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ABSTRACT

Background. Acute exposure of the
mammalian eye to UVR results in
development of photokeratitis after a
period of a few hours. Chronic ex-
posure to UVR is associated with an
increased risk of several corneal dis-
orders, including pterygium, climatic
droplet keratopathy, and climatic
proteoglycan stromal keratopathy.
The proteoglycan content in these
pathological conditions is altered.
The mechanisms, leading to the
corneal damage after UVR exposure,
are not fully known. In the present
work the action of different UVR
wavelengths and doses on the rabbit
cornea was studied. The mechanisms
of the corneal cell death after UVR
exposure, and the influence of UVR
induced Kkeratitis on the corneal
proteoglycans, specifically hyaluro-
nan and biglycan, have been inves-
tigated. An experimental model to
study the chronic UVR exposures
has been characterised.

Methods. New Zealand rabbit eyes
were exposed to single or repeated

UVR doses. UVR wavelengths of

270, 280, 290, and 310 nm were
used at doses producing photo-
keratitis, and at subthreshold doses.
Immunohistochemical methods were
used to detect hyaluronan (HA),
apoptosis, and Fas ligand protein in
the corneal specimens. The morpho-
logy of the corneas was studied
using light and transmission electron
microscopy. Expression of the bi-
glycan gene was evaluated by RT-
PCR technique.

Results. UVR at subthreshold doses
did not produce any corneal damage
that could be detected in the light
microscope. Apoptosis was detected
to be one important mechanism
leading to corneal cell damage after
UVR exposure at photokeratitis
doses. Photokeratitis doses at 270,
280, and 290 nm led to a superficial
corneal damage. Apoptotic cells
were found only in the epithelial
layer and superficial keratocytes.
UVR exposure at photokeratitis
doses at 310 nm resulted in severe
corneal damage, where apoptosis

was seen in the epithelium, the
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keratocytes through the whole
corneal stromal thickness, and the
endothelium. During the first se-
venty-six hours after exposure to 310
nm UVR at photokeratitis doses,
keratocytes underwent apoptosis and
disappeared. Keratocytes bordering
this damaged cell-free area started to
produce hyaluronan during the
repopulation phase. The production
of hyaluronan peaked at 7 days after
UVR exposure. Fourteen days after
exposure the corneas were comp-
letely restored, and only trace
amounts of hyaluronan was detected
close to the Descemet’s membrane.
Repeated exposures of the corneas to
photokeratitis doses at 310 nm at 1
week intervals resulted in hyal-
uronan deposits in the corneal stro-
ma, and reduction of the keratocyte
apoptosis level.

Fas ligand protein in the normal
rabbit corneas was expressed only in
epithelial and endothelial cells. UVR
exposure of the corneas at photo-
keratitis doses resulted in Fas ligand
protein expression also in kerato-

cytes, suggesting the Fas/Fas ligand

system activation leading to apop-
tosis.

Biglycan gene was not expressed in
the normal rabbit corneas. However,
UVR exposure at photokeratitis do-
ses activated a distinct biglycan gene
expression at 7 days after exposure.
Biglycan gene expression decreased
28 days after exposure.

Conclusion. A photokeratitis dose
of 310 nm UVR is needed to cause a
significant keratocyte damage. A
photokeratitis dose of the shorter
wavelengths causes damage to epi-
thelial cells and superficial kera-
tocytes only, due to a very high
absorption of these wavelengths in
the epithelium. The keratocyte pro-
duction of HA appears to be a sign
of cell readiness to repopulate the
damaged stroma devoid of kera-
tocytes. Apoptosis, initiated by
Fas/Fas ligand system activation, is a
mechanism leading to the corneal
cell death after UVR exposure. Re-
peated UVR exposures lead to
increased production and accumu-
lation of HA in the corneal stroma.

The repopulated keratocytes are
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much more resistant to apoptosis
than the native ones. HA accu-
mulation may be a sign of long term
changes in the cornea, leading to
corneal degeneration. There is no
expression of biglycan gene in the

normal rabbit cornea. The UVR

exposure leads to a strong expression
of biglycan gene in the rabbit cornea
that decreases 4 weeks after expo-
sure indicating the biglycan involve-
ment in the corneal repair process.
Biglycan appears to be a novel mar-

ker of the corneal wound healing.

Key words. Comea, UVR, keratocytes, apoptosis, Fas ligand, hyaluronan,

biglycan, rabbit, wound healing.
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1. INTRODUCTION

1.1 Development of the cornea

The cornea develops from the
interaction of the surface ectoderm
and the neural crest derived mesen-
chyme."” The surface ectoderm
which seals over the lens pit, forms
the future corneal epithelium. The
mesenchymal cells give rise to the
deeper layers of the cornea including
Bowman’s layer, stroma, endothe-

lium, and Descemet’s membrane.

1.2 Corneal anatomy and
physiology

The cornea is the gateway of light to
project external images on the retina.
The surface of the cornea is
responsible for most of the refraction
of the eye.* The transparency of the
cornea is a very important property.
Corneal transparency is a result of
interaction of a number of related
factors, such as smoothness and
regularity of the epithelium, corneal
avascularity, and the regular arran-
gement of the cellular and extracel-
5-11

lular components in the stroma.

Due to a highly exposed position, the
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cornea also constitutes a barrier to
trauma and infection.

The human cornea is
composed of five layers: epithelium,
Bowman’s layer, stroma, Desce-
met’s membrane, and endothelium
(Figure 1). The corneal epithelium is
a stratified, squamous nonkerati-
nized epithelium. In humans, the
thickness of the epithelium is about
50-60 wm. The adjacent cells are
held together by numerous desmo-
somes and to the underlying basal
lamina by hemidesmosomes and
anchoring filaments."*"> New cells
are derived from mitotic activity in
the limbal stem cells and in the basal
cell layer.'*"?

The Bowman’s layer, or
anterior limiting lamina, is a
modified acellular region of the
anterior stroma and consists of
randomly arranged collagen fibers
(type LILV and VI).'*'® The
thickness of the Bowman’s layer in
humans is about 8-12 um. Rabbits

are lacking the Bowman’s layer.
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Figure 1. Structure of normal human cornea.

The corneal stroma is a
tissue with a remarkable regularity.
It is the thickest corneal layer (400-
500 um) and consists of collagen
lamellae that are oriented parallel to
the corneal surface.” Extremely
flattened cells of mesenchymal ori-
gin, called keratocytes, lie between
the corneal lamellae. They are highly

specialised and become activated
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after trauma. Keratocytes are stellate
in shape with thin cytoplasmic
extensions, containing only a very
small number of organelles. The
collagen lamellae are highly orga-
nised, where the adjacent lamellae
are oriented at right angles, with the
exception of the anterior third part of
the stroma in which the lamellae

display a more oblique orientation.”

The collagen type I predominates,
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but types III, V, and VI are also
present.”' > The extracellular glycos-
aminoglycans (GAG) and proteo-
glycans form bridges between the
collagen fibers, that regulates the
highly regular spacing of the
collagen in the lamellae.***’ The
organisation of the lamellae and the
extracellular matrix (ECM) is the
key to the corneal transparency.

The Descemet’s memb-
rane, or posterior limiting lamina, is
placed between the posterior stroma
and endothelium, and is about 8-12
wm thick. Descemet’s membrane
represents a modified basement
membrane of the corneal endothe-
lium.

The corneal endothelium
is a single layer of flat cells of me-
senchymal origin on the posterior
surface of the cornea. It has a critical
role in maintaining corneal hydration
and thus transparency.”®** The endo-
thelial cells in the human cornea
have a very low regenerative capa-
city. Lost endothelial cells are
replaced by spreading and enlar-

gement of adjacent cells.’™' How-

18

ever, endothelial cells in rabbit can
regenerate, and lost cells can be
replaced by new cells.”>™**

The cornea is richly sup-
plied by sensory nerves derived from
the ophthalmic division of the
trigeminal nerve, via the long ciliary
nerves.

The cornea is nourished
by diffusion from the aqueous humor
in the anterior chamber of the eye,

from the vascular structures in the

limbus, and from the tears.

1.3 Extracellular matrix of the
corneal stroma

The major corneal glycosamino-

glycan (GAG) is keratan sulfate.’>*
The nonsulfated chondroitin is also
present in the central cornea, while
towards the periphery dermatan
sulfate is the second major GAG.*"*
The corneal stroma is unusual in that
it contains no hyaluronic acid, or
hyaluronan (HA), except at the lim-
bus where there is a gradual increase
in concentration towards the scle-

ra. 346 However, reactive formation

of HA has been described following
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different models of corneal wounds,
such as excimer laser surgery,”
alkali wounding to the cornea,”® and
mechanical wounding (knife inci-
sion).*”° HA deposits can bee found
in the diseased corneas with kerato-

conus, bullous keratopathy, Fuchs

dystrophy, corneal degenerations
etc.”!

Corneal GAGs in the
native state bind the protein

component and form proteoglycans.
In recent years the proteins of the
major proteoglycans of the corneal
stroma have been identified and their
genes cloned. Keratan sulfate proteo-
glycans consist of three unique
proteins, each modified with keratan
sulfate chains and each a product of
a separate gene.”” Dermatan sulfate
proteoglycan proteins are coded by
two related genes. Decorin is the
predominant dermatan sulfate pro-
teoglycan protein in the corneal
stroma.” Another dermatan sulfate
proteoglycan protein, biglycan, has
been identified in the epithelium of
the normal human cornea, and in

very small amounts in the stro-
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ma.”>>* The stromal deposition of
biglycan has been described in
pathological conditions of the cor-
nea, such as keratoconus, bullous
keratopathy and corneal scars.>>°
The keratan sulfate proteoglycan
proteins, contrary to the dermatan
sulfate proteoglycans, are present in
pathological corneal stroma in
amounts comparable with those in
normal stroma.”’

