosomes and rough endoplasmic reticulum.

Gap junctions are found in many, but not all, control specimens examined (Figure

2d). They are present in the innermost retinal area, close to the inner limiting

membrane. During our initial observations, we searched for gap junctions among glial

cell processes in the nerve fiber and the ganglion cell layer and did not find any. It was

for this reason that we limited the morphometric study to the innermost 3 microns of

retina.

Using morphological criteria described above, providing that the process involved in

a gap junction is large enough to make identification certain, most of the gap junctions in

normal retina are found between astrocyte processes (Table IV). In control animals, gap

junctions are infrequent (Table IV and V). They are more likely to be found adjacent to

blood vessels, but astrocyte processes are preferentially found in this area. In the
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morphometric study, there is one gap junction that appeared to connect an astrocyte and

Miller cell process. One gap junction photographed (but not as part of the

morphometric study) would be classified as between Mhiller cells (Figure 2e) because of

the SER present in the processes.

Inner Retina. Urethane Retinopathy

Although the inner retina of animals with urethane retinopathy appears normal at

light microscopic magnification, there are ultrastructural alterations in the youngest

animals examined, at 8 weeks, and the distortions become more marked with time.

There is a change in the compartmentalization of organelles within the Miller cells.9

The electron density is more variable than in controls, sometimes being more electron

lucent than normal. SER is still present in the endfeet region. However, the regular

pattern of the Muller cell endfeet at the ILM is sometimes disturbed, in that processes

heavily laden with intermediate filaments extend horizontally across the area normally

occupied by the Muller cell endfeet (Figure 3a).

Astrocyte cell processes and cell bodies in the innermost retina are filled with

intermediate filaments and abundant rough endoplasmic reticulum (Figure 3b). The

region closest to the ILM is occupied by profiles of fine processes filled with dense

intermediate filaments that match the ultrastructural description of fibrous astrocytes,

rather than the protoplasmic astrocytes commonly seen in control specimens.
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Prominent gap junction profiles are found between glial processes, not infrequently

in clusters (Figure 4a). They are often found between astrocyte processes adjacent to

inner retinal vessels. Ultrastructurally, the inner retinal vessels and capillaries appear

normal. The number of gap junction profiles per unit area of retina examined

increases with duration of the retinopathy (Table V). Some profiles of the gap junctions

are extremely long (Figure 4b).

Because of the pathological distortion, both Muller cell processes and astrocytic

processes lack their normal characteristics. However, by noting the characteristics of the -

cell organelles in processes that clearly arise from the radial Miller cell stalk, we defined

Miller cell processes in the UR animals as containing SER, rarely ribosomes or RER,

sometimes lysosomes and intermediate filaments in a loosely arranged configuration

(Figure 4a,b). In contrast, by following processes out from astrocyte cell bodies, we

defined astrocytic processes as being densely, almost totally filled with intermediate

filaments, containing RER and ribosomes, and, in general, not having either SER or

lysosomes. The astrocytic processes also spread horizontally, aligned with the ILM,

whereas the Miller cell processes tend to present rounded profiles near the ILM in the

UR animals (Figure 4a,b).

Using these criteria, we assigned the gap junctional profiles to cell types as seen in

Table IV. Approximately 60 % of the gap junctions in the experimental animals were

assigned to the inter-astrocytic category. An additional 20% were between at least one
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astrocytic cell, with the other cell unidentified. As the UR progressed and the

morphology close to the ILM became more complex, the identity of cells connected by

gap junctions became more difficult to define. Most of the remaining gap junctions

could not be unambiguously assigned to cell type, but there were only 2 junctions

between an astrocyte and Muller cell, and 1 junction that appeared to be between

Muller cells.

Since there appears to be an increase in inter-glial gap junction frequency and

length in the urethane treated retina, we wished to know if this increase is simply a

result of increased glial membranes or if it represents a real increase in glial membrane

occupied by gap junctions. The glial cell contact length per unit area is significantly

greater in urethane treated retinas than in control retinas at 8, 24 and 56 weeks (Table

VI). Since we do not have an age matched control for the 56 week UR animals, we

compared them to the 24 week control animals, which are fully mature rats and there

appears to be no significant change between control animals with age in any measured

parameters. There is a trend for the glial cell membrane contact length per unit area to

increase with increasing time of the retinopathy, but only the 8 to 56 week comparison

was statistically significant. By 56 weeks of UR the length of glial cell membrane contact

length was more than twice that of control animals.

In addition, the proportion of glial cell membrane occupied by gap junctions is

greater in urethane than control animals (Table VH). The average length of gap

13



junction profile as a percent of the total glial cell membrane contact length is greater in

UR versus controls and increases with time of retinopathy. Due to the large variability

in these measurements, reflected in the large standard deviations, the only statistically

significant difference is the comparison between the 56 week UR and the 24 week

control. These numbers suggest that, in the oldest UR group, nearly 2% of the glial cell

membrane contact length close to the inner limiting membrane is occupied by gap

junctions. This is almost 10 times greater than in the control animals.

We also observed in UR that some profiles of gap junctions are exceedingly long

compared to any observed in controls, as shown in Figure 4b. In Table VIII, the average

length of gap junction profiles in the UR animals is 2 to 3 fold significantly larger than in

the controls. The size distribution of all gap junctions is shown in Figure 5. Not only

are there more gap junctions in UR animals, but their length can be greater than any

seen in control animals.
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DISCUSSION

Unambiguous identification of each cell connected by gap junctions is less difficult in

normal animals and becomes more difficult in the urethane treated retinas. In both

cases, gap junctions are often found between fairly fine processes, but the distinction

between the normal protoplasmic astrocyte and the normal, electron dense, Miller cell is

more obvious in the control animals. With increasing pathology, the array of glial cell

processes increases, as evidenced by the increase in glial cell membrane contact length,

and the morphological distinctions between the two glial cell types at the ILM become

less clear. Despite the expression of glial fibrillary acidic protein, an intermediate

filament component, in Mfller cells in UR9 the Miller cell does not exhibit a

morphological increase in intermediate filaments to the same extent as does the

astrocyte. However, using pattern recognition, an assignment of the gap junctions to

astrocyte-astrocyte cell couples was possible in 60% of the examples in UR retinopathy.

We think it likely that inter-astrocytic gap junctions are the predominant type in both

normal and UR treated retinas.

Marc, et al., 31 have pointed out the difficulty of identifying small gap junctions in the

inner plexiform layer of the goldfish retina, particularly in en bloc uranyl acetate stained

material. Fortunately, our material was postfixed only with osmium tetroxide and the

dark, fuzzy appearance of the gap junctions was apparent even at relatively low

magnifications in the electron microscope. Since it is possible that we have missed

15



minute gap junctions, the actual incidence of gap junctions close to the ILM may be

greater than we report. Although freeze fracture techniques can be used to identify gap

junctions, the random fracturing process and difficulty of identifying cell membrane types

in a complex tissue would make this technique less desirable than conventional electron

microscopy.

