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Purpose: Excessive exposure to sunlight may be a risk factor for ocular diseases and reduced visual performance. This
study was designed to examine the ability of an ultraviolet (UV)-blocking spectacle lens to prevent visual acuity decline
and ocular surface disorders in a mouse model of UVB-induced photokeratitis.

Methods: Mice were divided into 4 groups (10 mice per group): (1) a blank control group (no exposure to UV radia-
tion), (2) a UVB/no lens group (mice exposed to UVB rays, but without lens protection), (3) a UVB/UV400 group (mice
exposed to UVB rays and protected using the CR-39™ spectacle lens [UV400 coating]), and (4) a UVB/photochromic
group (mice exposed to UVB rays and protected using the CR-39™ spectacle lens [photochromic coating]). We investi-
gated UVB-induced changes in visual acuity and in corneal smoothness, opacity, and lissamine green staining. We also
evaluated the correlation between visual acuity decline and changes to the corneal surface parameters. Tissue sections
were prepared and stained immunohistochemically to evaluate the structural integrity of the cornea and conjunctiva.
Results: In blank controls, the cornea remained undamaged, whereas in UVB-exposed mice, the corneal surface was
disrupted; this disruption significantly correlated with a concomitant decline in visual acuity. Both the UVB/UV400
and UVB/photochromic groups had sharper visual acuity and a healthier corneal surface than the UVB/no lens group.
Eyes in both protected groups also showed better corneal and conjunctival structural integrity than unprotected eyes.
Furthermore, there were fewer apoptotic cells and less polymorphonuclear leukocyte infiltration in corneas protected
by the spectacle lenses.

Conclusions: The model established herein reliably determines the protective effect of UV-blocking ophthalmic bioma-
terials, because the in vivo protection against UV-induced ocular damage and visual acuity decline was easily defined.

© 2015 Molecular Vision

The anterior layers of the eye, particularly the cornea and
conjunctiva, are important in ultraviolet (UV) light absorp-
tion. The physiologic effects of UV rays on these layers are
strictly correlated with their wavelengths. Accordingly, the
UV spectrum is subdivided into three classes: UVA (320400
nm), UVB (290-320 nm), and UVC (200-290 nm) [1]. Studies
have shown that UVB radiation confers a higher risk of ocular
surface disease than does UVA [2,3]. UV radiation, especially
UVB, plays a major role in the pathogenesis of both photo-
keratitis and photoconjunctivitis [2,3] through its ability to
cause direct and indirect cellular damage. This involves a
complex process of cell death, matrix remodeling, oxida-
tive stress, and inflammation [4-7]. Therefore, there is great
demand for novel and effective strategies aimed at reducing
UV photodamage and associated visual health problems.

Several studies [8,9], as well as our previous laboratory
experiments [5-7], have revealed that repeated irradiation
of the mouse cornea using UVB radiation causes gradually
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worsening abnormality in the corneal tissue. This is accom-
panied by inflammation and the development of an irregular
morphology, as well as by metabolic disturbances in the
cornea. Under UVB irradiation, corneal damage is medi-
ated through increased levels of lipid peroxidation products
(malondialdehyde and 4-hydroxynonenal) [5,7,9], inflamma-
tory mediators (NF-kB and COX-2) [5-7,10], cell death factors
(Fas receptor) [6], and matrix metalloproteinases (MMP-9
and MMP-2) [7,11]. Studies have shown that certain natural
antioxidants or therapeutics, such as zerumbone [5], a-lipoic
acid [7], lornoxicam [10], and (-)-epigallocatechin-3-gallate
(EGCQ) [12], prevent UVB-induced corneal pathology and
UV photodamage in the mouse cornea. This is because of
their ability to combine oxidative stress reduction with the
promotion of defense mechanisms by increasing the levels of
endogenous antioxidant enzymes. Furthermore, UV-blocking
soft contact lenses have been demonstrated to protect the
cornea [6,9], crystalline lens [13,14], and retina [9] from
UV photodamage in animal models. Specifically, in our
own laboratory, certain beneficial effects on the cornea of
UV-blocking soft contact lenses have been investigated in
vivo using a mouse model of UVB keratitis [6]. Based on
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these previous experiments, we have used a 0.72 J/cm? daily
dose of UVB for 7 days in the experiment presented herein.

