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Abstract

Ultraviolet (UV) radiation in high doses may have harmful effects on the eye. The sources of UV radiation are the sun, as well as some
artificial sources such as UV lamps or voltaic arcs. Chronic exposure to UV can cause damage to the anterior pole of the eye, ranging from
minor (pterygium) to serious photokeratitis. In our study, we applied a UV dose of 6.5 Jicm? in the wavelength range of 290-400 nm, for
five consecutive days per rat anterior pole of the eye. Seven days after the last dose of radiation, the animals were sacrificed, harvesting
both the irradiated and the non-irradiated eye. Histological and immunohistochemical examination of the lesions revealed that the greatest
damage to the epithelium was recorded prior to and 2/3 of the remaining corneal stroma. The epithelial lesions we found varied from
pseudokeratosis and detachment of the Bowman epithelium membrane to deep epithelial necrosis. Within the corneal stroma, we observed
the formation of interstitial edema with disruption of the collagen structure. We also noticed the presence of an inflammatory infiltrate
composed mainly of lymphocytes and CD68+ and CD163+ macrophages, as well as the occurrence of vascular devices. These consisted
of angiogenesis capillaries with structured wall composed mainly of endothelial CD34+ precursor cells and a basal membrane rich in

collagen IV fibers.
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& Introduction

Optical radiation in the electromagnetic spectrum
includes ultraviolet (UV), visible light and infrared
radiation.

UV spectrum is located between the X-ray and visible
area, including electromagnetic radiation with wavelengths
in the range 100-400 nm. This spectrum is subdivided in
three groups: UV-A, containing wavelength 400-320 nm,
UV-B with wavelength between 320-280 nm and UV-C
with wavelength ranging between 280—-100 nm.

Solar radiation represents the main source of UV.
From solar UV spectrum, only UV-B and a small amount
of UV-A reach Earth surface, and they are responsible
for some diseases, like erythema, skin cancer, immuno-
deficiency and skin aging [1]. However, the human
body also benefits from the UV-B, due to vitamin D
synthesis at the skin level.

Beside natural UV, humans are exposed to some
artificial sources produced by fluorescent lamps in the
voltaic arc welders, incandescent mercury vapor, UV
lamps used for sterilization in surgery rooms or areas
for small children and infants.

UV exposure can be acute or chronic. The most harmful

UV effect that affects anterior pole of the eye seems to
be that generated by voltaic arc of welding devices. This
can explain the development of some ocular diseases at
welders [2].

One of the most common ocular diseases induced by
chronic UV exposure is pterygium [3-5].

In our study, we evaluated the effects of UV on
cornea after repetitive high doses exposure, particularly
if this can induce pterygium on animal model.

& Materials and Methods

After approval of Ethics Committee of University of
Medicine and Pharmacy of Craiova, Romania, we have
selected 20 Wistar rats, 10 females and 10 males, weighing
between 260-290 g from the Animal Facility of the
University of Medicine and Pharmacy of Craiova, which
have been anesthetized with 10% Ketamine (60 mg/kg
body weight) and 2% Xylazine (10 mg/kg body weight).
Afterwards, the left eyes of the animals have been exposed
to an ultraviolet source, emitted by a pump that was made
with LS-1 tungsten halogen lamp (spectral range 290—
400 nm) providing a 6.5 W output power (over the entire
spectral range).
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During the experiment, the rats were kept at room
temperature and received food and water ad [libitum.
Artificial lighting provided a 12 hours light/dark cycle.
Special environmental conditions (temperature, humidity,
air changes) were provided by a climate station.

A week after the last day of irradiation, all 20 rats
were sacrificed after intravenous Thiopental anesthesia
(50 mg/kg body weight), and then both left (irradiated)
and right eyes were collected. We kept the eyes in a
10% formalin solution for three days.

After sampling and orientation, the biological material
was embedded in paraffin. There were made serial sections
of 3 um using a Microm HM350 microtome fitted with
a special transfer section (Section Transfer System STS)
in a water bath. Then, the slides were stained with
Hematoxylin—Fosin and light green trichromic Goldner—
Szekely.