Inter-astrocytic gap junctions are a common observation in brain astrocytes21 and

have been reported between astrocytes of the retina and optic nerve head in cat and

monkey7 and of the optic nerve head in man and monkey, based on electron

microscopy of thin sections. This report is the first to show and quantitate

inter-astrocytic gap junctions in rat. Using freeze-fracture techniques, Reale et al.,17

reported the existence of gap junctions between Muller cells in the inner retina in

human. Our finding that the rat inter-astrocytic gap junctions are confined to the

innermost retina, raises the possibility that the gap junctions observed by Reale et al.,

may have been between astrocytes rather than Miller cells; alternatively there may be

species differences. Boycott and Hopkins26 had also suggested that the gap junctions in

human inner retina might be between microglia rather than between Miller cells.

Assignment of one or both cell processes participating in gap junction formation to

Miller cells was possible in only 7 of the 128 (5%) gap junctions found in the

morphometric study. This finding reinforces our view that gap junctions between Miller

16



cells or between Miller cells and astrocytes are rare at the inner limiting membrane in

both normal and UR animals.

This is not to say that gap junctions may not exist between MOller cells at other

locations in this polarized cell. Gap junctions have been reported between Muller cells

at the external limiting membrane (ELM) in several species 11-15 , but were not reported to

be present anywhere on Muller cells in normal rat.13 LaVail, et al.32 reported that both

tight and gap junctions were found between Muller cells and retinal pigment epithelial

cells in rats with a hereditary photoreceptor degeneration. Since our current study did

not include examination of the outer retina, we do not know if gap junctions form

between these two cell types in UR photoreceptor degeneration.

Astrocytes in the brain act as a spatial buffering mechanism, in that K liberated into

the extracellular space by neuronal activity is taken ul. in astrocyte processes surrounding

the neurons and ejected from the cells at the "end-feet," which rest on the basement

membrane of capillaries. Evidence supporting this hypothesis is the demonstration that

astrocytic end-feet have a higher K" conductance than other portions of the cell.20 The

existence of gap junctions between astrocytes would enlarge the area over which these

cells could remove K+ from the extracellular space. This is analogous to the function of

gap junctions between horizontal cells in fish retina, which enlarges the receptive fields

of these neurons.31 Thus, in normal rats, the existence of gap junctions between retinal
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astrocytes probably allows them to spatially buffer extracellular I in the inner retina,

delivering it to the perivascular space.

In the retina, the Mfiller cell is also polarized with reference to K'cofiductance,

with the end-feet facing the vitreous having the largest potassium conductance, thus

acting as a siphon to remove extracellular K + from the distal to the proximal retina.8

Calculations of the spatial buffering capacity of the Miller cells of axolotl retina

indicated that gap junctional coupling can increase the capacity of the Muller cell to

buffer extracellular potassium by 60 %.33

However, this type of analysis is unlikely to pertain to all animal species, since many

mammalian vertebrates do not have gap junctions between Mfller cells. 13 For example,

in the rat, the Muller cell could remove K' from the outer retina to the vitreous within

the radius of the Miller cell processes, but not from larger areas since the Mfller cells

are rarely coupled by gap junctions.

If our speculations concerning the lack of Miller cell gap junctions in humans are

accurate, then human retina would be similar to rat in being able to spatially buffer K'

from a vertical volume encompassed by one Miller cell, but not more. If the normal

human retina, like rat, has gap junctions between astrocytes, only these glia could

spatially buffer K' over larger areas in a lateral direction. Given the restricted location

of astrocytes to the inner retina in rat and humai,6 this area should be more protected
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from the deleterious effects of localized high extracellular potassium than the outer

retina. The optic nerve head, which has astrocytes coupled by gap junctions,21 should be

capable of extensive spatial K* buffering, and less susceptible to local changes in

extracellular K +.The opposite would be true of the macula, a region in human and

primate retina6 devoid of astrocytes.6'7 This region should be particularly susceptible to

cell edema, caused by high local extracellular K' concentration.

The major observation of this study is that inter-glial gap junctions increase in

number and size following photoreceptor degeneration. To our knowledge, this is the

first report of a change in gap junctions as part of a pathological process. Increased

numbers of gap junctions have been shown in uterine smooth muscle at parturition.34

Gap junctions of brain astrocytes were not different after 1 hour of ischemia3 and were

stable to hyperosmotic solutions.21 Although another plasma membrane structure of

astrocytes, the orthogonal arrays of intramembrane particles, are extremely labile to

anoxia and cold, '32- alterations in gap junctions have not been seen in these studies

(Brightman, personal communication).

The morphological increase of inter-glial gap junctions during urethane induced

photoreceptor degeneration does not necessarily mean that there is increased functional

coupling of these cells. Electrical coupling can be altered by changes in intracellular pH

and calcium concentration without modification of the morphological appearance.10,3
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The increased gap junction profiles are not due simply to increased glial cell

membranes, since the proportion of glial cell membrane occupied by gap junctions is

close to 2% of the glial cell membrane length at 56 weeks in UR, a 10 fold increase over

the controls. This could result either from de novo synthesis of gap junction proteins or

recruitment of pre-existing precursors.4 Without additional studies, we cannot

discriminate between these two alternatives. The increase in total glial cell membranes

might argue for de novo synthesis of both membranes and gap junctions. The long time

course of the observations would be sufficient to permit new synthesis, but does iot rule

out assembly of pre-existing precursors. In an in vitro system, assembly of gap junctions

from pre-existing precursors was ascribed to disturbances of the cytoskeleton. As

described in the accompanying paper,9 there are alterations of cytoskeletal elements in

both astrocytes and Miller cells that could participate in the appearance of formed gap

junctions. The glial cell gap junctions may also play a role in glial cell migration and

proliferation in retinal degenerations. Since the gap junctions are seen predominately

between astrocytes in both control and experimental animals, the stimulus to increase

gap junctional profiles may be cell-type specific.

What might the stimulus for up-regulation of gap junctions in retinal glial cells

be? Loss of photoreceptor cells is the primary lesion in UR.27 Secondary changes in the

cytoskeleton, as mentioned above, might be sufficient to cause enhanced appearance of

gap junctions. However, given the role of astrocytes in brain to spatially buffer

20



extracellular potassium, we speculate that the increased gap junction profiles are related

to this function.

Several factors may contribute to this possibility. The photoreceptors normally

release neurotransmitter at their synapses in the dark, and this release is decreased with

light. Thus, in the U-R, with the absence of photoreceptors, the residual inner retina is in

a state equivalent to being in constant light and those neuronal cells responsive to this

state could be activated. This could lead to increased extracellular K. In later stages of

UR, the blood retinal barrier at the level of the retinal pigment epithelium breaks down,.

which has the potential to contribute to an abnormal extracellular space in the residual

retina.41 We have previously commented on cystic spaces occurring in the inner retina in

UR.28 Whatever the mechanism, we think the increased astrocyte cell membrane and

gap junction profles are an attempt to spatially buffer an increasingly abnormal

extracellular compartment.
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LEGENDS

Figure la. Light micrograph of central retina of a 24 week control rat retina. The

choroid (C), rod outer segment (ROS), outer nuclear layer (ONL), inner nuclear layer

(INL) and inner plexiform layer (IPL) appear normal. Vessels (arrowheads) are present

in the nerve fiber layer. Bar = 50 pm.

lb. Central retina of a 24 week urethane rat retina. The photoreceptor cells are

absent, while the INL and IPL appear normal. The RPE (white arrow) and

choriocapillaris (white arrowhead) appear intact. Vessels (black arrowheads) are

present in the NFL and one extends toward the RPE. Bar = 50 Am.