The critical region in
proteoglycans is their linkage sites.
For keratan sulfate the link is an N-
glycosidic bond between N-acetyl
glucosamine and asparagine in the
core protein. Dermatan sulfate con-
tains xylose residues at its terminal
site. Both keratan sulfate and derma-
tan sulfate proteoglycans bind to the
collagen fibers at specific binding
sites, suggesting that these sites are
essential to the spacing of the fibers.
Keratan sulfate proteoglycans appear
to bind to the step region of the
fibers while dermatan sulfate proteo-
glycans bind to the gap.”®

Proteoglycans an

play

important role in chemical signalling
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between cells. They bind various
signalling molecules such as certain
growth factors. Such binding can
enhance or inhibit the activity of the
growth factor. Fibroblast growth
factor (FGF), for example, which
stimulates the corneal cells to proli-
ferate, binds to heparan sulfate
chains of proteoglycans.”’60 Where-
as in most cases the signalling mo-
lecules bind to GAG chains of the
proteoglycan, this is not always so.
Transforming growth factor beta
(TGF-P) binds to the core protein of
proteoglycan decorin.’ 9.60 Binding to
decorin inhibits the activity of the
TGF-B. Proteoglycans also bind and
regulate the activities of other types
of secreted proteins, such as proteo-
lytic enzymes (proteases) and prote-
ase inhibitors. Binding to a proteo-
glycan could control the activity of a
protein in any of the following ways:
(1) it could immobilize the protein
close to the site where it is produced,
thereby restricting its range of ac-
tion; (2) it could sterically block the
activity of the protein; (3) it could

provide a reservoir of the protein for

20

delayed release; (4) it could protect
the protein from proteolytic degra-
dation, thereby prolonging its action;
and (5) it could alter or concentrate
the protein for more -effective
presentation to cell-surface recep-

1,62
tOI‘S.6 6

Proteoglycans are thought to
act in all these ways to help regulate

the activities of secreted proteins.

1.4 General aspects on corneal
wound healing
Corneal wound healing has been
excessively studied during the last
decades using the alkali burn and
excimer laser wound models as well
as other models. The complex pro-
cess of wound healing may be
simplified by dividing the sequence
of events into three phases: inflam-
matory, proliferative, and remodel-
ling phases.63

The inflammatory phase
is characterised by the influx of
leukocytes and monocytes to the
wound area, followed by lympho-
cytes and macrophages, and the
release of a variety of growth factors

and other molecules. Leukocytes,
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especially polymorphonuclear leuko-
cytes (PMNs), enter the open wound
from the tear film or penetrate into
the wound through the corneal stro-
ma.**® PMNs arrive first to the
wound and monocytes some days
later.”” Monocytes possess the po-
tential to turn into macrophages.
Leukocytes and macrophages clean
the wound from debris and bacteria
and liberate interleukins and growth
factors. These cytokines promote
migration and proliferation as well
as the synthesis of new extracellular
matrix and collagens. Leukocytes
disappear from the wound when the
epithelial coverage has been com-
pleted.

In corneal alkali burns,
products liberated by PMNSs, such as
collagenases, are responsible for the
devastating effects that may lead to
corneal ulceration. If PMNs are pre-
vented from entering the cornea
from the tear film after alkali burns
by applying glued-on contact lenses,
stromal ulceration is greatly dimi-
nished.® Furthermore, the preven-

tion of leukocytes from entering the
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wounded area in alkali burns, by
blocking the PMNs adhesion to the
vascular vessels through the intra-
venous administration of fucoidin,
retarded the epithelial healing rate.”
This suggests that PMNs play a role
in promoting the epithelial healing,
probably via the liberation of cyto-
kines, such as TGF-p.

Cytokines are hormone-
like proteins that serve as principal
mediators of immunological and
inflammatory responses. Cytokines
can act on the cells in which they are
produced (autocrine function), on the
surrounding cells (paracrine func-
tion), and on the so called goal-cells
located in other tissues (endocrine
function). Interleukins and growth
factors are the most important cyto-
kines that are thought to be involved
in the corneal wound healing.

It is not only leukocytes
that may produce cytokines. For
example, injured corneal epithelial
cells can release interleukin-1 (IL-1)
and interleukin-6 (IL-6). IL-1, in
turn, is capable to trigger apoptosis

of underlying keratocytes in the
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corneal stroma through activation of
Fas/Fas ligand system.'”®'”” IL-6
promotes collagen I synthesis and
modulates matrix metalloproteinase-
2 (MMP2).”

Other cytokines, such as
TGF-B, FGF, epidermal growth
factor (EGF), and others may play a
role in communication between cells
that regulate the wound healing
process. TGF-B inhibits mitosis and
promotes epithelial migration.&"69

This action is facilitated by
fibronectin (FN) and tumor necrosis
factor alpha (TNF-ot). Furthermore,
TGF-f stimulates the synthesis of
extracellular matrix components,
contributing to scar formation. Anti-
bodies against TGF- have been
successfully used to reduce scar
tissue in the skin and have been
applied to the cornea after
photorefractive keratectomy, redu-
cing haze formation.”””" EGF stimu-
lates DNA synthesis, proliferation
and differentiation of epithelial
cells.”’ Hepatocyte growth factor
(HGF) can also promote epithelial

migration and proliferation.”” Plate-
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let-derived growth factor (PDGF)
facilitates the activity of HGF in
epithelial migration and stimulates
synthesis of extracellular matrix.”
Keratocytes synthesise keratinocyte
(KGF), which

growth  factor

stimulates epithelial cell prolife-
ration.”* Production of a number of
cytokines, such as IL-1, IL-6, IL-8,
and TNF-o has been documented
after UVR exposure.”

During the proliferative
phase of corneal wound healing, re-
epithelialisation occur as well as
migration of keratocytes, and also
the production of the provisional
extracellular matrix. The migration
of the epithelium is preceded by the
cease of the mitosis at the edges of
the wound. This latent phase lasts
about 8 hours. During this phase the
hemidesmosomal attachments be-
tween the basal cells and basement
membrane disappear from the
wound edge.76 Superficial cells are
liberated and the formation of
lamellopodia and filopodia marks
the beginning of the migration.”

Also, cells increase their size and
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cover a larger area. Actin filaments
are assembled in the basal region of
the cells, facilitating their move-
ments. At the same time as the
migrating front of epithelial cells
moves towards the centre of the
wound, these cells synthesise struc-
tural proteins over the denuded
stroma to facilitate migration. A new
basement membrane is formed under
the migrating cells and new
hemidesmosomes are re-established
from the periphery to the centre of
the wound.”

As it has been mentioned
earlier, the epithelial injury may in
turn trigger apoptosis of underlying
keratocytes through release of IL-1
and Fas/Fas ligand system activa-
tion.'”®"”” The traumatic agents may
also lead to destruction of stromal
extracellular matrix. The injury and
the subsequent apoptosis cause a
cell-free area in the corneal stroma.
Keratocytes in the border to this cell-
free area become activated. The
activated keratocytes start to produce
new collagen fibrils and extracellular

matrix components.”’ Hyaluronan,
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that is not normally present in the

corneal stroma, is produced by

activated keratocytes during this

repopulation phase of wound
healing. Hyaluronan is thought to
facilitate migration and repopulation
of the cell-free area in the stroma by
keratocytes.*’*®

The remodelling phase of
corneal wound healing consists of
wound contraction, extracellular
matrix deposition, degradation and
modification. This phase can last for
several months and even years.
Wound contraction is mediated by
the myofibroblasts transformed from
keratocytes by TGF-B.*® Enzymes,
such as matrix metalloproteinases
act in the remodelling of the healing
tissue. These enzymes are modulated
by

nases (TIMPs) and by TGF-f, guar-

tissue-inhibitor metalloprotei-
ding excessive breakdown of the

extracellular matrix.®'

1.5 Ultraviolet radiation
By CIE (Commission Internationale
de I’Eclairage) definition, optical

radiation between 100 and 400 nm is
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considered as ultraviolet radiation
(UVR).¥* UVR can be divided in
three regions: UVR-C with wave-
lengths between 100 and 280 nm,
and with photon energy 4.4-12.4 eV;
UVR-B between 280 and 315 nm
with photon energy 3.9-4.4 eV; and,
finally, UVR-A between 315 and
400 nm with photon energy 3.1-3.9

eV.

Man is exposed to the
highly toxic UVR-C only from arti-
ficial sources, because UVR-C from
the solar radiation is completely
absorbed by atmosphere and does
not reach the earth. However, solar
UVR-B and UVR-A penetrate the
atmosphere and reach the earth
surface. The irradiance of the solar
radiation on the earth depends on
several factors such as latitude,
altitude, season and solar elevation
angle; concentrations of smoke and
particles from large forest fires and
volcano eruptions, that alter the
absorption properties of the atmo-
sphere; and concentrations of ozone
in the stratosphere. Ozone is formed
the

in the stratosphere due to
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absorption of short-wave solar
radiation (140-200 nm) by oxygen.
The ozone in turn absorbs longer
solar radiation with wavelengths
between 200 and 300 nm, and is split
into oxygen, again.*> However, the
stratospheric ozone influence upon
the solar spectrum is most prominent
around 300 nm.*
Increased sun exposure
(vacations in southern latitudes, ski-
ing in mountains, sun tanning etc.) in
combination with a longer life-
expectancy has increased the amount
of natural ultraviolet radiation expo-
sure that people receive in their
lifetime.*>® The changes in the
atmosphere and the ozone layer that
allow a greater amount of UVR with
shorter wavelengths to reach the
earth, enhance this expos11re.88’89
Artificial sources of UVR are used
very widely in sun tanning and for
industrial needs, e.g., sterilisation,
welding arcs, lasers etc. However,
the most affected group in Sweden is
probably skiers who fail to wear
protective goggles, that leads to

prolonged exposure to UVR reflec-
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ted from snow. Snow is essentially
the only material found in the natural
environment with a high reflectance
(approximately 88%) in the UVR-B

%091 Eskimos who have had to

region.
live with this environmental situa-
tion have evolved a type of eye
protection using whale bone with
slits cut into it to provide a highly
restricted field of view which
eliminates reflected UVR from
nearby snow and still permits view-
ing of distant objects.” The second
natural material with high reflec-
tance is sand on the beaches and in
the desert areas. The reflectance of
the dry sand in the UVR-B region is
approximately 17%.”*°' Water re-
flects very little and transmits a large

percentage.