Afterwards, the sections were passed through 2%
skimmed milk for 30 minutes at room temperature to
block non-specific sites.

Finally, the sections were incubated with primary
antibodies overnight at 4°C (for 18 hours). After washing
3x5 minutes in 1% PBS biotinylated secondary antibody
was applied for 30 minutes at room temperature.

The slides were washed in 1% PBS solution, and
then Streptavidin (1:200) was applied for 30 minutes at
room temperature.

After washing in PBS, 3,3’-Diaminobenzidine (DAB)
(Dako) was applied, and then, the contrasting with
Mayer’s Hematoxylin was performed. After this, the
protocol was completed with dehydration, clearing and
mounting with DPX (Fluka).

For the THC study, we used the following antibodies:

= CD34 to highlight vessels angiogenesis;

= CD68 to study the reaction of macrophages;

= CD163 to study the macrophages involved in angio-
genesis;

= Collagen IV to study collagen synthesis membrane.

= Results

To compare the lesions done by UV exposure, we
have processed and stained normal corneas from non-
irradiated eyes from each animal. As it can be seen
(Figure 1), the cornea is composed of an anterior epithelium
(stratified, squamous tissue, without keratinization, sitting
on a basement membrane — Bowman membrane), stroma
(which is the most developed) and a posterior epithelium
(squamous tissue, lying on a thick basement membrane —
Descemet membrane).

The irradiation of the anterior pole of the eye with
UV caused significantly microscopic changes in all
histological structures of the eye.

The first aspect observed by us was the irregular
thickening and the distortion of irradiated corneas, mainly
in center, where the spotlight was higher. Growth in the
cornea thickness was determined mainly by the fluid
swelling in stroma, which led further to fibrillar collagen
disorganization at this level. Thus, collagen fibers appeared
disrupted, occasionally broken and weakly stained. Also, in

addition to fluid swelling, we observed an accumulation
of inflammatory cells and angiogenesis blood vessels at
the stroma level, which also contributed to the thickness
of the cornea (Figure 2).

Under ultraviolet light, in some places, the anterior
epithelium of the cornea appeared detached by Bowman
membrane, due to edema liquid storage between epithelium
and its basement membrane (Figure 3).

Superficial cells of the epithelium tend to exhibit
pseudo-keratinization (Figure 4), while intermediate cells
appeared polyhedral, with enlargement of intercellular
spaces and desmosomes exhibition. In the central of the
cornea, where the spotlight was most intensive, anterior
epithelium showed extensive and deep necrotic areas,
with lymphatic cells infiltration and overall denudation
of Bowman membrane.

Bowman membrane appeared thickened, wavy, with
irregular aspect and discontinuous areas, allowing the
occurrence of local micro-bleedings (Figures 5 and 6).

Corneal stroma appeared strongly infiltrated with
lymphatic and macrophages mononuclear cells. The
inflammatory infiltrate was more intensive in anterior third
of the corneal stroma and has been correlated with the
intensity of the epithelial lesions, in the sense that where
the epithelial lesions were at full intensity, the inflammatory
infiltrate was very abundant (Figures 7 and 8).

Several vessels of neoformation with size of 4 to 50 um
appeared as well. The vessels were arranged mainly in
anterior half of stroma. The blood vessels had their own
wall, formed by flattened young epithelial cells, with large
oval nucleus, junction each other, arranged on a thin
basement membrane. Due to vascular wall disruption,
located especially under anterior epithelium, red blood
cells extravasation was possible.

To better highlight the newly formed vasculature,
we used immunoblotting with CD34 antibody. CD34 is
a surface glycophosphoprotein expressed on endothelial
progenitor cells. As it can be noticed from our images,
the angiogenesis process has been correlated with the
intensity of inflammatory infiltrate and epithelial lesions.
Neoformation vessels were more numerous where the
inflammatory infiltrate was more abundant (Figure 9).

Endothelial cells CD34 are able to synthesize collagen
IV, and so new blood vessels wall appeared bounded by
a well-defined basement membrane, formed by collagen
IV (Figure 10).

