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INTRODUCTION

Although millimeter wave radars are now strategically important, only

one study of the effect of millimeter waves on the cornea has been reported

(Rosenthal et al. 1975). This study did not use the pulsed mode of millimeter

waves which is commonly in use in such radars. Because we have discovered

apparent differences between similar doses of pulsed and CW microwaves

(Stewart-DeHaan et al, 1980) in preliminary experiments and because we have

succeeded in separating the effect of heating from the effects due to the

electromagnetic field, for microwaves, we wished to devise a similar system

for irradiation of the cornea in vitro which would offer similar advantages

for the study of millimeter wave damage to the cornea.

The first step in these experiments was to devise appropriate media and

conditions for the tissue culture of corneas, to be used for the experiments

investigating their exposure to millimeter waves. The second step, also

described in our Annual Report. June 1981 under DAMDl7-80-G-9480, was to r
incubate the cultured corneas at different elevated temperatures in order to

investigate the effect of incubation at elevated temperature on the cornea.

The third stage, reported in our Annual Report, June 1982 under DAMD17-80-G-

9480 and DAMD17-82-C-2018, was to test the effect of exposing incubated

corneas to non-ionizing radiation, for which we selected ultraviolet as

convenient and accessibile in our laboratory, since the appropriate millimeter

wave irradiation apparatus was not yet operating. In 1983 the millimeter wave

irradiation apparatus was functioning, permitting us to perform preliminary

experiments on rabbits in vivo which were reported in our Annual Report, June

!98'! (DAMDl7-82-C-2018).

These experiments dealing with the corneal sensitivity of environmental

temperature are of general interest as well as military interest, as discussed
in the following (from our paper submitted for publication).

The eye is exposed to many potentially dangerous and noxious

environmental agents, and to infrared and ultra.,iolet radiation. Because of

its position at the surface of the eye, the cornea is responsible both for the

major refraction of light to be focussed on the retina and is also the first
part of the eye to encounter such noxious agents and radiation. It is in

intimate contact with the environment, protected only by a thin layer of

liquid and a monolayer of peculiar lipids - the Meibomian lipids (Tiffany,

1978; Tiffany and Marsden, 1980). Survivable environmental temperatures on
earth can reach over 50 C. and such temperatures are also associated with high
levels of infrared and ultraviolet radiation in deserts, which appear likely

to affect the cornea.

Several studies have been performed of the effects of infrared radiation

on the cornea (and other eye components) (Pitts, Cullen and Dayhaw-Barker.
1980; Bargeron. Farrell, Green and McCally. 1981). and on corneal innervation

(Simkovia. 1982); ultraviolet radiation also has been shown to have damaging

effects on the cornea, inducing lysosomal changes (Cullen. 1980a). which could

be shown to be additive (Cullen. 1980b).

Studies have been performed showing corneal nerve changes induced by

temperature (Simkovia, 1982) and corneal responses to elevated temperature

following thermokeratoplasty (Arentsen, Rodriguez and Laibson, 1977); "'

Handelberg, Rao and Aquavella, 1980), and even chromosomal aberrations induced
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in Chinese hamster corneas following microwave irradiation (Yao, 1978).

Unfortunately, no systematic study of the effect of elevated temperature on

the structure of corneal epithelial and endothelial cells and stroma seems to

have been performed.

Because we had previously performed such a study of the response of the

isolated lens to elevated temperature (Stewart-DeHaan, Creighton, Ross,
Trevithick. 1981). we felt it would be appropriate to extend this approach to
investigating the effect of elevated temperature on the cornea. In these
studies we chose to use the technique of scanning electron microscopy to
obtain an overview of the effects of such elevated temperatures on the cell

surfaces, to facilitate the visualization both of cell detachment from the
stroma at elevated temperatures and of stromal swelling, and to evaluate
whether vitamin E might exert a protective effect similar to that found for
heat (Stewirt-DeHaan et al., 1981), and diabetic cataractogenesis in the lens

(Ross, et al., 1983).

MATERIALS AND MIETHODS

Eyes of pigmented rabbits were obtained at a nearby slaughterhouse,
placed in room temperature medium-either PBS or M199 depending on the
experimental treatment and brought to the laboratory within less than half an
hour. The eyes were rinsed six times in sterile phosphate-buffered saline
(PB' , at room temperature so as to remove any bacteria. if any bacteria or
fungi remained, their growth was inhibited by the antibiotics (penicillin
(mg/m]). streptozotocin (mg/ml) and fungazone (mg/ml)) added to the M199

1 2 cused for the corneal incubations (Buck, 1979).