1.6 Radiometric terminology

The effects of optical radiation upon
any biological structure are not
dependent directly upon the incident
power in watts (W) or energy in
joules (J), but upon the concentration
of power or energy per unit area and

the time of exposure. The quantity
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which describes “dose rate” is
irradiance with units of W/cm® or
W/m®. The dose or radiant exposure
is the irradiance per time unit, and is

. 2 2
measured in J/cm” or J/m”.

1.7 General aspects on
photochemistry and
photobiology

Most  photobiological effects,
including vision, are fundamentally
(at least initially) a photochemical
process. Photochemical reactions
can also induce cell damage, either
directly or indirectly. When the
absorbing chromophore, or molecule
that absorbs radiation, is chemically
changed during the reaction to a
toxic molecule, the reaction is called
a direct photochemical reaction.
When the absorbing chromophore
does not change chemically itself,
but causes a chemical change in
another, neighbouring, molecule that
becomes toxic, the reaction is called
a photosensitised reaction. A
molecule, that absorbs a photon and
enters a higher, unstable, energy
is called

level, or excited state,
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photosensitiser. There are two prin-

ciple pathways for the photo-
sensitiser to act.”” The first pathway,
or radical pathway, is activated when
the photosensitiser interacts with the
target molecule through formation of
free radicals. The second pathway is
the singlet oxygen pathway, when
the photosensitiser interacts with
oxygen in the tissues with formation
of reactive oxygen species (ROS),
such as singlet oxygen, which in turn
induce chemical changes in the
target molecule.
Direct  photochemical
reactions and photosensitised reac-
tions can lead to enzyme inacti-
vation, cellular membrane damage
through lipid peroxidation, protein
aggregation, and DNA alteration.”®
Enzymatic inactivation may result in
decreased cellular metabolism and
lead of

to decreased synthesis

membrane proteins and cellular
edema.”'” Lipid peroxidation of
cellular membranes may lead to an
increased membrane permeability
results in cellular

that, in turn,

edema.'*'" Damage to DNA may
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lead to formation of strand breaks
and photoproducts.'®"'"? Formation
of photoproducts has been associated
with cancerogenesis.'*"'®

For most photochemical
and photobiological processes, UVR
at short-wave region is normally
more effective than longer wave-
lengths, because the energy per
photon is inversely proportional to
the wavelength.

The amount of UVR that
is absorbed by the tissue and the
subsequent damage depends, in
general, on the concentration of
this  tissue

chromophores  that

contains. Different chromophores
have individual preferential absorp-
tion wavebands that modulates the
susceptibility of different tissues to
UVR. Proteins and aromatic amino
acids, especially tryptophan, are the
most important chromophores in

comea.m’llg

Tryptophan absorbs
more than 95% of UVR-B. Another
important chromophore in cornea is
ascorbate (vitamin C), that has its
highest concentration in the epithe-

. 1L
lium.'"’
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The cornea has deve-
loped a number of protective sys-
tems that prevent or reduce the
damage to the eye from UVR and
other oxidative stresses. Glutathione,
ascorbate, o-tocopherol (vitamin E),
superoxide dismutase, lactoferrin
and catalase are main physiological
anti-oxidative agents protecting the
eye against UVR by their scavenging

f el 120-128
activity.

1.8 UVR action spectrum for
the cornea

The action spectrum for corneal
damage after UVR has been set from
210 to 315 nm (Figure 2)."” UVR in
the range from 320 nm to 400 nm
are not considered part of the action
spectrum of the cornea because the
energy levels of UVR exposure
necessary to produce minimal
damage in this range are very high.

For example, the threshold exposure
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level at 315 nm is 450 times the
corneal threshold level at 270 nm."*
UVR at 270 nm is considered as
most effective in producing corneal
damage. Primate and human corneas
are more sensitive to UVR than rab-

bit corneas as shown in Figure 2.

1.9 Absorption of UVR by the
cornea

Cornea absorbs most of UVR below
300 nm, and the corneal epithelium
stands for the biggest part of this
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absorption.””" Due to this absorption

pattern, the corneal epithelium
protects deeper lying eye structures
from UVR damage in the range
below 300 nm. However, approxi-
mately a half of UVR energy that is
absorbed by the cornea in the region
above 300 nm, is absorbed by the
corneal stroma (Figure 3).

UVR absorption by other

ocular media is shown in Table 1.
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[UVR range Cornea  Anterior chamber Lens  Vitreous|

<280 nm 100 - - -
300 nm 92 6 2 -
320 nm 47 16 36 |
340 nm 37 14 48

360 nm 32 14 52 2

Table 1. Absorption of UVR by different ocular media (From Boettner & Wolter, 1962)."%

Numbers are the percentages of absorbed radiation by ocular media.
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230 240 250 260 270 280 290 300 310
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Figure 2. Comparison of the corneal action spectrum in the 230 nm to 310 nm wavelengths

range for rabbits and primates (From Pitts et al, 1971).
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Figure 3. Absorption of UVR by the cornea (From Kinsey, 1948).

1.10 Oxygen dependence of
corneal exposures

Zuclich & Kurlich'” have shown
that the UVR-A exposure thresholds
for cornea were oxygen dependent.
Using the argon laser emitting UVR
at 351.1 nm and 363.8 nm, they
found that the threshold level to
produce corneal damage in the eyes
flushed with air was 82 J/cm®, while
oxygen flushed eyes had threshold at
66 J/cm’. The nitrogen flushed eyes
had the threshold at 133 J/cm®. This

means that the more oxygen in the
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tissue the more severe corneal da-

mage can be expected.

1.11 Acute UVR exposure of
the cornea

The condition of the cornea after an
acute exposure to UVR is called “ke-
ratoconjunctivitis photoelectrica”, or
“photo-ophthalmia”, or “photokerati-
tis”. An acute UVR exposure is usu-
ally followed by a latency period, the
extent of which depends of the
intensity of the exposure but is typi-

cally 6-12 hours."**"** The anterior
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part of the eye, the eyelids and the
skin surrounding the eyes becomes
reddened. There is a sensation of a
foreign body or “sand” in the eyes,
and the affected person becomes
very sensitive to light (photophobia).
This is accompanied by excess tear
production (lacrimation) and closure
of the lids to avoid pain (blepha-
rospasm). If evaluated in the slit
lamp microscope, the affected eye
may reveal conjunctival injection,
debris, epithelial swelling, erosions
and corneal edema. These acute
symptoms last usually from 6 to 24
hours but almost all discomfort dis-

appears within 48 hours.

1.12 Chronic UVR exposure of
the cornea
The chronic exposure to sunlight,
specifically to UVR, is associated
with an increased risk of several
corneal disorders, including ptery-
gium, climatic droplet keratopathy,
and climatic proteoglycan stromal
keratopathy.

Pterygium occurs more

commonly in tropical or sunny areas
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and has been ascribed to greater sun

exposure, specifically to UVR-
B."""*® Pterygium is a wing-shaped
extension of the conjunctiva con-
sisting of fibrovascular tissue that
invades the superficial cornea. The
pathologic changes in pterygium
consist of elastoid degeneration of
collagen and the appearance of sub-
epithelial fibrovascular tissue."*"*"'
The cornea shows destruction of
Bowman’s layer. The epithelium
may be normal, thick, or thin and
may occasionally show dysplasia.
Mild inflammatory changes are often
present. Pterygium not seldom im-
pairs the vision.

Climatic droplet kerato-
pathy is relatively unusual and more
often reported in harsh climates,
such as arctic or desert areas.'*’
Ultraviolet radiation is thought to
play a role in its etiology.'?*'*4
This condition has been reported
under different names, including
corneal elastosis, keratinoid degene-
ration, spheroidal degeneration,
Bietti’s nodular dystrophy, proteina-

ceous degeneration, and Labrador
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keratopathy. All cases show extra-
cellular deposits of amino acids.'*
7 This condition is often bilateral
and more common in males.'*'> Tt
is characterized by the formation of
grey or yellow-brown, drop-like de-
the

posits  superficially  within

interpalpebral fissure. The initial
deposits are usually found near the
limbus. The “droplets” involve Bow-
man’s layer and the superficial
corneal stroma, as well as the sub-

156-158 With

epithelial conjunctiva.

time, the deposits coalesce and
enlarge, infiltrate the anterior one
third of the stroma and spread across
the cornea in a band-shaped pattern.
Vision is impaired gradually. In se-
vere cases keratoplasty may be ne-
cessary.