A reflective film coating on spectacle lenses is known to
provide numerous visual benefits to wearers [15,16]. However,
spectacle lenses coated with UV-absorbing or UV-reflective
monomers specifically reflect UV wavelengths, which lie
outside the visible spectrum, so as to reduce UV transmit-
tance to the eye. However, it is unclear whether these lenses
protect corneal structures or visual performance. The present
study provides clinical insights that have not been addressed
in previous reports into protection of the visual system from
UV wavelengths. The study examined the UV-blocking
properties of two varieties of the CR-39™ spectacle lens:
one with a UV400 coating and another with a photochromic
coating (Transitions®). We used a mouse model involving
UV-induced changes to the anterior eye and to visual
function.

METHODS

Mouse model and experimental design: Female imprinting
control region (ICR) mice (6 to 7 weeks) were purchased
from the National Laboratory Animal Center, Taipei, Taiwan.
All mice were examined using a dissecting microscope and
slit lamp microscope before experiments. Only mice with
normal ocular surfaces and visual acuity were included in the
experiments. All procedures were approved by the Animal
Care and Use Committee of Chung Shan Medical University
and followed the ARVO guidelines for animal care and use.
Ocular surface pathologies were induced using a UVB lamp
(peak wavelength: 312 nm; power density: 8 mW/cm?; dura-
tion: 90 s, once daily, 7 days; total daily exposure: 0.72 J/cm?/
day; CN-6, Vilber Lourmat, Germany) [5-7]. The experiment
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was performed at the same time each day. The UVB wave-
length ranged from 280 nm to 320 nm, with a peak at 312
nm. The mice were split into four groups: (1) a blank control
group, where mice were not exposed to UVB; (2) a UVB/
no lens group, where mice were exposed to UVB rays, but
without spectacle lens protection; (3) a UVB/UV400 group,
where mice were exposed to UVB rays and covered using
the CR-39™ gpectacle lens with UV400 coating (SMJ Hold-
ings Pte. Ltd., Tainan, Taiwan); and (4) a UV B/photochromic
group, where mice were exposed to UVB rays and covered
using the CR-39™ gpectacle lens with photochromic coating
(Transitions®; SMJ Holdings Pte. Ltd., Tainan, Taiwan). To
briefly describe the procedure, after general anesthesia, the
mouse eyes in the relevant groups were covered using the
CR-39™ gpectacle lens and then exposed to UVB (Figure 1).
The distance between the mouse cornea and UVB lamp was
approximately 15 cm. After each daily UVB exposure, the
mice in the exposed groups were allowed to recover for 15
min, during which saline eye drops were applied two to three
times to avoid dryness on the eye surface. The mice were then
treated topically with 1 pl of 0.4% ketorolac to reduce ocular
pain. Each spectacle lens used in this study was repetitively
exposed to UVB.

Mouse visual acuity analysis: In all the UVB-exposed
groups, visual acuities were measured on Day 0 before UVB
exposure (baseline) and on Day 7 after UVB exposure.
Measurements were made using a modified optokinetic head-
tracking response system [17-19], a behavioral measure of
visual acuity. In the blank control group, the mouse visual
acuities were measured on Day 0 (baseline) and on Day 7.
Visual acuity was measured by single-blinded, independent
observers.

Day0 Dayl1 Day2 Day3 Day4 Day5 Day6 Day7 Day8

Blank control group

1
|
UVB/noIensgroupi Y S S S S S 'Y
UVB/CR-39™ lens (UV400 coating) group 55— F
UVB/CR-39™ lens (Photochromiccoating)groupi T 5 57 F F §F %
UVB EXPOSURE
Histological Analysis
Visual Acuity Analysis by
Optokinetic Head-Tracking Response System A& -@
Macroscopic Observation and Scoring @ @

C

CR-39™ Lens CR-39™ Lens (Photochromic coating)

(UV400 coating)