Macrophages from corneal inflammatory infiltrate
were evaluated using two specific antibodies: CD68 and
CD163.

It is known that macrophages complex is formed by
a heterogeneous cell population, originating at red bone
marrow, from which, by means of blood it is distributed
as macrophages in the tissues. Until now, two types of
macrophages have been described: CD68, which has
preponderant phagocytic activity, and CD163 that elaborate
proangiogenic factors. In our study, both CD68 and
CD163 had homogenous distribution in stromal cornea
(Figures 11 and 12).

It should be noted that the number of CD68+ was
much higher than that of macrophages CD163+.
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Figure 1 — Microscopic image of normal cornea (non- Figure 2 — Histological image of irradiated cornea

irradiated). HE staining, x200. showing increase in thickness of the cornea due to
accumulation of edema fluid in the stroma, disruption
of the collagen fibers, appearance of rounded mono-
nuclear inflammatory cells and angiogenic blood vessels.
Goldner-Szekely trichromic staining, %X200.

Figure 3 — Detachment of the Bowman and Descemet Figure 4 — Anterior corneal epithelium that tend to
membranes. HE staining, x200. pseudokeratinization, separated by a basal membrane.
Goldner-Szekely trichromic staining, %X200.

Figure 6 — Detail from the previous figure, in which one
corneal epithelium. Goldner-Szekely trichromic staining, can observe necrosis of the epithelial cells, enlargement
x200. of the intracellular spaces, hematic infiltrate and

Iymphocyte-type cells, disruption of the Bowman mem-
brane with the emergence of local microhemorrhages.
Goldner-Szekely trichromic staining, x400.
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Figure 7 — Intensely vascularized stroma of the cornea, Figure 8 — Abundant inflammatory infiltrate of the
infiltrated with mononuclear round cells of lymphocytic anterior third of the cornea stroma, where the anterior
and macrophage types. Goldner—Szekely trichromic staining, epithelium was completely necrotized under the UV action
x200. (detail from the previous figure). Goldner—Szekely

trichromic staining, x400.
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Figure 9 — Neoangiogenesis vessels in the anterior half Figure 10 — Neoangiogenesis vessels with a well-formed
of the cornea stroma, at the periphery of the irradiation basal membrane formed by collagen IV. Collagen IV
area. CD34 immunostaining, %200. immunostaining, x100.
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Figure 11 — Cornea stroma with cellular infiltrate rich Figure 12 — CD163-positive macrophages uniformly
in macrophages. CD68 immunostaining, x200. distributed within the stroma of the cornea. CD163
immunostaining, x400.

7 Discussion posterior ocular structures. It is a structure constantly
exposed to a wide spectrum of radiation including UV

The comea is the transparent and avascular structure, light [6]. According to some studies, the adverse effects

which allows the transmission of incident light to
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of UV radiation include corneal stromal thinning, kerato-
conus, corneal vascularization, fibrosis and keratosis [7, 8].

The best-known effect of acute exposure to UV
radiation is photokeratitis, characterized by enhanced
apoptosis and exfoliation of the corneal epithelium, the
appearance of ulceration, inflammation and edema of the
corneal stromal structure, giving a sensation of ocular
discomfort. Pathology caused by chronic exposure is
varied, comprising numerous corneal and conjunctiva
ailments such as pterygium and keratopathy [9-11].

In our study, repeated application of UV radiation in
the wavelength range between 290—400 nm, determined
necrosis of the anterior basal epithelium membrane and
even erosion of the Bowman membrane, corresponding
to point ulcerations. In some areas, we found the
detachment of the Bowman membrane epithelium with
accumulation of edema fluid between the two structures,
indicating destruction of the junctional devices between
the epithelium and its membrane. The Bowman membrane
appeared wavy, thickened, sometimes discontinuous,
allowing the migration of lymphocytes and macrophages
in the anterior epithelium structure.

Previous studies reported that damage caused by
exposure to UV radiation depends on numerous factors,
such as the wavelength and the exposure time. Wavelengths
below 290 nm are almost completely absorbed by the
corneal epithelium and come to the structures located on a
more profound layer, while the average UV wavelength
between 300-320 nm are absorbed by the cornea and
crystalline stroma [12], causing damage to these various
structures.