Figure 2a. Electron micrograph of 24 week control rat retina showing the heavy stalk of

a Miiller cell (M) between bundles of ganglion cell axons (A). The electron dense radial

process has a mitochondria rich region containing smooth endoplasmic reticulum closest

to the vitreous body. Bundles of intermediate filaments (IF) occur at the level of the

ganglion cell axons. Bar = 2 Am.

2b. Electron micrograph of an 8 week control rat retina showing the inner

limiting membrane composed of lateral processes of Miuller cells filled with

smooth endoplasmic reticulum (SER). Profiles of two electron lucent astrocytic
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processes contain small bundles of intermediate filaments (arrowheads), some

ribosomes and rough endoplasmic reticulum, and are joined by a small gap

junctional profile (arrow). Ganglion cell axons at the top of the picture contain

neurotubules (NT) and no rough endoplasmic reticulum. Bar = 0.- gm.

2c. Electron micrograph of a 24 week control rat retina with an "'strocyte cell

body (A) with prominent nucleolus immediately adjacent to a small inner retinal

capillary. Electron lucent astrocyte processes (arrows) are adjacent to the

capillary basement membrane, which is also contacted by denser Muller cell

processes (arrowhead). Bar = 1 gm.

2d. Electron micrograph of a typical gap junctional profile in a control 24 week

rat retina, found between two small electron lucent processes. The typical

heptalaminar morphology was present. Bar = 0.1 im.

2e. Electron micrograph of a junctional profile adjacent to a retinal vessel

basement membrane (BM) in a control 16 week rat retina. Occasional small gap

jun-tion profiles (arrow) are accompanied by profiles indicative of maculae

adherens (arrowhead) as described by Bissow (1980). Due to the presence of

SER within these processes, this gap junction would be classified as a Miller-

Miller cell junction. Bar = 0.5 gm.
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Figure 3a. Electron micrograph of inner retina in 24 week old urethane treated rat

retina. The MOller (M) cell looks relatively normal, except that it does not extend to the

inner retinal edge, nor does it spread laterally. That space is occupied instead by a

fibrous astrocyte process (asterisk). Ganglion cell bodies (G) and axon bundles (A) look

normal. Bar = 1 Am.

3b. Astrocyte soma near the ILM in a 56 week UR retina. The cell is filled

with abundant intermediate filaments (IF) and contains much rough endoplasmic

reticulum close to the soma. Bar = 1 im.

Figure 4a. The astrocyte processes are more numerous at the inner limiting membrane in

older animals as in this 56 week UR example. The gap junction profiles frequently occur

in clusters (arrowheads). Individual processes are labelled as astrocytes (A) or MOller

cells (M), as described in the text. Bar = 1 Am.

4b. Compared to controls, some gap junctions have an extremely lengthy profile

(arrows) as seen in this 56 week UR specimen. Based on the text description,

Miller cell (M) and astrocyte (A) processes are labelled. Bar = 1 im.

Figure 5. Histogram of gap junction profile length.
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Table I

Length of Inner Limiting Membrane Measured, um

Control Urethane

8 Week (n = 3) 182 +/- 10 184 +/-10 *

16 Week (n = 3) 188 +/- 8 192 +/- 8 *

24 Week (n = 3) 192 +/-31 203 +/- 2 *

56 Week (n = 5)- 127 +/-42 #

*No difference between control and urethane.

#No difference between 56 week urethane and 24 week control.

n is the same for all tables.



Table II

Area of Inner Retina Measured, gm'

Control Urethane

8 Week 425 +/-72 440 +- 23 *

16 Week 452 +/-52 459 +/-15 *

24 Week 463 +/- 74 491 +/- 88 *

56 Week - 322 +/-123 #

*No difference between control and urethane.

#No difference between 24 week control and 56 week urethane.



Table III

Measured Area per Inner limiting Membrane Length, /um

Control Urethane

8 Week 2.33 +/- .27 2.39 +/- .12 *

16 Week 2.41 +/-.18 2.39 +- .05 *

24 Week 2.41 +/-.02 2.42 +- .46 *

56 Week 2.51 +- .27 #

*No difference between control and urethane.

#No difference between 24 Week control and 56 Week urethane.



Table IV

Cell Type Involved in Gap Junctions

A -A* - te

8 Week Control 3 1 A-M
16 Week Control 6 1
24 Week Control 1 1

8 Week Urethane 7 2 2 M-?
16 Week Urethane 9 1 1
24 Week Urethane 12 8 5 A-M

M-M
56 Week Urethane 40 14 7 A -M

?- M
?- M

TOTAL 78 28 15 7

"A = Astrocyte; M =M~iller cell



Table V

Average Number of Gap Junction Profiles Per 100 Am2 Retinal Area

Control Urethane

8 Week .47 .76

16 Week .66 1.02

24 Week .14 2.10

56 Week - 3.98



Table VI

Glial Cell Membrane Contact Length, ,&m per 100 jim2 Area

Control Urethane

8 Week 58 +/- 12 82 +/- 6*

16 Week 69 +1- 3 101 +/- 22

24 Week 64+/- 9 119 +/- 23@

56 Week - 137 +/- 24A#

*Significantly different from control at P <.05.

@ Significantly different from control at P < .02.

ASignificantly different from 24 week control at P < .01.

#Significantly different from 8 week urethane at P < .05.



Table VII

Gap Junction Profile Length Per Glial Cell Membrane Contact Length

(Am per 1000 Am)

Control Urethane

8 Week 2.8 +/- 1.1 5.2 +/- 2.3

16 Week 3.3 +/- 2.9 5.5 +/- 1.9

24 Week 1.1 +/- 2.0 13.6 +/- 7.9

56 Week - 18.9 +/- 9.4*

Significantly different from 24 Week control at P < .05.



Table VIII

Gap Junction Profile Length, gm

Control Urethane

8 Week .36 +/-.07 .61 +/-.30

16 Week .26 +/- .23 .54 +/- .09

24 Week .17 +/-.30 .73 +/- .13

56 Week - .73 +/- .20A

*Significantly different from control at P < .05.

^Significantly different from 24 week control at P < .05.
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ABSTRACT
Photoreceptor cell degeneration in rodents from a

variety of causes results in neovascularization of the
retinal pigment epithelium as a late stage
phenomenon. Even though the vessels within the
pigment epithelium arise from the retinal circulation,
they can manifest the choroidal endothelial cell
phenotype of fenestrated endothelial cells. In order
to study the detailed cellular events which result in
incorporation of retinal vessels within the retinal
pigment epithelium, a morphological and
morphometric analysis of the RPE and vasculature
was performed in rats. Urethane, given
subcutaneously to newborn rats, results in a
photoreceptor degeneration but does not affect the
RPE, choroid or inner retinal layers. Retinas were
studied from 8 to 24 weeks of age. the time period
when vascularization of the RPE occurs.