Before UVB exposure After UVB exposure

Figure 1. Experimental groups and experimental protocol for CR-39™ spectacle lens protection. A: Daily UVB light exposure (indicated
by arrows) once daily to a total amount of 0.72J/cm? was performed from Day 1 to Day 7, with or without CR-39™ spectacle lenses. No
lens was given to the UVB group or the blank control group. B and C: An actual experimental preparation of mouse eyes covered with
CR-39™ gpectacle lens was demonstrated. A representative mouse, after being anesthetized, covered by a CR-39™ [ens with UV400 and

photochromic coating, and was exposed to UVB.
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Macroscopic observation, parameters, and scoring of
corneal smoothness, opacity, and Lissamine green staining:
All mice were anesthetized before assessment. Corneas were
observed macroscopically and topographically on both Day 0
and Day 8. One eye from each mouse was randomly selected
to assess corneal smoothness and opacity. This assessment
was performed using a topographer that projects a single
illuminated ring, followed by a series of illuminated rings,
onto the corneal surface. After assessing corneal smoothness
and opacity, the second eye from each mouse was subjected
to corneal staining using 1 pl of 1% lissamine green (Sigma—
Aldrich, St. Louis, MO). Images of the corneal surface
were taken, and smoothness, opacity, and lissamine green
staining were scored according to a graded scale of severity.
The details of this scoring system have been published previ-
ously [5-7]. Briefly, corneal smoothness in all groups was
scored as 0 (no distortion), 1 (distortion in one quadrant of
the ring), 2 (distortion in two quadrants of the ring), 3 (distor-
tion in three quadrants of the ring), 4 (distortion in all four
quadrants of the ring), or 5 (severe distortion in which no
ring was distinguishable). Corneal opacity was scored in all
groups as 0 (normal cornea without haze), 1 (mild haze), 2
(moderate haze with visible iris), 3 (severe haze with invisible
iris), 4 (severe haze with corneal ulceration), or 5 (severe haze
with corneal ulceration and angiogenesis). Corneal lissamine
green staining was scored as 0 (without punctuate staining), 1
(less than 20% of the corneal surface with scattered punctuate
staining), 2 (20%—40% of the corneal surface with diffuse
punctate staining), 3 (40%—60% of the corneal surface with
diffuse punctate staining), 4 (60%—80% of the corneal surface
with diffuse punctate staining), or 5 (more than 80% of the
corneal surface with abundant staining) in all experimental
groups. A total pathological change score was calculated by
adding the three individual scores to give a result from 0 to
15. All scoring was performed by two observers who had no
prior knowledge of UVB exposure or the study groups.

Histological analysis, immunohistochemistry, and TUNEL
staining: All mice were euthanized by CO, inhalation 24
h after final UVB exposure on Day 8. The eyeballs were
immersed in 4% formalin fixative overnight. After conven-
tional paraffin embedding and histological section prepara-
tion, samples were examined using either hematoxylin-eosin
or periodic acid Schiff (PAS) staining [5-7]. The thickness of
the outer nuclear layer (ONL) was measured parallel to the
vertical meridian of the eye at a distance of 1 mm from the
optic nerve head. For immunohistochemistry, tissue sections
were boiled in a citrate buffer (pH 6.0) to retrieve the antigen
and then subjected to standard procedures of antibody incu-
bation and color detection, as well as counterstaining using
hematoxylin. The primary antibodies used in this study
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were anti-MMP-9 (1/100 dilution, NB110—-89719), anti-CK5
(1/600 dilution, NBP1-67613), and anti-Fas (1/100 dilution,
NBP1-41407), which were purchased from Novus Biologicals
(Littleton, CO), and anti-P63 (1/50 dilution, sc-8431), which
was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). To measure end-stage apoptosis, a terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) assay
was performed using the ApoBrdU-IHC DNA Fragmenta-
tion Assay Kit (BioVision) according to the manufacturer’s
instructions.

Statistical analysis: All data were obtained from eight indi-
vidual mouse corneas. Statistics were analyzed using the
SPSS program (SPSS, Inc., Chicago, IL), and graphs were
generated using Microsoft Excel 2010. The data obtained
from all groups were analyzed using the Kruskal-Wallis
nonparametric ANOVA, and the Mann—Whitney U-test for
pairwise comparisons in cases when the Kruskal-Wallis test
was significant. The data obtained on Day 7 were compared
with the baseline measurements using a paired ¢-test. The
results were considered statistically significant at p<0.001.
The correlation between visual acuity decline and changes to
the corneal surface was assessed using Pearson’s correlation
test. The results were considered significant at p<0.05.