UV rays act directly by phototoxicity or indirectly
through free radicals. Among the structures of the eye,
the cornea is the most exposed to oxidative stress because
it absorbs the largest amount of radiation [13].

Experimental studies have shown that UV radiation
and resulted reactive oxygen species produce large
morphological changes in the cornea. A single exposure
to UV-B radiation, cornea was sufficient to block
proliferation of endothelial cells. Higher doses of UV-B
lead to a significant reduction in the thickness of the
epithelium [14]. Experimental data demonstrated that after
exposure to UV, the rate of removal of oxygen from the
cornea decreases and the intra-cornean glucose transmission
system is inhibited [15, 16]. Following these biochemical
changes, exposure to UV causes damage both in the
epithelium of the anterior corneal stroma and the
endothelium. Microscopic evaluations during an acute
photokeratitis showed an immediate reaction of this
structure [17]. These data correspond with our observations
in which we observed detachment of both the anterior
epithelium and the endothelium under the action of UV
radiation.

Although being intensively investigated in the last
decade, cellular and molecular mechanisms underlying
UV-induced lesions [18, 19], are still far from being
completely discovered. It appears that UV activates a
number of pro-inflammatory molecules such as various
interleukins, cytokines and matrix metalloproteinases that
are responsible for cell injury. Several studies [20, 21]
showed that the UV-B radiation produce a rapid activation
of the nuclear factor kappa B (NF-kB), which in turn

causes synthesis of cyclooxygenase-2 (COX-2) and nitric
oxide synthase (iNOS), key mediators in the recruitment
of inflammatory cells and angiogenesis processes [22]. At
the level of the irradiated cornea, reactive oxygen species
are formed along with NO and other free radicals, being
responsible for the molecular and cellular changes [23].

In our study, besides the anterior epithelial lesions, we
observed at the level of the stroma the appearance of an
intense inflammatory reaction, with numerous lymphocytes
and macrophages, increased in anterior part of the corneal
stroma. This microscopic aspect shows that most of the
UV energy is absorbed by the anterior layers of the cornea.
The intensity of the inflammatory response was correlated
with the changes in the epithelium, in the sense that where
the anterior epithelium was destroyed, inflammation was
maximal. Unlike our results, Chen BY et al. [22] found
in the stroma and in the aqueous humor a number of
polymorphonuclear leukocytes, some attached to the
endothelium of the cornea of mice irradiated with UV.

Using immunohistochemical techniques, we identified
two types of macrophage inflammatory infiltrate: CD68,
which plays a major role in phagocytosis, and CD163,
with a role in angiogenesis.

The fibrillar device of the stroma of the cornea
appeared in most part to be edematous, disorganized,
with fragmented collagen fibers and low dyeability,
which indicated a change in the biochemical structure of
collagen. These changes may arise from the stromal reactive
oxygen species, in particular H,O,, producing changes
in the stromal cell proteins and lipids [24]. Both cells
from the anterior, epithelium and those from the stroma
undergo degenerative phenomena due to intense oxidative
stress and apoptosis caused by UV [25]. These phenomena
increase in intensity with the UV dose and time [26].

Like other researchers, we have observed the emergence
of angiogenic vessels in the corneal stroma, in particular
arranged in the anterior part of the structure. The
occurrence of corneal angiogenesis vessels is a matter of
debate. There are some studies that state that inflammation
is the main factor for the occurrence of angiogenesis
stimulator corneal while others disagree, arguing that
when injected with bFGF pellets, specific growth factor
for angiogenesis, the inflammatory reaction on the
histological products is minimal, despite the fact that the
newly formed vessels were represented [27, 28]. In our study
using the CD34 antibody, blood vessels appeared well
defined and were more abundant where the inflammatory
reaction was more intense. The vessels were capillary-
type, with walls consisting of immature CD34-positive
endothelial cells placed on a basement membrane rich in
type IV collagen.