Climatic ~ proteoglycan
stromal keratopathy is a corneal de-
generation recently described in the
Middle East by Waring et al."> This

corneal degeneration is also thought
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to be associated with chronic UVR.
Its pathological substrate is depo-
sition of proteoglycans that lead to
corneal haziness. This condition is
confined to the interpalpebral fissure
in a band-shaped pattern, and may be
accompanied by other disorders that
are associated with climatic expo-
sure, such as climatic droplet kera-
topathy and mild calcific band
keratopathy. The major criterion for
diagnosis of this corneal condition is
a central, horizontally oval or round,
grey stromal haze that is usually
more extensive anteriorly with a
tapering edge, and smaller poste-
riorly. The experienced Middle Eas-
tern ophthalmologists indicate that
this condition is very frequent in
their countries, and because of that it
is often overlooked and not recor-
ded.” This condition very rarely
leads to severe vision impairment,
but in some cases keratoplasty is

needed.
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1.13 Aims of the study

The mechanisms of cell death in the cornea after UVR exposure are not fully
known. There is also a lack of information about the pathophysiology of the
corneal extracellular matrix components. The latter probably play a role in UVR
associated corneal degenerations. These questions in combination with the

increased use of UVR in the every day life gave the motive for the present study.

The specific aims of the study were:

e To study the cellular response and hyaluronan production in the cornea
after exposures to different UVR wavelengths and doses.

e To investigate if apoptosis could be a mechanism of corneal cell death
after UVR exposure.

e To study the expression of Fas ligand protein in the cornea after UVR
exposure.

e To examine the effects of repeated UVR exposures on keratocyte
apoptosis and HA production in the cornea.

e To study the expression of biglycan gene in the cornea after UVR

exposure.
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2. MATERIALS AND METHODS

2.1 Sources of ultraviolet
radiation

Paper 1

The ultraviolet source used was an
150-W xenon mercury high-pressure
lamp, powered by spectral energy
ultra-stable power supply. The lamp
was mounted in a lamphousing
LH150. The radiation from the sour-
ce was focused at the monochro-
mator entrance slit by the housing
optics (Figure 4). The exit optical
beam was focused by a quartz lens
producing a beam size of appro-
ximately 3x6 mm’ at the center of
the rabbit cornea (Figure 5). An 8
nm waveband was obtained with a
double-grating monochromator for
all wavelengths used in the experi-
ment, i.e. 270, 290 and 310 nm.
Entrance and exit slits were set to
pass a nominal full band-pass of 8
nm. The spectral distribution for
each monochromator set-up was
measured with an optical spectro-
radiometer (Optronic 742) without
the focusing exit lens. It was not

possible to measure the exposure
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beam in the same focus area as used
during the rabbit exposures due to
overloading of the spectroradio-
meter. Instead the relative spectral
distribution was regarded to be
constant and measured further away
in the beam. The absolute level was
afterwards adjusted for by a geo-
metry depending constant, which
was determined by relative measu-
rements with the optical power meter
(UDT 40X). The focusing lens
constant was found using following

formula

C=L/L

where C is a focusing exit lens

constant; Ii is the irradiance,
measured with an optical spectrora-
diometer (Optronic 742) with the
monochromator set to 450 nm wave-
length in 8 nm waveband without
focusing exit lens; > is the irra-
diance, measured with an optical
power meter (UDT 40X) with the

monochromator set to 450 nm wave-
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length in 8 nm waveband with the
focusing exit lens.

The energy
level for 270, 290 and 310 nm UVR

absolute
was found by multiplying the
focusing exit lens constant (C) with
irradiance, measured with spectro-
radiometer (Optronic 742) for those
wavelengths without the focusing

exit lens.

Papers I1I-V

The ultraviolet source was a 150-W
xenon high-pressure lamp, mounted
in an Oriel 7340 lamphousing (Oriel,
Stratford, CT, USA). It was powered
by universal power supply (Oriel
68805), stabilized with a light inten-
sity controller (Oriel 68850). The

Condensor Shutter

radiation from the source was
focused at a monochromator entran-
ce slit by the housing optics. The
exit optical beam was focused by a
quartz lens, producing a beam size of
approximately 4x10 mm? at the cen-
ter of the rabbit cornea (Figure 5).
The calibrated Oriel 77250 mono-
chromator was set with a 10 nm
waveband at 290 nm (papers II and
III) and 310 nm (papers II-V). The
energy level in the focus area, used
during the rabbit exposures, was
measured with a calibrated Laser-
Mate/Q detector (Coherent, Auburn,

CA, USA).

Projektion

1 11

N

\\—-—/
BERRY

Lamp -

l lens
1A

y }

1%

Exposure'
plane

Figure 4. Source of ultraviolet radiation.

Monochromator
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2.2 Animals

A total of 79 female adult New
Zealand albino rabbits were used, in
accordance with the ARVO Reso-
lution on the Use of Animals in
Research, and the local ethical com-
mittee. Each rabbit received intra-
muscular Ketalar (ketamine hydro-
chloride 30 mg/kg) and Rompun
(xylazine 5 mg/kg) anesthesia prior
to UVR exposure, and a lid specu-
lum was placed. One eye of each

rabbit was exposed to UVR.

Cornea

7

UV-beam

Figure 5. Projection of UVR-beam on the

corneal plane.

2.3 Study designs

Paper 1

Twenty-four rabbits were used. All
rabbits were divided in three groups

(Table 1 in I). Group | (6 rabbits)
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was exposed to 270 nm radiant
energy. Three of the rabbits were ex-
posed to a subkeratitis dose (0.7 of
the corneal threshold dose for kera-
titis (Hc), or 0.004 J/cm?2), and the
other three rabbits were exposed to a
keratitis dose (3 Hc, or 0.016 J/cm?).
Group 2 (6 rabbits) was exposed to
290 nm radiant energy. Three rabbits
from this group were exposed to a
subkeratitis dose (0.7 Hc , or 0.008
J/cm?), and other three to a keratitis
dose (3 Hc, or 0.04 J/cm?). Group
three (12 rabbits) was exposed to
310 nm radiant energy in both a
subkeratitis dose (3 rabbits; 0.7 Hc,
0.03 J/cm?) and a keratitis dose (9
rabbits; 3 Hc, or 0.14 J/cm?). The
corneal threshold doses for different
wavelengths has been reported by
Pitts et al ,"*'%

The rabbits from group |
and 2 were sacrificed with an
overdose of intravenous pentobar-
bital three days after exposure.
Those rabbits from group 3, exposed
to a subkeratitis dose were likewise
sacrificed three days after exposure.

Three rabbits from group 3 exposed
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to a keratitis dose were sacrificed at
each time interval: three, seven and
fourteen days after exposure. The
fellow eye in each rabbit served as a
control. The corneas were excised
from the exposed and unexposed
eyes. The corneas were fixed in four
per cent buffered formaldehyde
containing one per cent cetylpyri-
dinium chloride. They were then
embedded in paraffin.

The sections were double
stained with Mayer’s hematoxylin

and histochemically for hyaluronan.

Paper 11

Fourteen rabbits were used. The
rabbits were divided in two groups.
The first group (7 rabbits) was
exposed to 280 nm UVR at a dose
producing biomicroscopically signi-
ficant Kkeratitis (0.12 J/cmz, or 10
corneal threshold doses for keratitis).
The second group (7 rabbits) was
exposed to 310 nm UVR likewise at
dose producing biomicroscopically
significant keratitis (0.47 J/em?, or

10 corneal threshold doses).
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Four rabbits in each

group were sacrificed with an
overdose of intravenous pentobar-
bital 24 hours after exposure. The
remaining three rabbits in each
group were sacrificed 76 hours after
exposure. The fellow eye of each
rabbit served as a control. The
corneas were excised from the ex-
posed and unexposed eyes. One
treated and one untreated cornea
from rabbits killed 24 hours after
exposure to 280 and 310 nm UVR,
respectively, were fixed in 4%
glutaraldehyde and prepared for
transmission electron microscopy.
The remaining corneas were fixed in
4% formaldehyde, embedded in pa-
raffin, and sectioned at 5 ym. The

sections were double stained with

Mayer’s hematoxylin and histo-
chemically for DNA break strands
(TUNEL technique).

Paper I11

Six rabbits were used. One eye of
each rabbit was exposed to UVR.
The fellow eye of each rabbit served

as a control. The rabbits were
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divided in two groups. The first
group (3 rabbits) was exposed to 280
nm UVR at a dose producing
biomicroscopically significant kera-
titis  (0.12 J/cmz, or 10 corneal
threshold doses for Kkeratitis). The
second group (3 rabbits) was ex-
posed to 310 nm UVR likewise at
dose producing biomicroscopically
significant keratitis (0.47 J/cmz, or
10 corneal threshold doses).

The rabbits were sac-
rificed with an overdose of intra-
venous pentobarbital 24 hours after
exposure. The corneas were excised
from the exposed and unexposed
eyes. Then, the corneas were fixed in
4% formaldehyde, embedded in
paraffin, and sectioned at 5 pm. The
sections were double stained with
Mayer’s hematoxylin and immuno-

histochemically for FasL.

Paper 1V

Fifteen rabbits were used. One eye
of each rabbit was exposed to UVR
at 310 nm at a dose producing

biomicroscopically significant kera-
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titis (0.47 J/em?, or 10 corneal thre-
shold doses for photokeratitis).