For incubation, the corneas were removed from the eyeball by trimming
around the edge of the cornea using iris scissors (Buck. 1979), and placed in
a closed plastic tube, diameter 1.7 cm (Falcon #2059) containing 5.0 ml PBS or
-!199 respectively depending on previous treatment, at specific temperatures

(3a , 39° , 420 , 45 , 50 ) for 30 min exactly. Corneas generally were picked up
at approximately 10 am and preparation of corneas was complete by
approximately 11 am. Five corneas were used for each incubation condition.
Following such exposure, the corneas were removed and placed in Karnovsky's

0fixative at 4 C then placed in a refigerator and held overnight (24 hr). The
fixative was then replaced by 0.1M sodium cacodylate buffer and the sample
processed as usual for SEM (dehydration, critical point drying and sputter-
coating (Creighton et al, 1978). Scanning electron microscopy was performed
using a Hitachi HHS-2R or S-650 scanning electron microscope.

RESULTS

Scanning electron microscopy revealed striking changes from normal

corneal morphology as temperature of the buffered saline or Medium 199
increased. Similar changes were noted in both incubation liquids. These
changes. summarized diagrammatically in Figure 1, were detected by scanning

electron microscopy and are shown in figures 2-8.

Epithelial cells appeared normal at 35.5°C (Fig. 2a) with intercellular
junctions appearing as a ridge and the cell surfaces covered by short stubby r
cylindrical microvilli. This is maintained at 370 C (Fig. 3 a). After 30 minutes
at 390C, some cells appear to have swelled, leaving occasional troughs at

intercellular junctions, and at the cell surface there are disorganized

U 5
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microvilli which were elongated and intertwined cylinders (Fig. 3b). After
420C (Fig. 4a), the epithelial cells had torn apart and some were missing from
the corneal surface, leaving denuded areas, while microvilli were sparse and
appeared only as small bumps on the surface. After exposure to 45 C and 50°C.
cells progressively showed more damage with increasing temperature, curling up

to look like potato chips with almost complete loss of microvilli on the cell %
surface, then apparer.ly dying and falling off, leaving large areas of thestromal surface exposed and cell surfaces fibrous and pitted at 50°C (Fig. ..

4c).".

At elevated temperatures, progressive changes involving nuclei of
epithelial cells appeared to occur. In initial stages of damage (Fig. 5), the
cell surface above the nuclei, which in normal cells could barely be
distinguished from that over the cytoplasm, began to elevate centrally as the
nucleus apparently contracted and became approximately spherical or egg-
shaped. These cells looked like fried eggs in which the nucleus was the yolk.
A presumed next stage in this degeneration is seen in Fig. 5d, in which the
nuclear contents were apparently extruded through the cell surface in an egg-

ZI, shaped mass. A further stage in the process is illustrated in Fig. 3c, which
shows cells with "potato-chip" boundaries which have only a hole where their

-nucleus should have been located.

Endothelial cell damage similarly appeared to occur 9rogressively as
temperature increased (Fig. 6,7). At 37 C (Fig. 6a) and 39 C (Fig. 6b) cell
edge effects increased, resulting in curled-up cells in corneal border regions
-is the temperature increased. As well, occasional processes larger than normal

J be seen protruding from the cell surface.

At 420C and above (Fig. 7a), areas of the endothelial surface had
swelled, obscuring cell boundaries, and the cell surfaces had become rough and
undulating. There were more numerous large processes protruding from the cell

0,!Ir ices. After exposure to 45 C (Fig. 7d) numerous clumps and cellular
processes dotted the endothelial corneal surface. After exposure to 500C (Fig.
S'1), the endothelial cells surfaces had become fibrous and rough, with a few
small holes. The areas of cell-cell attachment at the cell boundaries appeared
to be less tight and gaps between cells could be seen.

Exposure of the stroma (Fig. 8) by a perpendicular cut through the U
cornea indicated increasing disorganization and disappearance of cells from Is.
the stroma as temperature increased. While at 370C and 390C large supercables 6"
consisting of multiple strands were visible, at about 420 C they showed greater

disorganization and separation into many fine individual strands. .

It was noted that progressive damage also occurred with increasing time
of incubation at 390C. At short times of incubation cell swelling occurred in

" the peripheral, but not central area of the cornea, and cell borders agpeared
depressed when compared to their normal appearance. After 45 min at 39 C in Li
PBS, extensive swelling had occurred with denudation of epithelial cell
surfaces.