The mechanisms involved in corneal vascularization
remain unknown. Some hypotheses claim that angiogenesis
clearly occurs after episodes of hypoxia by decreasing the
oxygen supply. This mechanism explains the appearance
of vessels angiogenesis in contact lenses wearers, which
prevents oxygen from reaching the corneal epithelium
by the mechanical barriers they create. Other theories
involve elevated levels of lactic acid, which has the ability
to stimulate macrophages, and these in turn, secrete
angiogenic factors [29]. In our study, we noted a strong
relationship between microvascular density and the
intensity of the inflammatory infiltrate.
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& Conclusions

Ultraviolet radiation causes damage in all of the
various corneal structures, depending on the wavelength
and exposure time. Upon the anterior epithelium, we
recorded pseudokeratinisation ranging from serious
injury to its total necrosis, lymphocytic infiltrations and
even detachment of the underlying membrane. Bowman
membrane appeared thickened, with curled areas of
discontinuity. The corneal stroma showed evidence of
an inflammatory infiltrate consisting of lymphocytes
and macrophage-type cells, the most abundant on the
front associated with a number of angiogenic vessels
with a structured wall of CD34-positive cells placed on
a basal membrane made of collagen IV. We also noted a
close relationship between the intensity of inflammatory
angiogenesis and vessel density.

References

[1] Gallagher RP, Lee TK, Adverse effects of ultraviolet radiation: a
brief review, Prog Biophys Mol Biol, 2006, 92(1):119-131.

[2] Karai |, Horiguchi S, Pterygium in welders, Br J Ophthalmol,
1984, 68(5):347-349.

[3] Brauchle M, Funk JO, Kind P, Werner S, Ultraviolet B and
H202 are potent inducers of vascular endothelial growth
factor expression in cultured keratinocytes, J Biol Chem,
1996, 271(36):21793-21797.

[4] Kennedy M, Kim KH, Harten B, Brown J, Planck S, Meshul C,
Edelhauser H, Rosenbaum JT, Armstrong CA, Ansel JC,
Ultraviolet irradiation induces the production of multiple
cytokines by human corneal cells, Invest Ophthalmol Vis Sci,
1997, 38(12):2483-2491.

[6] Golu T, Mogoanta L, Streba CT, Pirici DN, Malaescu D,
Mateescu GO, Mutiu G, Pterygium: histological and immuno-
histochemical aspects, Rom J Morphol Embryol, 2011, 52(1):
153-158.

[6] Buddi R, Lin B, Atilano SR, Zorapapel NC, Kenney MC,
Brown DJ, Evidence of oxidative stress in human corneal
diseases, J Histochem Cytochem, 2002, 50(3):341-351.

[71 Jose JG, Pitts DG, Wavelength dependency of cataracts in
albino mice following chronic exposure, Exp Eye Res, 1985,
41(4):545-563.

[8] Downes JE, Swann PG, Holmes RS, Differential corneal
sensitivity to ultraviolet light among inbred strains of mice.
Correlation of ultraviolet B sensitivity with aldehyde dehydro-
genase deficiency, Cornea, 1994, 13(1):67-72.

[9] Taylor HR, West SK, Mmbaga BB, Katala SJ, Turner V,
Lynch M, Mufioz B, Rapoza PA, Hygiene factors and increased
risk of trachoma in central Tanzania, Arch Ophthalmol, 1989,
107(12):1821-1825.

[10] Johnson GJ, The environment and the eye, Eye (Lond), 2004,
18(12):1235-1250.

[11] Coroneo M, Ultraviolet radiation and the anterior eye, Eye
Contact Lens, 2011, 37(4):214-224.

[12] Podskochy A, Protective role of corneal epithelium against
ultraviolet radiation damage, Acta Ophthalmol Scand, 2004,
82(6):714-717.

Corresponding author

[13] Balci M, Sahin S, Mutlu FM, Yagci R, Karanci P, Yildiz M,
Investigation of oxidative stress in pterygium tissue, Mol Vis,
2011, 17:443-447.