The rabbits were divided
in two groups. The first group (9
rabbits) received a single dose of
UVR (0.47 Jem® at 310 nm). The
second group (6 rabbits) was irra-
diated 3 times at 7-day intervals
(0.47 J/cm® at 310 nm). Rabbits from
group | were sacrificed using intra-
venous pentobarbital 24 hours, 7 and
14 days after irradiation (three rab-
bits for each time interval). Rabbits
from group 2 were sacrificed 24
hours and 14 days after the last
irradiation (likewise three rabbits for
each time interval). The fellow eye
of each rabbit served as a control.
The corneas were excised from the
exposed and unexposed eyes. Then
the corneas were fixed in 4% for-
maldehyde, embedded in paraffin,
and sectioned at 5 um. The corneal
tissue specimens were processed for
histological analysis using specific
staining for HA and the TdT-dUTP
terminal nick-end labeling (TUNEL)
assay, and were then examined with

a light microscope.
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The TUNEL positive
keratocytes and the total keratocyte
density were counted in one 30x
high power field per histologic
section  of

irradiated eyes 24 hours after UVR

the corneas from
exposure in rabbits from group 1 and
24 hours after last UVR exposure in
rabbits from group 2. The micro-
scope field during cell counting was
placed in the center of the UVR
exposed area comprehending the
whole thickness of the corneal sec-
tion.

The HA staining inten-
sity in the corneal stroma during
evaluation with a light microscope
was graded in the following manner:
- no staining; + very weak staining;
++ intense staining; +++ very inten-

se staining.

Paper V

Twenty rabbits were used. Five rab-
bits were used as a control group,
and did not receive any UVR
treatment. The remaining 15 rabbits
received intramuscular Ketalar (keta-

mine hydrochloride 30 mg/kg) and
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Rompun (xylazine 5 mg/kg) anes-
thesia prior to UVR exposure. One
eye of each rabbit was exposed to
UVR at 310 nm at a dose producing
biomicroscopically significant kera-
titis (0.47 J/cmz, or 10 corneal thre-
shold doses). The fellow eye of each
rabbit was not exposed to UVR, and
served as a second control group.
The UVR exposed rab-
bits were divided in three groups.
The first group (5 rabbits) was
sacrificed with an overdose of
intravenous pentobarbital 3 days
after UVR exposure. The second
group (5 rabbits) was sacrificed 7
days, and the third group (5 rabbits)
was sacrificed 28 days after UVR
exposure. The corneas were excised
without the scleral rims from the
exposed and unexposed eyes, and
immediately processed for the RNA

extraction.

2.4 Histochemistry

HA staining (papers I and IV)

The HA-binding region (HABR) of
cartilage proteoglycans used in the

staining technique was prepared by
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affinity chromatography on HA
sepharose, as described previous-

1! The purified protein then was

ly
linked to biotin according to the
principles outlined by Rippelino et
al.'® HA was used during the
biotinylation to protect the HA
binding site on the HABR and then
removed. HABR-protein used in the
present study was generously do-
nated by Pharmacia & Upjohn AB
(Uppsala, Sweden). After incubation
with HABR-biotin for two hours at
room temperature, the corneal tissue
sections were rinsed in phosphate-
buffered saline and incubated for one
hour with avidin-biotin-complex
Vectastain reagent (Vector Labo-
ratories Inc., Burlingham, CA). The
sections labelled with peroxidase
were visualised with ethyl carbozole.
Control sections were incubated for
two hours in a humidified chamber
at 37 °C with 50 U/ml of
Streptomyces hyaluronidase (Seika-
gaku Fine Biochemicals, Tokyo,
Japan). The sections were counter-

stained in Mayer’s hematoxylin and
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mounted under coverglass slips in
Kaiser’s glycerin-gelatin.
The sections were exa-

mined in the light microscope.

DNA fragmentation assay

(TUNEL) (papers II and IV)
Biochemically, apoptosis can be
recognized by extensive cleavage of
cellular DNA into oligonucleosome-
sized fragments. For this reason,
apoptosis was evaluated using the
commercially available ApopTag
modification (Oncor, Gathersburg,
MD, USA) of the terminal deoxy-
nucleotidyl transferases (TdT)-medi-
ated dUTP-digoxigenin nick end
labeling (TUNEL) technique.I63 Pa-
raffin-embedded, 5 ym sections were
deparaffinized and  rehydrated
through graded alcohols. Protein was
digested by treating the tissue slides
with pronase at 37°C for 5 minutes,
after which endogenous peroxidase
was quenched by 2% hydrogen
peroxide for 5 minutes. The
ApopTag processing then included
the application of two drops of an

equilibration buffer directly to each
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specimen, followed by 10-15
seconds incubation beneath a plastic
coverslip. After removal of the
coverslip, 54 ul of working strength
deoxynucleotidyl transferase was
applied directly to each specimen.
The slides were then incubated for 1
hour beneath a plastic coverslip in a
humidified chamber at 37°C. Fol-
lowing removal of the plastic
coverslip, each specimen was put in
a coplin jar containing pre-warmed
working strength stop/wash buffer
and incubated for 30 minutes at
37°C. Two drops of anti-digoxigenin
peroxidase were then applied to each
specimen. These were then incu-
bated in a humidified chamber for 30
minutes at room temperature. Final-
ly, sections were stained with 3-
amino-9-ethylcarbazole, counter-
stained with hematoxylin, and moun-
ted.

Positive controls were
obtained from the manufacturer,
using formaldehyde-fixed, paraffin
embedded sections from female ro-
dent mammary gland, retrieved 3-5

days after weaning of rat pups. Some
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specimens from UV-exposed cor-
neas were used as negative controls
by substituting 32 ul of distilled
water for deoxynucleotidyl transfe-
rase from the protocol, as suggested
by manufacturer and others. 164-166

The sections were then

examined in the light microscope.

Fas ligand staining (paper I11)

Binding of Fas ligand to Fas receptor
leads to induction of intracellular
signals that eventually result in
apoptotic cell death. To study the
expression of Fas ligand protein in
the rabbit cornea, immunohisto-
chemistry was performed using
standard methods involving bio-
tinylated secondary antibodies and
streptavidin-conjugated peroxidase
according to the manufacturer’s
instructions (SantaCruz ™ Staining
System, cat # sc-2053; Santa Cruz
Biotechnology, Santa Cruz, CA,
USA). A polyclonal anti-FasL. goat
antibody (FasL N-20; Santa Cruz
Biotechnology) was used as primary
antibody at a concentration 2 pg/ml.

Some specimens from unexposed
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and UVR exposed corneas were used
as negative controls by prein-
cubating the antibody with sc-834P
control FasL. peptide (Santa Cruz
Biotechnology) at a concentration of
20 ug/ml for 30 minutes before
incubating with tissue sections. The
sections were counterstained in
Mayer’s hematoxylin and mounted
under coverglass slips in Kaiser’s
glycerin-gelatin.

The sections were exa-

mined in the light microscope.

2.5 Transmission electron

microscopy (TEM) (paper II)
Corneas for transmission electron
microscopy were fixed in 4%
glutaraldehyde, osmicated, and stai-
ned with uranyl acetate. They were
then serially dehydrated, embedded
in Epon, sectioned at 60 nm, and
placed on formvar-carbon coated
copper grids. The examination was
performed with a JEM 1200-EX
electron microscope (JEOL, Tokyo,

Japan).
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2.6 Reverse transcriptase
polymerase chain reaction (RT-
PCR) for biglycan (paper V)
Reverse transcriptase polymerase
chain reaction was used to study the
expression of biglycan gene in the

rabbit cornea.

RNA extraction

The corneas were suspended in | ml
of ice cold RNAzol B (Biotecx
Laboratories, Houston, TX, USA),
and the total RNA was extracted
according to the manufacturer’s
instructions. The final RNA pellets
were resuspended in 40 pl diethyl-
pyrocarbonate-treated water contai-
ning 1 U of RNAsin (Life Techno-
logies, Tdby, Sweden), and DNase I
treated (Promega, Madison, WI,
USA), followed by phenol/chlo-
roform extraction and ethanol pre-
cipitation of the samples. The
integrity of the RNA samples was
analyzed on an 1% agarose gel (Life
Technologies) containing ethidium
bromide (0.5 ug/ml). RNA was
stored at -80°C until further analysis.

All samples were normalised to
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contain equal amounts of the total
RNA. RNA concentration was mea-
sured using spectrophotometer, and
150 ng of RNA were used in reverse
transcription reaction. This proce-
dure compensated for unequal size
of the samples and differences in
RNA extraction. First strand cDNA
synthesis of total RNA was per-
formed by using M-MLV reverse
transcriptase (Life Technologies),
and hexamer primers, pd(T)s (Phar-

macia Biotech, Uppsala, Sweden).

Construction of internal standards

Primers for biglycan were used
according Hellio le Graverand et al
(Table 1 in V).'"”” PCR amplification
of a 406 bp long biglycan cDNA
fragment was performed in a total
volume of 25 ul, containing 1 pl of
cDNA, using an iCycler Thermal
Cycler (BioRad, Hercules, CA,
USA). The other reaction cons-
tituents included 0.75 mM MgCl,,
10 mM Tris HCl, 50 mM KClI (all
from Life Technologies), 0.2 mM
dNTPs (Pharmacia), 0.1 mM of each

biglycan primer (Table 1) and 0.5 U
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of Taq polymerase (Life Tech-
nologies). The reaction was con-
ducted for 35 cycles under the
following temperature conditions:
denaturation at 95°C for 30 sec, an-
nealing at 60°C for 30 sec and elon-
gation at 72°C for 30 sec, followed
by a final extension step at 72°C for
5 min. The PCR products were
separated on a 1.5% agarose gel and
purified.

The biglycan internal
standard was constructed by the
introduction of a deletion in the
biglycan gene.'®” The forward primer
generating the deletion in ampli-

fication fragment

(Table 1 in V). The 272 bp long final

was designed

biglycan internal standard was
created by a PCR amplification of
the biglycan fragment and puri-
fication from an agarose gel. The
concentration of the internal bigly-
can standard thus obtained was
determined by comparison with
known amounts of Low DNA
Mass™ Ladder (Life Technologies).