Loss of retinal vessels is first seen at 12 weeks,
primarily in substantial dropout of vessel profiles in
the outer plexiform layer (OPL) vessel bed. There is
a gradient of loss from the OPL bed to the nerve
fiber layer (NFL) bed and from the central to
peripheral region. Total vessel density of the retina is
initially greater than controls, but decreases from 8 to
20 weeks, and appears to stabilize at 20 and 24 weeks.
Analysis of the separate vessel beds shows that this is
due to continued loss of vessels within the sensory
retina, but increased presence of vascular profiles
within the RPE. Total absence of the photoreceptor
cell is necessary for incorporation of vessels within the
RPE. The RPE stimulates the development of new
vessel profiles within this layer, but not in the
adjacent sensory retina. A model of the cellular
events leading to RPE neovascularization is proposed.

INTRODUCTION

In photoreceptor cell (PRC) degeneration in
rodents neovascularization of the retinal pigment

epithelium (RPE) occurs subsequent to the PRC loss.
(1) We have previously shown in both phototoxic and

urethane induced PRC degeneration that the source

of the vessels within the RPE is from the retinal

vasculature. (2,3) Even though these vessels arise

from the retinal circulation, they can exhibit the

choroidal endothelial cell phenotype, which is a

fenestrated endothelial cell, unlike tie continuous

endothelial cell of the normal retinal vessel. (3)
Both neovascularization and vessel degeneration



have been demonstrated in various rodent models.
2

For example, early studies using trypsin digest

preparations, showed that in both hereditary and toxic

induced PRC degeneration, the retinal vasculature

exhibited capillary dropout. (4,5) Early loss of retinal

vessels during development has been shown in several

hereditary mouse retinal dystrophies. (6-9) In later

stages of the PRC degeneration, neovascularization,

as assessed by tritiated thymidine labelling of

endothelial cells, has been demonstrated in urethane

induced retinopathy (UR) and RCS rats. (10,11) An

absolute increase in vessel density has been reported

in the retinas of RCS rats. (12)

We are interested in the cellular mechanisms by

which retinal endothelial cells can be induced to

change their phenotype. Our purpose in this study is

to understand the detailed cellular events which

permit vascularization of the RPE. As a study imodel,
we have used PRC degeneration in the rat induced by ,

urethane, which causes PRC degeneration during the

neonatal period. (13) This toxic model is highly

reproducible, even though the mechanism of action of .

urethane on the developing PRC is not known.

Unlike the hereditary retinal degnerations, there is no

apparent defect in, or direct effect of urethane on, the

RPE, choriocapillaris or inner retinal neurons. The

response of the retinal vasculature and RPE can be

followed without underlying genetic defects that could

modulate the pathologic response. A detailed

morphologic and morphometric study of the discrete
retinal vessel beds and their relationship to the RPE

and PRC degeneration is reported.

MATERIALS AND METIIODS
Production of Urethane Retinopathy

Urethane retinopathy was produced in newborn .

Long-Evans rats as previously described. (4,14) All

animals were treated in accord with the Guiding
.£



4..

Principles in the Care and Use of Animals (DHEW

Publication, NIH 80-23). Briefly, newborn rat pups

were injected subcutaneously on Day 1, followed by

seven weekly injections with urethane (ethyl

carbamate, Aldrich Chemical Co.) in phosphate

buffered saline (PBS) at a dose of 1 mg/gm body

weight. Control animals were injected with the same

volume of PBS. The rats were maintained under

standard laboratory conditions with room light at 20

to 30 foot-candlcs on a 12 hour light (heginning at 7

am), 12 hour dark cycle until the time of sacrifice.

Sacrifice was performed after 9:00 am to avoid the

peak light-induced phagocytosis of rod outer segment

discs. Five urethane and three control animals were

sacrificed at age 8, 12, 16, 20 and 24 weeks. This is

the same cohort of animals that were used for other

studies. (14,15)

Preparation of Tissues

Following an overdose of sodium pentobarbital,

the 12 o'clock limbal position was marked with a 6-0

silk suture, both eyes were rapidly enucleated,

immersed for approximately 20 minutes in 3.0%

glutaraldehyde in 0.1 M phosphate buffer at pH 7.4

and then the cornea and lens removed to facilitate

fixative diffusion to the retina. Fixation continued

until the next day, when the eye cups were rinsed with

buffer, postfixed with osmium, dehydrated in a

standard series of ethanol and propylene oxide and

embedded in Polybed 812 (Polysciences, Inc). The

posterior eye cups were hemisected from 12 to 6

o'clock and oriented at embeddment so that light

microscopic sections of the entire half eye cup could

be made.

Microscopy and Morphometry

Light microscopic sections (0.5 to 1 um) were cut

whh a glass knife on a Sorvall MT2B and stained with

Toluidine Blue and Azure II in borax. "

For morphometric measurements, the posterior
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eyecup was divided into three segments: superior 4

peripheral, central, and inferior peripheral. The

central section was approximately one-half of the

entire retina, and the two peripheral regions were

each one-fourth of the total retinal length. The .

sections were photographed on an Olympus BH2

microscope at 2x magnification and enlarged 40 fold.

The length of each segment and retinal thickness

were measured from the enlargements using a

Summagraphics Summasketch digitizing pad,

connected to an AT clone computer. The total .I

number of vessel profiles in each segment and in each

layer of vessels was counted at the microscope with

400x magnification. The residual nuclei of the outer

nuclear layer were counted similarly. Values for the

superior and inferior peripheral retinas were

combined. One half eyecup of both eyes of each

animal was counted and the values combined to give

an average for that animal, and then the group

averages calculated. Number of vessel profiles per

unit retinal length was calculated. Vessel density, the

-number of vessel profiles per unit area of retina, was

derived from the length and thickness measurements.

Data were analyzed using an independent t-test of the

CRUNCH interactive statistical package (CRISP), as

well as by analysis of variance (ANOVA).

RESULTS

Control Rat Retina

The control rat retinas at all ages were normal

(Figure la, 2a). There are three layers of retinal

vessels in the holangiotic rat retina. The innermost ."

vessel bed is adjacent to the inner limiting membrane

(ILM) in the nerve fiber layer (NFL) and consists of

the large arteries and veins as well as a capillary

network. More sclerad, a capillary plexus arborizes at

the inner edge of the inner nuclear layer (INL). The

deepest vessels are found within the outer plexiform

I
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layer (OPL), at the outer edge of the inner nuclear 5

layer, and do not impinge on the synaptic endings of

the photoreceptor cells. We refer to these three

vessel beds as the NFL bed, the INL bed, and the

OPL bed, respectively.

The average central retinal thickness in control

animals diminished somewhat with age (Table I).

Since the retina thins from the equator to the ora

serrata, we did not attempt to make average thickness

measurements in the peripheral retina.