RESULTS

Effects of spectacle lens with anti-UV coating on the ocular
surface protection after UVB exposure: Macroscopically,
none of the control mice had evidence of disorders on the
corneal surface. The healthy cornea under topographical
analysis showed a smooth white-light ring reflecting off the
cornea (Figure 2A), a regular topographic pattern (Figure
2E), a transparent corneal surface (Figure 2I), and no lissa-
mine green staining (Figure 2M). By comparison, the corneas
of the UVB/no lens group showed less smoothness (Figure
2B), an irregular topographic pattern (Figure 2F), severe
corneal opacification, edema (Figure 2J), and large dark blue
devitalized epithelial areas (Figure 2N). After UVB expo-
sure, the pathological changes to the mouse corneal surface
were similar to our previous reports [5-7]. By contrast, the
corneas of both the UVB/UV400 (Figure 2C,G,K,0) and
UVB/photochromic groups (Figure 2D,H,L,P) were normal,
without evidence of disorders on the surface.

The differences among the experimental groups
regarding the corneal smoothness score (Figure 2Q), corneal
opacity score (Figure 2R), and corneal lissamine green
staining score (Figure 2S) were analyzed quantitatively. In
the UVB/no lens group, the mean corneal surface disorder
scores were significantly higher than those of the other groups
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Figure 2. Representative photos for corneal surface evaluation among the experimental groups after daily treatments of UVR (0.72J/cm?/
daily) for a period of 7 days. A-D: The corneal smoothness. E-H: The corneal topography. I- L: the corneal opacity and M-P: the corneal
lissamine green staining among the four study groups were assessed as parameters for the in vivo UVB protective properties. The photos in
the bottom row of M, N, O, and P are the corresponding negative images. Q, R, and S: Quantitative analyses (n = 10 per group) were also
performed. The results show that all scores were reduced with the shield protective effects from spectacle lens. All scale bars: 1.25 mm.
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Figure 3. The benefit of both CR-39™ spectacle lenses in visual performance against UV radiation. A: The UV-induced decline in visual
acuity was significantly prevented by CR-39™ spectacle lens protection. B, C, and D: Scatterplots demonstrating the relationship between the
changes in corneal smoothness, corneal opacity, and corneal lissamine green staining scores and the reduced degrees of visual acuity after
UVB exposure. E and F: Scatterplots demonstrating the relationship between the changes in total corneal pathological changes scores, and
baseline visual acuity and the reduced degrees of visual acuity after UVB exposure. G: HE staining showing the normal cornea and retina
of the blank control mouse. H: HE staining showing severe damage in the corneal tissue of the unprotected mouse, in which no evidence
of histological abnormality was found in the retinal photoreceptor. I: The outer nuclear layer thickness for UVB-exposed and blank control
mice was valued. Values were mean+SD (n=6, each group). There were no statistically significant differences between the two groups at
any distance point. ONL: outer nucleus layer. ONH: optic nerve head. Scale bars: 35 mm.
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(p<0.001). Particularly, no abnormal corneas were evident in
either of the CR-39™ spectacle lens groups.

Effects of spectacle lens with anti-UV coating on visual
performance after UVB exposure: None of the control mice
(non-UVB exposed) had evidence of vision problems, as
measured by the optokinetic head-tracking response system, a
behavioral measure of visual acuity. On the other hand, visual
acuity in the UVB/no lens group had declined significantly
on Day 7 after UVB exposure (0.107+0.049 cycles per degree
[cpd]) from baseline (0.393+£0.053 CPD; p<0.001; Figure 3A).

Conversely, the visual acuity values in both the UVB/
UV400 (0.389+0.054 cpd) and UV B/photochromic groups
(0.387+£0.084 cpd) were similar to the baseline level
(0.401+0.052 and 0.407+0.049 cpd, respectively) at the end of
Day 7 (Figure 3A). As a comparison, the mean visual acuities
in the control group were 0.392+0.097 cpd at baseline and
0.390+0.054 cpd at the end of Day 7. Significant differences
were found among the UVB/no lens, UVB/UV400, and UVB/
photochromic groups with regard to visual acuity scores
on Day 7 (p<0.001), but not between the UVB/UV400 and
UVB/photochromic groups (Figure 3A). Taken together, we
surmise that the unprotected corneas of mice in the UVB/no
lens group exhibited different levels of visual acuity decline
precisely because of the different degrees of pathological
change on the corneal surface.