67
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Comparison of Vitamin E-Treated with Untreated Corneas At Different Incubation
Temperatures in Medium 199

Surprisingly, addition of vitamin E (2.4 M) to the incubation medium
appeared to result in significantly more damage in both epithelial and
endothelial cells at all temperatures. For epithelial cells, little difference

was observed at 35.5°C (Fig. 2c). In contrast to the normal appearance of j
cells exposed to 370C (Fig. 2d), after vitamin E treatment occasional cells
appeared to have a "potato-chip" appearance and some cells appeared to have
loosened from the monolaver (Fig. 3d). At 39°C most untreated cells had
relatively normal appearance (although some intercellular junctions and
microvilli had changed (see above)), but most vitamin E-treated cells were
either swollen or exhibited a "potato-chip" appearance (Fig. 3e). In an .r

additional experiment at 400 C, epithelial cells showed some areas denuded of
cells, and other areas in which cells were swollen, but otherwise, areas of
fairly normal cells could be observed (Fig. 3f). By contrast, all vitamin E-
treated cells were observed to be swollen with especially obviously swollen
nuclei, and cells were seen breaking apart from each other. At 42 C damage was
more severe and areas of epithelial denudation appeared larger in vitamin E-

0treated than in untreated corneas (Fig. 4d). By 50 C, almost complete removal
of epithelial cells from vitamin E-treated corneas occured while many cells

could still be observed in untreated corneas, although these often were curled
up or had "potato-chip" appearance and appeared to be in the process of coming
ot (Fig. 4f).

Although endothelial cells appeared to be more stable, similar effects
,i v tamin E were observed in apparently potentiating the damage caused by
elevation of temperature. Although at 39 C and 40 0 C, cell boundaries appeared
to be somewhat looser with occasional spaces, after vitamin E treatment the
cells appeared slightly swollen and some broader areas were even denuded of

0-p11, (Fig. 6ef). By 45 C, similar morphological effects were observed for
,.,reated cells (to those observed at 400C (in vitamin E treated corneas),
while vitamin E-treated cells were devoid of border interdigitation with dull,
flat surfaces completely lacking microvilli (Fig. 7e). By 50 C the appearance
varied: small areas were denuded, a few areas had rough and fibrous cell
surfaces with pits and holes, other untreated cells had a flattened appearance
with no microvilli and were swollen, with cell borders; some celis were . .

breaking apart, while in E-treated corneas larger areas were denuded, and the
remaining cells appeared to be breaking apart from each other and to exhibit a
fine granularity, reminiscent of matt finish paint, on their exposed surfaces
(Fig. 7f).

DISCUSSION
.'

The changes in the cornea at elevated temperature appeared to occur
progressively with both time and increasing temperatures. The degree of damage p
noted in the incubations reported here appeared to result in slightly more
extensive damage to the corneal epithelium than to the endothelium. The
incipient changes: curling up "potato-chip" appearance and exfoliation of
epithelial cells, begin to occurs visibly at somewhat lower temperature (42°C)
than that found for the endothelial surface, although for the cell surfaces, ,N.
holes and fibrous appearance both were found to a similar extent at 500 C. Such
changes are consistent with the important and well-known role of the
endothelium in maintaining the dehydration of the cornea. After exposure to

7 -
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500 C for 30 min, the damaged endothelial cells are probably not able to

perform this function, leading to the swelling of the stroma and disruption of
N" the regular stromal fibrous structure found in Fig. 8.

Similar accumulative effects on the cornea have been observed by Cullen
(1980) for ultraviolet irradiation. For infrared radiation by laser, Bargeron,
Farrell, Green and McCally (1981) reported endothelial temperature increases

0
as high as 50 C. These studies indicated that rabbit endothelial cells in vivo
are not damaged until exposure durations ten times or more longer than the
exposures which produce epithelial damage, although the temperatures for
damage thresholds to either are approximately identical.

J.. Usually in damaged corneas, it is known that the epithelial cells
migrate to cover denuded areas where cells are lost. Since these corneas were
incubated in PBS or Medium 199, it is likely that any cells not adhering
tightly would be lost in the medium.

*The changes in the cell nucleus are consistent with a super-contraction
%, of the cellular actin, a substantial portion of which is located in the

nucleus. Further experiments are underway to investigate this possibility by
specific fluorescent stains for actin. Such a supercontraction and the

9. "potato-chip" appearance of such cells are consistent with an explanation
involving changes to the cytoskeleton, which is responsible for maintaining
fhe cell's normal edge extension and flattening. If changes in ATP or
adenylate energy charge occurred as a result of inactivation of the
mitochondrial enzyme systems responsible for producing ATP. this could in turn
iifluence the integrity both of actin and other cytoskeletal elements.