In the normal rat retina the OPL vessel bed

contains the most vessel profiles per unit length in .

both central and peripheral areas (Tables It, III), and

showed no differences at any ages studied. Vessel

profiles in the INL layer are the least frequent of the

three vessel beds. There is no statistically significant

difference between the central and peripheral vessel

profiles in the OPL and NFL layers, but the central

INL layer has greater numbers of vessel profiles

(P<.02 for 8, 16, 20 and 24 week comparisons) than

the peripheral IPL No statistically significant

differences in vascularity with age were noted in the

central or peripheral retina, with the lone exception

of the values for 16 week control rats in the IPL

vessel bed. This average is larger than other

measurements in this layer, for which we have no

explanation except for biological variability.

There was no age related difference in the density

of total retinal vessels (number of vessel profiles per

unit area) in the central region of normal animals

(Table IV).

Experimental Rat Retina

Pathgy In the experimental animals with urethane

induced photoreceptor degeneration, we have made

observations primarily in the central area, as that is

where the photoreceptor degeneration first appears

and then spreads peripherally. (3) At 8 weeks of age,

..
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there are approximately 2 rows of photoreceptor 6

nuclei remaining in the central region, although

formed photoreceptor outer and inner segments are

gone, with only some fragments in the residual
interphotoreceptor space (Figure 1b). The RPE layer

retains its configuration as a single layer of epithelial

cells with normal polarity. The inner nuclear and
inner plexiform, ganglion cell and nerve fiber layers

appear normal at 8 weeks. At this age, as in all
subsequent ages, the choriocapillaris appears normal.

During the subsequent weeks, there is additional

loss of photoreceptor cell nuclei. By 16 weeks there
are areas without any PRC nuclei, but on average,

there is one row of PRC nuclei remaining (Figure 1c).
This loss continues through 20 weeks and by 24 weeks

there are only sporadic PRC nuclei present (Figure

1d). Where vessels are observed traversing from the
inner retina into the RPE, there are no PRC nuclei

remaining (Figure 2b, 2c). We have not observed

macrophage like cells in the outer retina at any time

period studied.

In general, the RPE cells continue t3 form their

usual compact row abutting on Bruch's membrane, up
to 24 weeks of age (Figure Id). In areas where there

is'substantial loss of PRC nuclei, some subtle changes k
of RPE cells such as swelling or attenuation are seen.

As the PRC cells are lost, the apical microvilli of the
RPE cells become more apparent and form a lightly

staining sheet in the former interphotoreceptor space,

up to the external limiting membrane, which remains.

in many areas (Figure Ic, 1d).

The quiescent appearance of the RPE cells is

sometimes lost in areas in which vessel profiles are
found within the RPE. Here, the RPE cells tend to

surround the vessels, and sometimes extend along the
vessel into the retina (Figure 2b). However, in other

areas, vessel profiles approach the RPE, or are even



found within the RPE without gross distortion of RPE 7

morphology at the light microscopic level (Figure 2c,

2d). .:

The pattern of the inner retinal layers is relatively

normal even at 24 weeks of age (Figures Id, 2b, 2c).

There can be some disruption of the INL morphology

in some areas. We occasionally see pyknotic nuclei in

the INL that seem to correspond to Moller cell nuclei

(Figure 2d), but we have no observations which

suggest Moller cell nuclear migration up to 24 weeks

of age.

Morphometry The thickness of the residual central

retina in experimental animals was about 65% of

normal by 8 weeks of age and decreased to circa 50%

of age matched control retinas by 24 weeks of age

(Table I).

Changes in the number of vessel profiles per mm

length of retina are due primarily to decreased

vascularity of the OPL (Table ii). In the central

retinal region at 8 weeks of age, the OPL vessel

content is not statistically different from normal,

although by 12 weeks the numbers of vessel profiles

in the OPL are half that at 8 weeks. At 16 and 24

weeks, the INL vessel layer is decreased compared to

the control group (although the 16 week control value

is, not representative of the other ages, see above).

Of the NFL vessels, none of the values are

significantly different from controls, although there

are diminished numbers of vessel profiles of the 24

week experimental group compared to the 8 week

experimental group.

Decreased vascularity of the peripheral retina is

also due primarily to loss of vessels in the OP,-

although the rate of loss appears to be somewhat ' 1

slower (Table I1), as would be expected since the

photoreceptor degeneration is less complete in the

I,



periphery than in the central retina during these time 8

periods.

The total vessel density of the experimental retinas

is significantly greater than controls at 8 and 12

weeks, but not at later times (Table IV). This is due

to the loss of retinal thickness, but no decrease in

retinal vessel profiles at 8 weeks. Although there is

vessel loss in the OPL at 12 weeks of age, the further

reduction in retinal thickness at this age keeps the

vessel density in the experimental retinas statistically

significantly greater than in controls at the same age.

The apparent stabilization of total vessel density in

later stages of the retinopathy as seen in Table IV is

due to decreased vascularity of the neural retina and

increased vascularity of the RPE. When the relative

contribution of the retinal and RPE vessels is

distinguished (Table IV), it can be appreciated that

the vessel density of the neural retina continues to

decrease with duration of the PRC degeneration and

is significantly less than control animals by 24 weeks.

As we have seen, this is due to loss of vessels

primarily in the OPL

In contrast, the vessel density within the RPE

increases enormously from 16 weeks to 24 weeks, r

reaching average values that are much higher than

vessel density in any control retina (Table IV). For

the purposes of calculation, we have assumed a

constant thickness of the RPE of 10 pm. Although

the numbers are not statistically significant (due to

the sporadic appearance of the vessels within the

RPE - they tend to occur in tufts and are variable

between animals), the figures give some appreciation

for the degree of vascularity of the RPE.

The pathology suggested that there was a

relationship between loss of photoreceptor cell nuclei

and neovascularization of the RPE. However, the

appearance of blood vessels within the RPE does not

occur evenly throughout the RPE, but rather, there

4-



are focal areas of inclusion with many profiles in that
9

area, as coils of vessels arborize within the RPE. (16)

There is also biological variability between animals so

that some animals have a large number of vessels and

others many fewer. The morphometric correlation

between loss of photoreceptor nuclei and appearance

of vessels in the RPE is seen in Figure 3. This

correlation is tight, but not linear, which suggests that

the process is more complicated than simply loss of

nuclei.

It is our impression that in sections where a vessel

can be seen traversing from the retina into the
pigment epithelial layer, that pigmentation of the .

RPE in that region is light or non-existent. We

attempted to assess this in a quantitative manner by
counting vessel profiles seen within the RPE and
noting whether or not they were present in a

pigmented or non-pigmented RPE area (Table V).

Both in the 20 and the 24 week specimens there were

large numbers of vessel profiles seen with lack of

pigmentation of the surrounding epithelial cells.