Decline in visual performance is correlated with the prog-
ress of corneal pathological changes after UVB exposure:
The visual acuity of the unprotected group declined signifi-
cantly, from 0.39340.053 cpd at baseline to 0.107+0.049 cpd
after UVB exposure (p<0.001). The decrease during the
study period was 0.286+0.081 cpd. We therefore analyzed
the correlation between this reduced visual acuity and
the aforementioned corneal pathological changes; that is,
corneal smoothness, opacity, and lissamine green staining.
Only the data from the UVB/no lens group were analyzed in
this regard. After UVB exposure, the visual acuity decline
showed significant simple correlation with the changes in all
three scores: the corneal smoothness score (Pearson’s correla-
tion coefficient; r=0.792, p=0.006; Figure 3B), the corneal
opacity score (r=0.795, p=0.006; Figure 3C), and the corneal
lissamine green staining score (1=0.524, p=0.012; Figure 3D).
Moreover, visual acuity decline was significantly correlated
with the total pathological change score (r=0.807, p=0.005;
Figure 3E), but not with the baseline visual acuity (r=0.269,
p=0.058; Figure 3F).

Lens opacity or loss of retinal cells would also
contribute to a decline in visual performance. At the end
of the experiment, the changes in lens transparency in the
UVB-exposed eyes were too mild to be visualized using slit
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lamp examination. Microscopically, the retinal tissues in the
UVB-exposed eyes were normal—no severe degeneration of
the retinal photoreceptors occurred (Figure 3G,H). Further-
more, there were no significant differences between the blank
control and UVB/no lens groups with regard to the thick-
ness of the retinal ONL (Figure 3I). Thus, the UVB-induced
corneal pathological changes in mice may be the predominant
influencing factor in visual acuity decline, and this resulted
in the significant correlation seen.

Spectacle lens with anti-UV coating protected against the
UVB-induced degeneration of ocular surface: Microscopi-
cally, no evidence of histological abnormality was found in
the corneal tissue from the control (Figure 4A), UVB/UV400
(Figure 4C), and UVB/photochromic groups (Figure 4D). In
contrast, the cornea from the UVB/no lens group revealed
severe lesions, with thin corneal epithelium, friable edema-
tous stroma (Figure 4B), and polymorphonuclear (PMN)
leukocyte infiltration (Figure 4B; indicated by arrow). The
infiltrative PMN leukocytes in the corneal lesions may
produce certain proteolytic enzymes; indeed, MMP-9 was
found on the corneal surface using immunohistochemistry
(Figure 4F). These enzymes may not only degrade the extra-
cellular matrix molecules in the stroma, but also destroy the
structural integrity of the epithelium with varying degrees of
severity. On the other hand, no evidence of the MMP-9 protein
was detected in the corneal tissue of the control (Figure 4E),
UVB/UV400 (Figure 4G), and UVB/photochromic groups
(Figure 4H). The differences among the groups with regard
to corneal epithelial thickness (Figure 4I) and PMN leukocyte
counts (Figure 4J) were analyzed using quantitative analysis
(p<0.001).

Corneal surface layer epithelium is a self-renewing tissue
that contains P63+ basal cells (Figure 4K) and CK-5+ epithe-
lial cells (Figure 40). Consistent with our previous reports
[5-7], in the unprotected cornea after UVB exposure, the
surface CK-5+ epithelium had been thinned to three or four
layers (Figure 4P); and P63+ basal cells with regeneration
capacity became scarce (Figure 4L). Conversely, upon UVB
irradiation, the degeneration of P63+ basal cells and CK-5+
epithelium was significantly suppressed in the corneas of
both the UVB/UV400 (Figure 4M,Q) and UV B/photochromic
groups (Figure 4N,R). In addition, we compared apoptotic
cell counts in the corneas among the experimental groups
using TUNEL labeling. More TUNEL-positive cells were
detected in the corneal lesions (Figure 4T) of the unprotected
cornea than in those of the 2 spectacle lens-protected groups
(Figure 4U,V) after UVB exposure. There were no apoptotic
cells detected in corneas of the control group (Figure 4S). It


http://www.molvis.org/molvis/v21/846

Molecular Vision 2015; 21:846-856 <http://www.molvis.org/molvis/v21/846> © 2015 Molecular Vision

uvB 50 -

30 -
20
10
TS taee ..;‘73 ":_’.‘:;’;z’?‘?f‘;_‘f?ﬁ'ﬁ: e o

Py o . su’ s me N TR e
o @ waseet S sTete " e T T LT k%S0 20 aoa® Gt 0y 20 n:"i"’-c"_-:‘ L5200 il 0/9 01/ OP (/be