Another set of primers

produced a 293 bp-long glyceral-
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dehydes 3-phosphate dehydrogenase
(GAPDH) gene fragment (Table 1 in
V).'%8 Amplification of this fragment
generating the deletion was per-
formed as described for the biglycan
internal standard. After amplification
and purification from an agarose gel,
a 190 bp long internal GAPDH

standard was obtained.

Competitive RT-PCR
Competitive PCR was performed in
a total volume of 25 ul, including 2
wl of cDNA (in appropriate dilutions
determined in preliminary PCR
experiments) as well as 1 ul of each
standard in 5 different
concentrations:  10°-107

les/ul for both GAPDH and bigly-

internal

attomo-

can.

The PCR products were
separated on a 2% agarose gel. The
ethidium bromide stained gel was
photographed under UV-light with
the DC120 Digital Zoom Camera
(Eastman Kodak Company, Ro-
chester, NY, USA). The molar ratio
between the concentrations of the

biglycan gene PCR product and the
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house-keeping gene GAPDH gene
product was calculated for each
specimen after determining the
intensity of the ethidium-bromide-

stained bands visually.

Validation of the competitive RT-
PCR method

The exponential amplification range
of the RT-PCR was determined by
performing the reactions with diffe-
rent numbers of cycles (20-50
cycles) in order to avoid the so-
called “plateau” effect.

The purity of each RNA
preparation was verified, since the
presence of DNA contamination
causes false positive reactions or
overestimation of the transcripts
this,

obtained. To monitor we

selected controls for each set of
assays: 1) a positive control (rabbit
cartilage cDNA), 2) a sample in
which the reverse transcription step
had been omitted to detect conta-
minating genomic DNA, and 3)
reagent controls containing all the
necessary components for PCR, but

no template.
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2.7 Statistical analysis (paper
V)

Since the observations were not
normally distributed, Kruskal-Wallis
one way analysis of variance was

used for testing the differences
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between the groups. Thereafter,
nonparametric multiple comparisons
were performed in order to locate the
differences among the groups. The
probability (p) level of <0.05 was

considered significant.
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3. RESULTS

3.1 Cellular response and
production of hyaluronan
(paper )

None of the control corneas showed
any cellular damage or epithelial or
stromal HA staining.

Corneas exposed to UVR
at 270, 290 and 310 nm at sub-
keratitis doses showed no morpho-
logical changes or staining of HA
in corneal epithelial or stromal cells.

Corneas exposed to 270
and 290 nm UVR at keratitis doses
showed a relative loss of epithelial
cell layers three days after exposure.
Approximately two to three epithe-
lial cell layers were present at that
time. No changes were detected in
the keratocytes, nor was any ab-
normal HA production detected.

Corneas exposed to 310
nm UVR at keratitis doses showed at
day three a thin, not completely
repaired epithelium (two-three cell
layers) (Figures 1A and 1B in I). The
corneal stroma was seriously dama-
ged in the central part. Keratocytes
had disappeared completely through-
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out the entire stromal thickness of
the central cornea. Only keratocyte
fragments were left. This damaged
area was surrounded by a front of
keratocytes. The staining for HA
was found in the immediate vicinity
of the keratocytes at the border of
the damaged area. Hyaluronan was
all the time strictly associated with
the keratocytes. The peripheral parts
of the cornea were unaffected.

By seven days, the epi-
thelium had healed in corneas ex-
posed to 310 nm UVR. Much of the
damaged area had now been popu-
lated by keratocytes. These cells all
stained positive for HA. However,
the anterior one fourth of the corneal
stroma was still free of keratocytes
in the injured zone (Figures 2A and
2B in I). Still, staining for HA was
strictly confined to the keratocytes.

At fourteen days, all
specimens showed a completely
repaired stroma repopulated by

keratocytes. Only a faint red stain for
HA could be traced in the posterior

stroma surrounding some kerato-
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cytes, near Descemet’s membrane

(Figures 3A and 3B in I).

3.2 Apoptosis after single
exposure (paper Il)

DNA fragmentation assay
(TUNEL)

None of the unexposed corneas,
stained with TUNEL technique,
showed any positive signals in the
cells

keratocytes endothelial

(Figure 1A in II). Positive TUNEL

or

staining in the unexposed corneas
was limited to a few superficial
epithelial cells. No positive staining
was detected in any of the negative
controls. In contrast, all corneas,
exposed to UV-radiation, showed
drastically increased number of
positive stained cells in the treated
area.

Evaluation of corneas,
exposed to 280 nm UVR, showed at
24 hours loss of epithelial cells. Only
one or two epithelial cell layers were
present. There was a large number of
epithelial cells and superficial ke-

ratocytes that were stained TUNEL-
positive (Figure 1B in II). The
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remaining stroma and the endothelial
layer were unaffected. Seventy-six
hours after exposure the epithelium
consisted of two or three cell layers
with only a few TUNEL-positive
epithelial cells. The stroma and the
endothelial layer were normal.
Corneas, exposed to 310
nm UVR, showed at 24 hours
likewise loss of epithelial cells with
two or three layers left. TUNEL
assay showed extensive positive
signals in the epithelial cells, in
almost all keratocytes in the entire
thickness of the corneal stroma in

the treated area,

endothelial cells (Figure 1C and 1D

and also 1in

in II). The peripheral parts of the
corneas were unaffected. Seventy-
six hours after exposure keratocytes
disappeared completely in the entire
thickness of the central stroma. Only
keratocyte  fragments  remained
(Figure 1E in II). The positive
TUNEL staining was limited to a
few epithelial cells at that time point.
No signs of inflam-
mation, such as presence of leuko-

cytes or monocytes, were found in
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any corneas, 24 and 76 hours after

exposure.

Transmission electron microscopy
Transmission electron microscopy
evaluation of corneas from each
group confirmed the results received
using the TUNEL assay. None of the
corneas from unexposed eyes had
any cellular damage. No apoptotic
cells were detected in those corneas.
Twenty-four hours after exposure to
280 nm UVR epithelial cells and
keratocytes immediately beneath the
epithelial basement membrane, had
signs consistent with apoptosis: cell
shrinkage, condensation and frag-
mentation of chromatin, and cellular
blebbing with the formation of mem-
brane-bound structures that appeared
to be apoptotic bodies (Figure 2A in
II). Phagocytes also were identified
in the affected area.

In corneas, exposed to
310 nm UVR and analyzed 24 hours
after exposure, signs of apoptosis
were found even in keratocytes in

the deep stroma and in the endo-
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thelial cells (Figures 2B and 2C in
II).

3.3 Expression of Fas ligand
protein (paper Ill)

None of the negative controls show-
ed any positive FasL staining. FasL
protein was uniformly detected in
epithelial and endothelial cells in
both UVR exposed and unexposed
corneas (Figures 1A and 2A in III).
The positive staining was always
associated with cell membranes, and
it was evenly distributed through the
entire epithelial and endothelial cell
layers. There was no difference in
staining pattern of epithelial and
endothelial cells between UVR ex-
posed and unexposed corneas.

No positive staining was
detected in the keratocytes in the un-
exposed corneas (Figure 1A in III).
All corneas, exposed to 280 nm
UVR, showed positive FasL staining
of keratocytes in the anterior one
fourth of the corneal stroma in the
UVR treated area (Figures 1B and
2B in III). There was even a few

posterior keratocytes that were stai-
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ning positively for FasL in this

group. The positive keratocyte
staining in the all corneas, exposed
to 310 nm UVR was much more
intensive and extended throughout
the entire thickness of the stroma in
the UVR treated area (Figures 1C
and 2C in III). The FasL staining
was associated with the cell mem-
branes. No positive staining kerato-
cytes were found outside the treated

area.

3.4 Comparison of apoptosis
after single and repeated
exposures (paper V)

DNA fragmentation assay
(TUNEL)

None of the unexposed corneas,
stained with TUNEL technique,
showed any positive signals in the
keratocytes or endothelial cells.
Positive TUNEL staining in the
unexposed corneas was limited to a
few superficial epithelial cells. No
positive staining was detected in any

of the negative controls. In contrast,

UVR-exposed corneas showed in-
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creased number of positive staining
cells in the treated area.

All corneas exposed to a
single dose of UVR, showed at 24
hours extensive positive signals in
epithelial cells. So did almost all
keratocytes in the entire thickness of
the corneal stroma in the treated
area, and also some endothelial cells
(Figure 1A and Table 1 in IV). The
peripheral, unexposed parts of the
corneas were unaffected. At day 7
and 14 no positive signals in the
stroma or the endothelium were
detected. In the epithelium positive
staining was found in a few super-
ficial cells as in the fellow unex-
posed cornea.

All corneas, exposed to
repeated doses of UVR, showed 24
hours after the last exposure positive
TUNEL staining in epithelial cells.
The staining was as extensive in
distribution and intensity as after a
single exposure. A completely dif-
ferent staining pattern was detected
in the stroma and the endothelium.
Positive staining was found only in

very few stromal cells (Figure 1B
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and Table 1 in IV), and no positive
staining was detected in the endo-
thelium. At day 14 after the last
exposure no positive staining in the
stroma or endothelium was found,
and the staining pattern of the
epithelium was the same as that of
the fellow cornea.

The cell counting 24
hours after UVR exposure showed a
lower total number of keratocytes in
the corneas that received repeated
UVR doses compared to the corneas
that received a single UVR dose.
However, the percentage of TUNEL
positive keratocytes was conside-
rably higher in corneas received a
single UVR dose (Table 1 in IV).
The differences between these two
groups were considerable, but the
limited number of animals prevented

significance.