DISCUSSION
Sequence of cellular events leading to RPE I

neovascularization

We believe the following temporal sequence of

cellular events leads to neovascularization of the RPE
in urethane induced photoreceptor degeneration

(UR): 1) Following partial loss of the PRC layer,

retinal vessels in the outer neural retina degenerate.
2) Only after total degeneration of the PRC cell in a

focal region do remaining retinal vessels in the OPL

approach and contact the RPE. 3) The contact of the

retinal vasculature stimulates the RPE to enfold and

surround the existing retinal vessels. 4) The RPE

stimulates retinal vessel endothelial cells to divide

and form new vessels, but only within the RPE layer.
5) These new vessels are of the choroidal phenotype.



6) The choriocapillaris remains intact throughout this 10

process due to the continued presence of the RPE.

Evidence and deductive analysis that supports this

sequence of cellular events, as well as speculation on

the mechanisms involved are as follows:

1) Partial loss of the PRC layer is sufficient to cause

retinal vessels in the outer neural retina to
degenerate.

By 12 weeks of age the number of vessels of the

OPL is reduced to half, as is the retinal thickness.

There are still many PRC cell nuclei remaining, often

in a continuous single layer, so total loss of the PRC

is not necessary to induce retinal vessel degeneration. I

Correlation of retinal vascular degeneration and loss

of photoreceptor cells has been described in a variety

of genetic and toxic retinopathies. (2-9,12) A cogent

argument that the vascular loss is associated only with

the PRC cell degeneration and not changes in the

RPE or inner retinal layers is made by Dantzker and

Gerstein (5) and supported by the experiments

reported here. A question which remains unanswered

is whether it is the physical presence of the PRC or "

their intense metabolic activity which is required to

prevent retinal vessel degeneration (see below).

The mechanism for vessel degeneration has been

suggested to be increased oxygen tension in the outer

retinal layers, due to decreased retinal tissue mass. (4)
Our experiments support this general hypothesis. -

There is no morphological change seen in the , /

choriocapillaris up to 24 weeks, so we assume that

there is no difference in blood flow, and therefore

oxygen delivery to the retina. In the absence of

photoreceptor cells to utilize oxygen, the intraretinal

oxygen tension would be higher than normal and

exhibit a gradient from outer to inner retina. Our

studies have shown a gradient of vessel degeneration

from the OPL to the NFL, which could correspond to

the presumed oxygen gradient. There is also a



gradient of retinal vessel loss in the OPL from central
I...

to peripheral retina, which would conform to a lateral

central to peripheral oxygen gradient, generated by

increasing survival of PRC cells towards the

periphery. The only other study of alterations in

vascularization of individual retinal layers was

reported by Blanks and Johnson (6), and they also

found a gradient of vessel loss from the outer to inner

retina in hereditary mouse retinal degenerations.

They suggest that toxic lipid peroxidative products

may be responsible for vessel degeneration, which is

plausible. In vitro studies have shown inhibition of

retinal endothelial cell growth in hyperoxic conditions.

(17)

The above considerations of the potential

importance of high oxygen tension in the retina being t

responsible for vascular cell death would lead to the

prediction that the mere presence of photoreceptor

cells would not be sufficient to prevent vascular .,

degeneration. Rather, the PRC would need to be

metabolically active, and thus keep retinal oxygen

tension in a normal range to prevent vessel dropout.

2) Only after total degeneration of PRC cells in a

focal region do retinal vessels in the OPL come in

contact with RPE.

We and others have made and commented on this

observation previously. (3,7,12) However, in order to

understand the subsequent events of

neovascularization of the RPE, this point needs to be

highlighted. It is not sufficient for the outer and

inner segment of some individual PRC cells to be

gone for the OPL blood vessels to come in contact .

with the RPE. Rather, the entire PRC cell, including

its nucleus, must be absent. In reading slides for this

study, the presence of a moderately complete, even

though discontinuous, row of PRC nuclei was an

unfailing indicator that no vessels would be found

within the RPE. Since the vessels of the OPL are
U i
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continuously decreasing in number, in order for 12

retinal vessels to come into contact with the RPE, not

only must the PRC nuclei be gone within a focal I

region, but there must also be a residual, presumably
metabolically viable, vessel in that region.

This suggests that the RPE cell in UR does not

produce an active diffusible chemotactic or

chemokinetic molecule that is able to initiate

migration of retinal blood vessels across residual PRC

nuclei from the OPL towards the RPE. Rather, loss

of the PRC nuclei is a permissive condition which

allows neovascularization of the RPE to occur.

An alternative explanation for this observation

would be that the PRC cell, or its products, are

inhibitory to vessel cell migration and proliferation.

In the RCS rat, it has been remarked that

vascularization of the RPE does not occur until the

"debris" layer, which consists of photoreceptor outer

and inner segments, has been cleared. (1,7) It is

possible that the components of the

interphotoreceptor matrix are inhibitory to vascular

outgrowth. v,

3) The contact of the retinal vasculature stimulates

the RPE to enfold and surround the existing retinal

vessels. '

The RPE appears morphologically quiescent in .'Cy

!UR, even up to 24 weeks of age, in most regions,

except where blood vessels are in contact with this

epithelial layer. If anything, in areas of loss of PRC

cells, the RPE is attenuated, and perhaps "

degenerating, rather than being hypertrophic. Korte,

et al., (18) has emphasized that the presence of

retinal vessels within the RPE results in loss of

polarity of the RPE cell and organization around the

invading blood vessel. Caldwell and Roque (19) have

reported expression of vimentin, an intermediate

filament protein, in RPE cells of RCS rats during

vascular remodelling, indicating that cytoskeletal

"i



elements can undergo substantial change during this 13

process. These observations are supportive of the

hypothesis that proximity of the retinal vasculature

has a stimulatory effect on the RPE cell. Several

studies in vitro have demonstrated both stimulatory

and inhibitory activity of RPE cells or conditioned

medium on vascular endothelial cells. (20,21) We are

not aware of studies which address the reverse - that

is, the stimulation of RPE by vascular cells.

Our observation of the relative lack of pigment in

many RPE cells surrounding the RPE vessels could

be explained if the RPE cells are induced to divide at

these sites, which would result in a dilution and

relative loss of pigment. Mitotic figures in RPE cells

in rodent dystrophies has not been reported (although

thymidine labelling has been observed (1), but this

must be a relatively rare event. (1,10,11) The time

periods studied, which are weeks to months, are .

relatively prolonged, so the probability of observing a

mitotic event is low. Alternatively, the RPE cells may

degenerate, and the remaining RPE cells hypertrophy *.

and slide to fill the space along Bruch's membrane A4

(22), which would also result in pigment dilution. AV

4) The RPE stimulates retinal vessel endothelial cells

to divide and form new vessels, but only within the

RPE layer.
Our evidence that the vessel profiles within the

retina, specifically the OPL layer, continue to

decrease in number shows that the RPE does not

stimulate neovascularization of the retinal vessels in

general. However, the exuberant increase in vessel

profiles within the RPE leads to the conclusion that

there is a specific, local interaction of the RPE cell

and the apposed retinal endothelial cells that results

in endothelial proliferation only within this layer.

Caldwell, et al., (12) have shown an increase in vessel

density within the retina in the RCS rat at later

S',stages, but could not differentiate retinal from RPE

t



vessels, since the RPE appears to be hypertrophic and 14

proliferative at an early stage in this model.