Blank control no Lens uv400 Photochromic

8
p <0.001 |
p <0.001

'™
Rl

Corneal epithelium thickness
(pum)

G_ H_

~ =

MMP-9
'
S
i~

25 4
uUvB

Blank control no Lens uv4o00 Photochromic
K L M N

20 1

el B =
-
=3
=]
o
v
Q

p <0.001

15 4

= . | o - o o y e ]
-~ - - - ® -, ® e ~
~ ;

= R T AR § %e 008 e - ® g "B e 10 1
[sha g :."‘.o:'ﬁ.c,.. ¥ SOV 0] |t entBur e LS onny |00 @ et Uy 00T Saue]

P63
Leucocytes count in the

corneal stroma per 100 mm 2

(o)

CK-5

AA <

50 1

TUNEL

40 A
30 A
20 1
10 4
o 4

Figure 4. UV-blocking spectacle lens ameliorate UVB-induced damage of ocular surface and inflammation. A-H: Histological analysis
showing disordered corneal surface structure and inflammation in the unprotected cornea, but not in the CR-39™ spectacle lens-protected
cornea. The polymorphonuclear (PMN) leukocyte infiltration were found in the stromal layer (indicated by arrow in B). Quantitative analyses
of the corneal epithelium thickness in I and polymorphonuclear leukocytes infiltration in J among the study group (n = 8 per group). K-V:
Immunostaining showing evident inhibition of UV-induced loss of corneal cells (P63+ basal cells and CK-5+ epithelial cells) and UV-induced
apoptosis by CR-39™ spectacle lens protection. W-Z: PAS staining showing that the UV-induced reduction of conjunctival goblet cells
was significantly prevented by CR-39™ spectacle lens protection. AA: Quantitative analyses of goblet cells within the fornix conjunctival
epithelium among the study group (n = 8 per group). EP: corneal epithelium. ST: corneal stroma. All scale bars: 25 pm.

Photochromic

U\ I

Goblet cells count in the
fornix conjunctiva per 400 mm 2

AL

PAS

852


http://www.molvis.org/molvis/v21/846

Molecular Vision 2015; 21:846-856 <http://www.molvis.org/molvis/v21/846>

follows that both spectacle lenses had a significant protective
effect.

Next, the conjunctival epithelium was examined using
PSA staining. In addition to the previous findings, fewer
conjunctival goblet cells (pink color) were observed in
the UVB/no lens group (Figure 4X) after UVB exposure.
However, abundant goblet cells occurred in the conjunctival
epithelia of the UVB/UV400 (Figure 4Y) and UVB/photo-
chromic groups (Figure 4Z), as well as in the control group
(Figure 4W). The differences among the experimental groups
with regard to goblet cell count analyzed quantitatively (P <
0.001; Figure 4AA). Both types of CR-39™ spectacle lens
with anti-UV coating significantly protected the corneal and
conjunctival epithelia from UVB-induced cell death and
degeneration.

DISCUSSION

UV phototoxicity is important in the processes associated
with pathological changes to the ocular tissue. The risks of
excess ocular tissue exposure to UV are well recognized, but
the requirement for eye protection is frequently overlooked.
Furthermore, the specific physiologic effects on vision in
vivo of UV-blocking spectacle lenses or sunglasses are not
well understood, despite the fact that such lenses are widely
recommended. The human and mouse corneas absorb most
300 nm wavelength UVB [20,21], and although the UV trans-
mittance of spectacle lenses, such as the CR-39™, has been
confirmed using physical spectrophotometric methods, most
coatings reflect UV radiation at unacceptably high levels
[15,22]. Specifically, these lenses absorb all UVB and at least
99% of UVA [22].

However, the benefits of coating the CR-39™ using
either UV400 or a photochromic coating (Transitions®) have
not yet been elucidated. Particularly, the extent of improve-
ment to visual performance, as well as to the prevention of
UV-induced ocular damage, is not known. The present study
showed a correlation between visual acuity decline and
UV-induced corneal pathological changes in a mouse model,
and indicated that mice that were irradiated using UVB and
protected using the CR-39™ spectacle lens with anti-UV
coatings maintained better visual acuity than unprotected
mice.