3.5 Expression of hyaluronan
after single and repeated
exposures (paper V)

None of the unexposed corneas
showed any cellular damage or

epithelial or stromal HA staining.
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Likewise no positive staining was
found in the specimens that served
as negative controls.

All corneas exposed to a
single dose of UVR, showed at 24
hours relative loss of epithelial cells
with two-three layers left. No po-
sitive staining for HA was found in
the epithelium or stroma. Extra-
cellular HA staining of high intensity
was found at day 7 (Figure 2A and
Table 2 in IV). This staining was
present throughout the entire central
stroma, except the anterior one-
fourth immediately underlying the
epithelium. HA was always strictly
associated with keratocytes. At day
14 only a faint HA staining was
detected in the posterior stroma,
close to the Descemet‘'s membrane
(Figure 2B and Table 2 in IV).

All corneas, exposed to
repeated UVR, showed positive
staining of very high intensity both
at 24 hours and at day 14 after the
last UVR exposure (Figures 2C, 2D
and Table 2 in IV). HA was evenly
distributed throughout

the entire

thickness of the corneal stroma. HA
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deposits were often unassociated
with keratocytes. From evaluation in
the light microscope, the HA stain-
ing was equally intense at 24 hours
and day 14 in corneas exposed to

repeated UVR.

3.6 Levels of biglycan gene
expression (paper V)
The

results of the competitive

reverse transcription polymerase
chain reaction are shown in Table 2
(in V). The competitive RT-PCR
was performed twice with each
specimen, and the results were
repeatable. GAPDH mRNA expres-

sion was observed in all specimens.
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There was no expression of biglycan

mRNA in the control

group
consisting of corneas from normal
unexposed rabbits. Three days after
exposure to UVR biglycan mRNA
was still not expressed. Seven days
after exposure biglycan mRNA was
markedly expressed in the UVR
treated corneas (p<0.05). The ex-
pression of biglycan mRNA had
decreased at 28 days after exposure
in the UVR treated corneas, how-
ever, there was no significant dif-

ference compared with the other

three groups.
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4. DISCUSSION

4.1 Action of different UVR
wavelengths and doses on the
cornea

The degree of damage produced by
UVR depends on several factors
such as applied wavelengths and ex-
posure time.'®'7° Wavelengths be-
low 290 nm are almost completely
absorbed by the epithelium and do
not penetrate the deeper lying eye
structures.*"!7! the
middle (300-320 nm) wavelengths

In contrast,

are known to be absorbed by corneal
stroma and lens.”*"'”" Previous ultra-
structural studies have shown that
the corneal stroma exposed in the
290 nm wavelength range and
shorter was resistant to UVR da-
mage, even if the exposures was as
high as 100 times the threshold level
to produce photokeratitis.'”® At the
same time exposures in the 300 nm
range and longer cause stromal

oedema, keratocyte damage and

o : 130,172-1
stromal opacification,**'"*'7

Our experiment, at the
microscopic level, showed a similar

pattern: exposure to UVR in range
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<290nm in photokeratitis doses
resulted in the superficial corneal
damage. Twenty-four hours after
UVR exposure, apoptosis was found
in the epithelium and in the super-
ficial keratocytes only. At the same
time corneas exposed to 310 nm
UVR in photokeratitis doses showed
a deep damage through all corneal
layers. Twenty-four hours after UVR
exposure, apoptotic cells were found
in the epithelium, the keratocytes
through the entire thickness of the
stroma, and in the endothelial cells.
The extent of the keratocyte free
area in the stroma 3 days after UVR
exposure was large and evident,
from the superficial stroma through-
out to the Descemet’s membrane.

No epithelial or stromal
damage was found following a
subkeratitis exposure after three

days, nor any endothelial damage.
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4.2 Mechanisms of the corneal
cellular damage after UVR
exposure

Programmed cell death, or apoptosis,
is a fundamental process that plays a
critical role during tissue develop-
ment, homeostasis, infection, wound

healing, and pathophysiology of

disease in many organs.'”*"** In
contrast to necrosis, apoptosis is a
form of involutional cell death with
limited inflammation and without
release of cellular contents that
would inflict collateral damage to
surrounding tissue."®'** Apoptosis
is recognized morphologically by
shrinkage,

cell condensation of

chromatin into dense masses
attached to the nuclear membrane,
formation of apoptotic bodies, and

phagocytosis.'*!%

Biochemically,
apoptosis can be recognized by
extensive cleavage of cellular DNA
into oligonucleosome-sized frag-
ments.**'% Although apoptosis is
not found normally in the corneal
stroma and endothelial layer, limited

number of apoptotic cells can be
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identified in the superficial epithe-
lium. %

Apoptosis  within the
corneal epithelium has been inferred
from the discovery of the dark cells
during the regeneration stage in the
rat corneal epithelium after chemical
abrasion.'” It has been suggested
that similar dark cells could re-
present deletion within the epidermis
because of hyperproliferation.'**'®
However, dark cells have also been
described in the corneal epithelium
as result of the damage caused by
UV-radiation."” Using transmission
electron microscopy, Ringvold et
al'” found keratocytes with nuclear
fragments of high electron density
and abnormal inclusions in the rabbit
corneal stroma after UVR exposure.

The present study, based
on a combination of in situ nick end
labeling and electron microscopy,
clearly defined that apoptosis is one
important mechanism of corneal cell
death after UVR exposure at photo-
keratitis doses. TUNEL assay
showed obvious differences between
and irradiated

normal corneas.
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Transmission electron microscopy
evaluation of corneas confirmed that
cells in locations where staining
occurred in the TUNEL assay had
morphologic changes, including cell
shrinkage, chromatin condensation
and fragmentation, and cellular
blebbing, consistent with apoptosis.
The lack of leukocyte infiltration
confirms the absence of a necrotic
process.

Although our impression
was that the epithelial injury
produced from 280 nm UVR was
deeper than that produced from 310
nm, the stromal damage appeared to
be minimal in those corneas. How-
ever, different types of epithelial
injury, such as manual deepithe-
lialization, scalpel or microtome

incisions, herpes simplex virus
infection, and excimer laser surgery,
may trigger apoptotic cell death of
deeper lying keratocytes through
release of cytokines (IL-1)."""'** Our
results indicate that this mechanism
of keratocyte apoptosis can be
implicated only in case of shorter

UVR wavelengths. The fact that it
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was much deeper stromal damage in
corneas that were exposed to 310 nm
UVR leads to a conclusion that UVR
at 310 nm may activate keratocyte
apoptosis directly, without invol-
vement of cytokines released from
injured epithelium.
At the present time
known molecular mechanisms that
have capacity to trigger apoptosis in
keratocytes include IL-1 receptor
177,195

and Fas receptor activation.

Fas receptor is expressed in

epithelial, keratocyte, and endo-
thelial cells in normal unwounded

human cornea.'” Fas ligand (FasL)

is expressed in epithelial and
endothelial cells, but not in the
keratocytes in the unwounded

human cornea.'”>'”® Binding of FasL
to Fas receptor leads to induction of
intracellular signals that eventually
result in apoptotic cell death.'””""
Both Fas and FasL were initially
characterized as membrane-bound
proteins, suggesting that direct cell
to cell interaction is necessary for

of Fas

200-202

activation system.

Recent studies have demonstrated
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that Fas and FasL are also expressed
as soluble cytokines.””?% Soluble
Fas, similar to numerous other
soluble cytokines and growth factor
receptors, has been shown to
compete with membrane-bound Fas
for available FasL  preventing
apoptosis in the normal epithelial
and endothelial cells which cons-
titutively express both Fas
FasL.”% It has been described by

Mohan et al*® that IL-1 release from

and

corneal epithelium after injury may
induce FasL expression in kera-
tocytes and trigger keratocyte
apoptosis through autocrine mecha-
nisms since the keratocytes consti-
tutively express Fas receptor.

In the current study, we
found that the FasL expression in the
keratocytes was very similar in
distribution to that of apoptosis after
UVR exposure. Positive FasL stain-
ing in the keratocytes was confined
to the anterior stroma in the corneas
that were exposed to 280 nm UVR.
The expression of FasL in the
keratocytes in those corneas that

were exposed to 310 nm UVR was
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much more widespread and extended
throughout the entire thickness of the
stroma in the treated area. The
pattern of FasL. expression in the
stroma of the UVR exposed corneas
and the fact that FasL. was not found
in the stroma in the unexposed
corneas strongly suggests that FasL
is involved in the regulation of
apoptosis in the corneal cells after
UVR exposure. Also, we confirmed
in the current study the previously
described finding that FasL is
expressed in the epithelial and
endothelial cells in normal unwoun-
ded corneas.'*'%

The explanation of why
310 nm UVR produces more
extensive FasL expression and sub-
sequent apoptosis in the corneal
stroma than 280 nm, can be based on
a different absorption pattern of
these wavelengths in the cornea.
Thus, it is known that UVR in 280
nm range is almost completely
absorbed by the epithelium, while
310 nm UVR is known to be
absorbed also in corneal stroma. The

pattern of FasL expression and
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apoptosis in the corneal stroma
indicate that UVR at 310 nm may
activate directly the Fas/FasL system
in keratocytes, independent from the
release of IL-1 from injured epithe-
lial cells. This hypothesis is suppor-
ted by the fact that both 280 and 310
nm UVR gave equally deep epithe-
lial damage, while stromal damage

was much bigger after exposure to

310 nm UVR.