Thus, there is the apparent contradiction of

simultaneous death of vessels within the neural retina

and stimulation of neovascularization within the RPE.

This difference in behaviour occurs within a distance

of only a few tens of microns, at most, and suggests

that non-diffusible, local acting stimuli are responsible

for the neovascularization. A likely candidate is basic

fibroblast growth factor, which is produced by both

the RPE and capillary endothelial cells, and may be

regulated by binding to extracellular heparan sulfate.

(23-26)

Alterations in extracellular matrix (ECM) could

also stimulate neovascularization (27), and it is

possible that the vessels within the RPE have a

different ECM environment than normal retinal

vessels. Caldwell (28) has reported changes in charge

of the RPE ECM prior to neovascularization in RCS

rats. Whether this is a function of the genetic

abnornality in these animals is not known. We do

not have information on whether a similar early

difference in ECM charge is seen in the urethane

model, which does not have a genetic component.

5) The new vessels that are formed are of the

choroidal phenotype.

In previous electron microscopic studies we (3)

and others (29-31) have noted that the vessels within

the RPE are pleiomorphic in appearance. Some

vessels have a typical retinal phenotype, others have

endothelial cells with fenestrae, and there is also

residual vessel basement membrane material,

suggesting that some retinal vessels that become

encapsulated by the RPE degenerate within this layer.

It has been suggested (31,32) that the appearance of

the fenestrae increases with age, but this has not been
proved. It would, however, be logical, since, during *

development, nascent choriocapillaries first have

I,
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continuous endothelial cells, and only later develop 15

the fenestrated phenotype. (33) It would also be

logical to think that the vessel type that is stimulated

to form within the RPE is capable of resistance to

high oxygen concentrations, which is apparently true

of the choriocapillaris.

A characteristic of all retinal vessels is that they

are entirely surrounded by glial cell processes, either

of Miller cells or astrocytes. (343) However, the

vessels within the RPE do not have a glial investment.

(15) The lack of surrounding glial cells may be a

permissive condition which allows the fenestrated

phenotype to develop.

6) The choriocapillaris remains intact throughout this

process due to the continued presence of the RPE.

Since there is profound loss of retinal vessels, why

does the choriocapillaris not degenerate? First, the

choriocapillaris must have a totally different reactivity L

to high oxygen concentrations and high blood flow

than the retinal vasculature. Secondly, there is

abundant information in the literature, that the

existence of the RPE is sufficient to maintain

choriocapillaris viability. (for review, 35) So, as long

as the RPE forms a continuous sheet along Bruch's

* membrane, we would expect the choriocapillaris to

remain functional. But why is the choroidal capillary

bed not stimulated to proliferate? In y[= studies

have shown that RPE can stimulate choroidal

endothelium . (36)

Comparison with other rodent photoreceptor

We think it likely that the mechanisms for RPE
neovascularization that occur in rodent photoreceptor 'T

1 I,

degenerations are similar (1) but there may be V

differences between the time course or details that

would illuminate the relative importance of different

factors.

, • ,$*' .
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Comparing the RCS rat with UR rat 16

photoreceptor degeneration:

1) Up to 8 weeks of age, the UR shows no change

in vessel profiles per mm retinal length. Caldwell, et

a1. (12) showed a slight decrease in this measurement

in RCS rats (8 to 16 weeks) compared to controls at 8

weeks. Matthes and Bok (7), using a different

measuring technique, which did not include RPE

vessels, found no change in RCS rat retina vascularity

up to 16 weeks of age. By 24 weeks of age, the RCS

rat had 70% of the control retinal blood vessels.

The RCS rat shows increased vessel density

(number of vessels/mm2 retina) at 30 to 52 weeks

when compared to control. (12) The UR rat has an

increased vessel density at 8 and 12 weeks, but at

later times is not different from the control. Since

the measurements of vessel density in the RCS rat

included both retinal and RPE vessels, it is not

possible to distinguish retinal vessel loss from RPE

vessel proliferation, as we have done in UR. Since

the RPE cell appears more reactive in the RCS rat, it

is difficult to discriminate the vessel location, but the

increased vessel density appears in the RCS rat

appears to be due to proliferation of vessels

surrounded by RPE. (12)

A curious finding is that, in the control animals of

these two studies, there are major differences in ,

vessel density within the retina. At 8 weeks the

control RCS-rdy' retina had 275 +/- 18 vessels/mm2

retina, while the Long-Evans control retina had 122
+/-21 vessels/mm2 retina. Matthes and Bok (7) also

showed a difference in vessel density between two •

control strains of mice, and attributed that to a

difference in retinal thickness. Calculations show that

this does not account for the difference between the

UR and RCS rats. Apparently there may be a strain

difference in vessel density.

j ,'.



2) In the RCS rat, duplication and proliferation of 17

RPE cells has been observed at 8 weeks (12), but in

UR, we have not observed RPE duplication or

possible proliferation until vessels come into contact

with the RPE, first seen at 16 weeks. It may be that

the RPE in RCS rats is more reactive than in UR.

3) In UR, there does not appear to be Miller cell

migration up to 24 weeks, as has been observed in

RCS rats. (37) In both retinopathies, GFAP is

expressed in Muller cells, as early as 8 weeks in UR.

(15,37)

4) Vascularized vitreoretinal membranes (VRM)

have been observed in some RCS rats as early as 8

weeks of age, and more commonly in older ages

(11,12) but always in association with RPE

neovascularization. The vitreoretinal vessels are

accompanied by proliferating RPE, but the vessels are

apparently not fenestrated. Why are these vessels, in

" association with RPE, not fenestrated? In UR, in this

study, up to 24 weeks of age, we have not seen VRMs

that extend into the vitreous, although they may occur

in later stages.

Clinical relevance

The participation of RPE in stimulating

neovascularization in proliferative retinopathies is-,.

widely accepted (38), and the role of RPE in

stimulating choroidal neovascularization in age-

related macular degeneration has been examined.

(36) However, vascularization of the RPE is not

known to occur in human diseases of photoreceptor

degeneration, such as retinitis pigmentosa although

other forms of neovascularization do occur. (39)

7The occurence of RPE neovascularization in the

rodent models suggests a significant difference in the

disease processes, or species difference in the capacity

of the RPE cell to interact with the retinal

vasculature.
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Figure la: Control rat retina, 8 weeks of age, central 22
region. All retinal stnctures appear normal. The
OPL vessel bed has evenly spaced capillary profiles
(arrows) vitread to the synaptic endings of the
photoreceptor cells. The INL vessels are at the inner
edge of the INL (arrowhead). The NFL vessels are
close to the inner limiting membrane. A capillary
profile traversing from the NFL to the INL bed is
seen in the inner plexiform layer (IPL). Cone nuclei
with lobulated chromatin are present (double
arrowhead) in the outer nuclear layer (ONL). Bar =
20 pm.