These studies do not define the biochemical events in elevated
temperature stress of corneas, which still need to be investigated. The
mechanisms involved may involve inactivation of one or several enzyme system.

such as Na+K+-ATpase. or some cytoskeletal element such as actin or tubulin
which is sensitive to elevated temperature. The differential expression of
proteins in epithelial cells when compared to endothelial cells may explain
the apparent higher sensitivity of the corneal epithelium to elevated
temperature.
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Figure 1

Diagram summarizing changes in rabbit corneas exposed to elevated
temperatures: incubations of isolated corenas were performed in vitro in
Medium 199 for 30 minutes. Corneas were fixed immediately in Karnovsky's
fixative and prepared for scanning electron microscopy as described in text.
The changes referred to in these diagrams are illustrated by scanning electron
microscopy in figures 2-8 following.
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Figure 2

Changes in corneal epithelial and endothelial cells visualized by SEM as

temperature of incubation of corneas in Medium 199 increases. Corneas were
fixed after 30 mins incubation at control temperature of 35.5°C. critical
point-dried and sputter coated as described in the text.

a) Epithelial cells incubated at 35.50C without vitamin E in Medium 199

b) Endothelial cells incubated at 35.5°C without vitamin E in Medium 199.

c) Epithelial cells incubated at 35.5 C with vitamin E (2.4 M) in Medium

199.

d) Endothelial cells incubated at 35.5°C with vitamin E (2.4 M) in Medium

199.
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Figure 3

Series of pictures showing changes in corneal epithelial cells visualized by

SEM as temperature of incubation of corneas in M199 is increased from 37 C to
40°0C.

a),b).c) are of cornea epi:helial cells incubated 30 min without vitamin E
added to the medium.

d),e).f) are of cornea epithelial cells incubated 30 min with vitamin E (2.4
i) added to the medium.

II"%K

W,

14 3

Jul4



-4! T V. -

1

-15

Fi.3Veiso itrssoigchne ncreleihla el

visulizd b SE as empratre f inubaionof ornes i M19 i

%n 

r a e fr m 3 
t 0 G



figure 4

Series of Pictures shcwing changes in corneal epithelial cells visualized by
SEX as temperature of inczubation of corneas in M199 is increased from 42 Cto
50 0 C.

a),b).c) are of cornea epi--helial cells incubated 30 min without vitamin E
~J.added to the mediiu-m.

d).e).f) are of corneal epithelial cells incubated 30 min with vitamin E (2.4
M) added to : rnp-diur.
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Figure 5

ASeries c- pictures showing by scanning electron microscopy, possible process

of nuclc:-s ex:rusion after incubation of cornea in phosphate buffered saline
-C

for 30 minutes at -52 . In dzfferent epithelial cells. which can be seen
successivelv in different figures: the barely visible nucleus is visible in
fugure Wa, graoualiv swelling, in figure (b). (c) and (d) until it splits the
corneal ..e,-,ranes" and floats free (N) from the cell, in figure (e). All
figures 3t J'. an hthe micron line is equal to 20 M.
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Figure b

S Series of p rt:res sn'-.. rn changes in corneal endothelial cells visualized by y.

SEM as ter,.pera-,re c f incubation of corneas in M 199 is increastd from 370 C to
40 C.

a).b .c) ar c: corr.e, endothelial cells incubated 30 min without vitamin E

adce-c :c the medium.

d),e),f) are c: corneal endothelial cells incubated 30 min with vitamin E (2.4
ac:ed t- ,he medium.
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Figure 7

Series cF pictures showin2_ changes in corneal endothelial cells visualized by

SEM as temperature of incubation of corneas in M199 is increasec from 42 C to
0

50 C.

a),b).c) are of cor.. a encothelial cells incubated 30 min without vitamin E
acced to One eed:ur.", :

d).e),f) are of corneal o:helial cells incubated 30 min with vitamin E (2.4
>l added :c rhe 7edium.
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Char. estostrra, visualize= by SEM, at temperature of incubation of corneas
Sf.ltu2. 1 increases. A figures are at 7OOOX; thm micron line is equal to

-3 '. r--as were processed as described for Figure ! above, sliced

c:n4Iffinta3iv prior to ex37ina trn by SEM. Pictures show corneal stroma

•suatze atr incuatc, a:
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