4.3 Role of hyaluronan in the
corneal repair after UVR
exposure

The hydration, thickness and trans-
parency of the mammalian cornea is
thought to be related to the stromal
glycosaminoglycan and proteogly-
can content. Hyaluronan (HA) is
classified among the glycosamino-
glycans (GAG), and is a repeating
disaccharide composed of glucuronic
acid and N-acetylglucosamine. HA
is characterised by its unique

capacity to immobilize large

amounts of water and ions, and
affect extracellular compartmenta-

. . 210-214
lization of macromolecules.?'”
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Although HA is not normally found

in the corneal stroma, several
investigators have described that HA
is produced in cultures of rabbit and
human stromal cells.”**** HA bin-
ding sites and trace amounts of HA
have been identified on the apical
surface of the corneal endothelium in
normal corneas.**40%*'

We found, in the present
study, that extensive apoptosis oc-
curring after UVR exposure at a
photokeratitis dose at 310 nm trig-
gered reactive formation of HA.
Other investigators have shown that
apoptotis initiating cytokines, such
as IL-1 and soluble Fas, can stimu-
late  HA production in fibroblast
cultures.”?*** Yet, other cytokines
participating in the corneal wound
healing, such as transforming growth
factor beta (TGF-B) and platelet-
derived growth factor (PDGF),
upregulate expression of hyaluronan
synthase, the enzym protein involved
in HA biosynthesis, by cultured
corneal endothelial cells.***
Positive HA staining

was strictly confined to the kerato-
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all the time. It was the

cytes
keratocytes that was on the border
of the cell free area that stained
positive for HA. We believe that this
can be a sign of a cell preparedness
to move and repopulate the damaged
stroma. Several investigators have
described the HA production in the
chick embryo during a period of
corneal stromal swelling and inva-
sion by mesenchymal cells. Later,
the action of hyaluronidase in the
stroma leads to decreased levels of
HA, stromal dehydration, and cor-

225-2
S2THA may cre-

neal transparency.
ate hydrated spaces for cell move-
ment and also form a coat around
migrating cells that would block or
weaken adhesion to other cells,
preventing immobilization or preco-

225 Yet, other in-

cious development.
vestigators found that HA stimulates
migration of corneal epithelium, and
that HA plays an important role in
cell proliferation, and differen-
tiation.”””**' Longaker et al*® re-
ported a prolonged presence of HA
in the matrix of fetal wounds. The

presence of HA creates a ‘‘per-
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missive” wound environment that
promotes fetal fibroblast movement
and proliferation, and inhibits cyto-
differentiation that allows healing by
regression without fibrosis or scar
formation. The production of HA in
the healing cornea therefore may
represent a capacity for the kera-
tocyte to regress to an earlier stage
of development during healing. HA
was surrounding the keratocytes
only during the repopulation phase
of the wound healing. When the
keratocytes had repopulated the
stroma at 14 days after acute UVR

exposure, HA disappeared.

4.4 Action of single and
repeated UVR doses on the
cornea
Chronic exposure to UVR has been
associated with an increased risk of
several corneal disorders, including
pterygium, climatic droplet kerato-
pathy, and climatic proteoglycan
stromal keratopathy.

It was shown in the
present study that a single exposure

to UVR leads to production of HA.
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The maximum expression of HA
was present at day 7 after UVR ex-
posure, and 14 days after UVR expo-
sure HA had disappeared almost
completely. In contrast, corneas
exposed to repeated doses of UVR,
showed very intense positive stai-
ning for HA also 14 days after the
last exposure. This suggests that
repeated UVR exposures lead to an
increased production and accumu-
lation of HA. Such a production and
accumulation of HA may be a sign
of long-term changes in the cornea
that can lead to corneal haziness and,
eventually, to development of cor-
neal degeneration. Haze develop-
ment after excimer laser surgery and
surgical wounds has been associated
with deposition of HA in the corneal
stroma, """

An alternative possibility
is that repeated UVR could damage
some at this time unknown mecha-
nisms of HA degradation in the
cornea. It has been described earlier
that HA from the aqueous in the

rabbit eye is catabolized in the

liver.?*® The turnover mechanisms of
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HA in the cornea are still not
completely clarified. Recently, it has
been reported that the membrane
bound HA receptor (CD44) mediates
a transportation of extracellular HA
into the cytoplasm of transformed
fibroblasts and alveolar macro-
phages, where HA can be destroyed
by lysosomes.234 CD44 is normally
expressed on basal epithelial cells,
keratocytes and endothelial cells in
rabbit cornea.”*’ Hyaluronidase, an
endoglycosidase that degrades HA
and other glycosaminoglycans, has
been demonstrated immunohisto-
chemically in endothelial cells in
sections from normal adult human
cornea.”*® Further investigations into
whether CD44 or hyaluronidase
could be damaged by UVR are
needed.

The total number of
keratocytes was lower 24 hours after
the last exposure in the corneas that
received repeated UVR doses
compared to a single dose. The
possible explanation to this fact
could be a non-complete keratocyte

repopulation of the damaged central



ULTRAVIOLET RADIATION AND CORNEA

stroma after the first two UVR
exposures. However, the fraction of
apoptotic cells among stromal and
endothelial cells (percentage of
TUNEL positive cells) was also
considerably lower in the corneas
after repeated UVR exposures,
suggesting an increased resistance to
apoptosis of those cells. The in-
creased HA production, and the
resistance to apoptosis could be due
to a change in phenotype of the
corneal cells. Recently, it has been
reported that repeated epithelial
scrapings reduce the level of apop-
tosis of keratocytes in the underlying
anterior stroma.”’ One could also
hypothesize, that the presence of HA
after repeated UVR exposures may
be one of possible mechanisms
protecting the corneal cells against
further damage. Thus, it has been
suggested earlier that the presence of
HA in the anterior chamber of the
eye could be a system for scaven-
ging of free radicals.”*®* Further-
more, it has been reported that
formation after

hydroxyl radical

excimer laser photoablation is an
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important mechanism leading to
keratocyte apoptosis.”*’

It has been suggested
earlier that metallothionein (MT), a
protein that is involved in metal
detoxification, homeostasis, and
scavenging of free radicals during
oxidative damage, is synthesized by
different cell types after exposure to
ionizing radiation or UVR.**'?* The
synthesis of MT is considered as one
of the mechanisms involved in the
adaptive response to low dose ra-
diation exposure. It remains to be
clarified whether this mechanism is
involved in the adoption of corneal

cells to repeated UVR exposures.

4.5 Biglycan a novel marker of
corneal wound healing
sulfate

Biglycan is a dermatan

proteoglycan. Recently, Funder-
burgh et al> found very small
amounts of biglycan protein in the
normal human corneal epithelium
and stroma using immunoblotting.
Stromal biglycan deposits have been
identified in corneas with kerato-

conus, bullous keratopathy, edema,
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and scars.”>>° In the present study we
have used the sensitive molecular
technique of competitive reverse
transcription polymerase chain reac-
tion to analyze RNA isolated from
the corneas of rabbits exposed to
UVR and non-exposed control
corneas to assess transcripts for
biglycan. Our data show that the
biglycan gene is not expressed in the
normal rabbit corneas. Similarly,
Bianco et al>* have described using
in situ hybridization, that biglycan
gene is not normally expressed in the
human cornea. Significant biglycan
mRNA expression was noted at 7
days after UVR exposure. At that
time point the corneas revealed a
stromal edema and slight haze
during examination by slit lamp. The
expression of biglycan mRNA had
decreased at 28 days after UVR
exposure, and the corneas appeared
normal in the slit lamp. This pattern
of biglycan gene expression strongly
suggests that biglycan is involved in
the process of corneal wound healing

after UVR exposure at photokera-

titis doses.
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The role of biglycan in
corneal wound healing is a matter of
speculation. It has been described
that biglycan is expressed in tissues
with an active morphogenesis and
differentiation, suggesting that bigly-
can is involved in the regulation of
these processes.” Treatment of
cultured keratocytes by transforming
growth factor beta (TGFp) leads to
marked expression of biglycan
during transdifferentiation of kerato-
cytes to the myofibroblastic pheno-
type.**

The peak of biglycan
production was seen, similarly to
HA, at 7 days after UVR exposure.
One could speculate that biglycan
co-operates with hyaluronan during
corneal wound healing. Thus, it has
been described that biglycan is able
to associate with hyaluronan.”* Bi-
glycan may create a network that
holds hyaluronan in the corneal
stroma, preventing an early dis-
appearance of hyaluronan from the
stroma, and allowing the complete
the

repopulation of stroma by

keratocytes after UVR damage. One
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of the properties of the endogenously
produced hyaluronan is to serve as a
provisional matrix during repair after

... 48
severe corneal injuries. Why

60

hyaluronan has these unique proper-
ties may be in part explained by

interaction with biglycan.
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5. GENERAL CONCLUSIONS

e A photokeratitis dose of 310 nm UVR is needed to cause significant
keratocyte damage. A photokeratitis dose of shorter wavelengths causes
damage to epithelial cells and superficial keratocytes only, due to a very

high absorption of these wavelengths in the epithelium.

e Apoptosis, initiated by Fas/Fas ligand system activation, is one important

mechanism leading to the corneal cell death after UVR exposure.

e A photokeratitis dose of 310 nm UVR initiates apoptosis through the

entire corneal thickness.

e The keratocyte production of HA appears to be a sign of cell readiness to
repopulate the damaged stroma devoid of keratocytes after UVR

exposure.

e Repeated UVR exposures lead to increased production and accumulation
of HA in the corneal stroma. The repopulated keratocytes are much more
resistant to apoptosis than the native ones. HA accumulation is another
sign of long term changes that may lead to development of corneal

degeneration.

e There is no expression of biglycan gene in the normal rabbit cornea. UVR
exposure leads to a distinct expression of biglycan gene in the rabbit
cornea that decreases 4 weeks after exposure indicating the biglycan
involvement in the corneal repair process. Biglycan appears to be a novel

marker of the corneal wound healing.
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