Figure Ib: Experimental rat retina, 8 weeks of age,
central region. Although the choriocapillaris (C),
RPE, INL, IPL and NFL appear normal, the
photoreceptor cell nuclei (ONL) has been reduced to
approximately 2 rows of nuclei with a predominance
of cone nuclei remaining. Two vessel profiles are
seen in the usual location in the OPL (arrows) and in
the NFL (arrowheads). The interphotoreceptor space
contains some rod nuclei and residual photoreceptor
inner and outer segment material. Bar = 20pm.

Figure ic: Experimental rat retina, 16 weeks of age,
central region. The photoreceptor cell nuclei (ONL),
which are primarily cone nuclei, are reduced to one
almost continuous layer and the apical microvilli of
the RPE cells fill the residual interphotoreceptor
space, with indication of the external limiting
membrane (arrowheads) remaining. The C, RPE,
INL, IPL and NFL appear normal. Bar = 20 pm.

Figure Id: Experimental rat retina, 24 weeks of age,
central region. A few photoreceptor nuclei remain at
the inner edge of the external limiting membrane
(arrowheads), above which the apical microvilli of the
RPE form a translucent layer. The C, RPE, INL, IPL
and NFL appear normal. Vessel profiles are not seen
in the residual OPL, although they are frequent in
control retinas in this layer (compare Figure Ia).
Bar = 20 pm.

Figure 2a: Control rat retina, 24 weeks of age, central
region. All retinal structures appear normal,
including the choriocapillaris (C) and retinal pigment
epithelium (RPE). Two vessel profiles of the outer
plexiform layer are present (arrows). Three cone
nuclei with lobulated chromatin are present
(arrowheads) in the outer nuclear layer (ONL). Bar
= 20 pm,

Figure 2b: Experimental rat retina, 24 weeks of age,
central region. A vessel profile that appears
continuous with an inner retinal vessel is partially
enveloped by RPE in an area with no photoreceptor
cell nuclei remaining. The choriocapillaris (C) and



residual retinal structures are relatively normal in 23
appearance. The RPE cell layer is slightly thickened
in an area which probably contains a small vessel
(arrow). Bar = 20 1m.

Figure 2c: Experimental rat retina, 16 weeks of age,
central region. A retinal vessel profile (arrow) enters
the RPE in an area without photoreceptor cell nuclei.
Pigmentation of the RPE at this spot is relatively
lacking. One RPE cell (arrowhead) in this region is
attenuated and condensed. The residual retina is not
particularly distorted. A small hyalocyte is at the
inner limiting membrane. Bar = 20 pm.

Figure 2d: Experimental rat retina, 24 weeks of age,
central region. Three vessel profiles (arrows) are
visible within the RPE which is somewhat swollen,
but not grossly distorted, though light in pigmentation.
An attenuated and condensed RPE cell (double
arrowhead) is adjacent to the vessel cluster. A few .i
M6ller cell nuclei of the INL have a somewhat
pyknotic appearance (arrowheads). The C, INL, IPL
and NFL appear normal. Bar = 20 pm.

Figure 3: Relationship of number of residual nuclei in
the outer nuclear layer and number of vessels in the
RPE for each individual eye. As the nuclei
degenerate, the vessels in the RPE increase.
Regression coefficient, R 0.829.

4.



Table I

Retinal Thickness. Central

Average Thickness (urn) ± SD

Ag. Control Experimental

8 weeks 225 ± 17# 144 ± 11*

12 weeks 213 ± 6# 115 ± 9 ',a

16 weeks 215 ± 8# 113 ± 12",a

20 weeks 203 ± 19 118 ± 7 ',

24 weeks 197 ± 3# 107 ± 8'6

#Eight, 12 and 16 week average thickness was statistically different from 24 week

average with P _ .05.
"Significantly different from age matched control group at P .001.
aSignificantly different (P :5 .01) from 8 week urethane group.



Table II

Number of Vessel Profiles/mm Retinal Length

Central Region

8 weeks 12 weeks 16 weeks 20 weeks 24 weeks

OPL

Control 15.5 _ 2.3 12.4 ± 2.9 16.2 _ 1.0 15.1 ± 1.9 15.2 _ 3.1

Experimental 12.4 _ 2.4 6.2 ± 1.6"* 5.6 -2.3,* 4.5 ± 2.6'* 1.9 _1.0"*

INL

Control 3.9 ± 0.7 3.3 ± 0.6 6.5 - 0.3a  4.3 ± 0.8 4.5 ± 0.9

Experimental 4.6 _ 1.4 3.4 ± 1.5 3.6 -0.9" 3.3 ± 1.8 1.7 ± 1.1"

NFL

Control 7.9 ± 0.2 6.8 ± 1.6 7.3 _ 1.2 8.4 ± 2.0 6.6 ± 1.1

Experimental 8.4 _ 1.2 7.7 ± 1.4 8.3 - 0.7 6.4 ± 1.9 6.2 ± 0.9*

aSignificant at P _< .02, as described in text.

"Significant at P _ .05 compared to contro! of same age and area.

*Significant at P < .05 compared to 8 week experimental of same area.



Table III

Number of Vessel Profiles/mm Retinal Length

Peripheral Region

weeks 12 weeks 16 weeks 20 weeks 24 weeks

OPL

Control 11.7 ± 1.5 11.3 ± 1.0 12.9 _ 0.9 11.4 ± 0.4 11.9 ±1.1

Experimental 12.2 ± 0.7 7.5 ± 0.9*,* 6.5 ± 1.0* 6.8 ± 2.4"* 4.4 ± 1.8"

INL

Control 1.6 ± 0.5 2.7 ± 1.1 1.9 ± 0.4 1.5 ± 0.5 1.8 ± 0.8

Experimental 2.3 ± 0.9 1.2 ± 0.6* 1.4 ± 0.4 1.7 ± 1.2 0.9 ± 0.6*

NFL

Control 8.3 ± 2.6 6.8 ± 1.0 7.0 ± 0.7 7.1 ± 0.5 8.0 ± 1.0

Experimental 7.5 ± 0.8 6.0 ± 0.5* 6.4 ± 0.6* 7.4 ± 1.6 5.4 ± 1.1'

aSignificant at P < .02, as described in text.

"Significant at P _ .05 compared to control of same age and area.

'Significant at P _ .05 compared to 8 week experimental of same area.



Table IV

Vessel Density. Central Retina

Number of Vessels per mm2 Retina per mm2 RPE

Experimental

Age Control Total Retinal RPE

8 weeks 122 ± 21 178 ± 28" 178 ± 28 0

12 weeks 105 ± 22 150 ± 32* 150 ± 32 0

16 weeks 139 ± 12 156 ± 31 155 ± 32* 14 ± 29

20 weeks 138 ± 37 124 t 34* 117 ± 39* 80 ± 95

24 weeks 133 ± 29 124 ± 17* 91 -18: 340 ± 264

DifferUnt from Control at P _ .05.
*Different from 8 week Experimental, Total, at P .05.



Table V

Vessels Profiles Within The RPE. Central Region

Surrounded by

Age Pigmented RPE Non-pigmented RPE

8 weeks 0 0

12 weeks 0 0

16 weeks 3 1

20 weeks 18 21

24 weeks 49 94
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