[14] Cejkova J, Stipek S, Crkovska J, Ardan T, Platenik J, Cejka C,
Midelfart A, UV rays, the prooxidant/antioxidant imbalance in
the cornea and oxidative eye damage, Physiol Res, 2004,
53(1):1-10.

[15] Lattimore MR Jr, Glucose concentration profiles of normal
and ultraviolet radiation-exposed rabbit corneas, Exp Eye
Res, 1988, 47(5):699-704.

[16] Lattimore MR Jr, Effects of ultraviolet radiation on the oxygen
uptake rate of the rabbit cornea, Optom Vis Sci, 1989, 66(2):
117-122.

[17] Olsen EG, Ringvold A, Human corneal endothelium and
ultraviolet radiation, Acta Ophthalmol (Copenh), 1982, 60(1):
54-56.

[18] Alexander G, Carlsen H, Blomhoff R, Corneal NF-kappaB
activity is necessary for the retention of transparency in the
cornea of UV-B-exposed transgenic reporter mice, Exp Eye
Res, 2006, 82(4):700-709.

[19] Kitaichi N, Shimizu T, Yoshida K, Honda A, Yoshihisa Y,
Kase S, Ohgami K, Norisugi O, Makino T, Nishihira J,
Yamagishi S, Ohno S, Macrophage migration inhibitory factor
ameliorates UV-induced photokeratitis in mice, Exp Eye Res,
2008, 86(6):929-935.

[20] Lee DH, Kim JK, Joo CK, Translocation of nuclear factor-
kappaB on corneal epithelial cells induced by ultraviolet B
irradiation, Ophthalmic Res, 2005, 37(2):83-88.

[21] O'Dea EL, Kearns JD, Hoffmann A, UV as an amplifier rather
than inducer of NF-kappaB activity, Mol Cell, 2008, 30(5):
632-641.

[22] Chen BY, Lin DP, Wu CY, Teng MC, Sun CY, Tsai YT, Su KC,
Wang SR, Chang HH, Dietary zerumbone prevents mouse
cornea from UVB-induced photokeratitis through inhibition
of NF-kB, iNOS, and TNF-a expression and reduction of
MDA accumulation, Mol Vis, 2011, 17:854—863.

[23] Wu S, Wang L, Jacoby AM, Jasinski K, Kubant R, Malinski T,
Ultraviolet B light-induced nitric oxide/peroxynitrite imbalance
in keratinocytes — implications for apoptosis and necrosis,
Photochem Photobiol, 2010, 86(2):389-396.

[24] Mehlhase J, Grune T, Proteolytic response to oxidative stress
in mammalian cells, Biol Chem, 2002, 383(3-4):559-567.

[25] Cullen AP, Photokeratitis and other phototoxic effects on
the cornea and conjunctiva, Int J Toxicol, 2002, 21(6):455—
464.

[26] Muresan S, Filip A, Muresan A, Simon V, Moldovan R, Gal AF,
Miclaus V, Histological findings in the Wistar rat cornea
following UVB irradiation, Rom J Morphol Embryol, 2013,
54(2):247-252.

[27] Fournier GA, Lutty GA, Watt S, Fenselau A, Patz A, A coneal
micropoket assay for angiogenesis in the rat eye, Invest
Ophthalmol Vis Sci, 1981, 21(2):351-354.

[28] Kenyon BM, Voest EE, Chen CC, Flynn E, Folkman J,
D’Amato RJ, A model of angiogenesis in the mouse cornea,
Invest Ophthalmol Vis Sci, 1996, 37(8):1625-1632.

[29] Jensen JA, Hunt TK, Scheuenstuhl H, Banda MJ, Effect of
lactate, pyruvate, and pH on secretion of angiogenesis and
mitogenesis factors by macrophages, Lab Invest, 1986,
54(5):574-578.

Laurentiu Mogoanta, Professor, MD, PhD, Research Center for Microscopic Morphology and Immunology, University
of Medicine and Pharmacy of Craiova, 2 Petru Rares Street, 200349 Craiova, Romania; Phone +40351-461 458,

e-mail: laurentiu_mogoanta@yahoo.com

Received: May 14, 2013

Accepted: December 28, 2013