Even though UVB irradiation is known to cause corneal
damage in this mouse model [5-7], the influence of several
UV-induced corneal pathological changes on visual acuity
decline had not been previously reported. Reduced visual
acuity can be clinically attributable to retinopathy, cata-
ract, and corneal haze, as well as to certain corneal surface
changes. The results here showed that, in UVB-exposed
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mice, changes in corneal smoothness, opacity, and lissamine
green staining were significantly correlated with reduced
visual acuity (Figure 3B-D). Furthermore, the progress of
overall UV-induced corneal pathological change was signifi-
cantly correlated with visual acuity decline (Figure 3E). By
way of comparison, the visual acuities of mice in the two
anti-UV-coated CR-39™ spectacle lens groups (UV400
and photochromic-coated lenses) were better-protected
during UVB irradiation. The visual acuity in both these
groups remained at the baseline level after UVB exposure
(Figure 3A). Moreover, no evidence of abnormal changes on
the cornea was found in these protected groups after UVB
exposure (Figure 2). Our results suggest that the prevention
of UV-induced damage and the protection of visual acuity
in both types of CR-39™ spectacle lens is mediated by the
UV reflective coating, since protection against UV-induced
pathological changes on the cornea and vision in vivo was
observed.

As we have previously shown, contact lenses with
UV-blocking substrates may protect against UV irradiation-
dependent thin epithelialization, stromal inflammation, and
altered structural integrity in the mouse cornea [6]. The
effect of UV irradiation-dependent oxidative stress on the
unprotected cornea has also been investigated. Specifically,
reactive oxygen species (ROS) levels and lipid peroxidation
were significantly higher, whereas the antioxidant capacity
was significantly lower, in unprotected mouse cornea after
UVB exposure than in corneas protected using UV-blocking
contact lenses [6,9]. Similarly, both antioxidant capacity and
ascorbic acid levels in the aqueous humor have been found to
be significantly lower in unprotected rabbit cornea after UVB
exposure than in rabbit cornea protected using UV-blocking
contact lenses [13]. Furthermore, oxidative stress has been
suggested to activate certain pathological pathways that lead
to progressive corneal thinning, apoptosis, and tissue degen-
eration, three major hallmarks of corneal photodamage. Also,
UV cell-death induction in corneal epithelial cells has been
visualized using transmission electron microscopy [10,13],
and the mediators of such cell death in the UV-exposed
cornea have been shown through immunohistochemistry to
be NF-kB and COX-2 [5-7,10]. UV-blocking contact lenses
have been demonstrated to significantly decrease cell death
in the cornea in both rabbit [13] and mouse models [6,9]. It is
likely that UV-blocking tints in the CR-39™ spectacle lens
(such as the UV400- and photochromic-coated lenses used
in the present study) would yield an even more significant
difference in ocular surface protection. As evidence for this,
corneal structural integrity was better preserved and more
goblet cells occurred in the conjunctival epithelium in both
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CR-39™ gpectacle lens treatment groups than in the unpro-
tected cornea (Figure 4E).

The production and activity of MMPs on the ocular
surface have been found in patients with ocular surface
inflammation [23,24]. In addition, the UV induction of MMPs
like MMP-9 or MMP-2 can destroy the corneal basement
membrane and cause pathological degradation of stromal
collagen and proteoglycans [25,26]. UV blocking has been
shown to attenuate the UV-induced production of MMPs by
the corneal tissue in rabbit [11]; and the present study has
now shown the same phenomenon in mouse. On the basis of
these findings, it follows that UV-induced MMP production
and activation initiate proteolytic activity, and contribute to
pathological changes on the corneal surface. Such changes
include roughness (Figure 2B) and opacification (Figure 2J).
Additionally, inflammatory cells recruited to corneas by
inflammation (Figure 4B,F) are thought to affect keratitis,
which undoubtedly sustains and amplifies MMP activity [11].
The pathological effect of UV-induced inflammation and
MMP production in the mouse conjunctival epithelium were
not analyzed in the present study.

The clinical condition pterygium is an inflammatory and
UV-related lesion on the ocular surface. In the current study,
we think that MMPs contributed to pterygium pathogenesis
[27-29], degradation of conjunctival or corneal tissue [28,29],
and the role of UV induction of MMPs from ocular surface
cells [29,30]. For this reason, ocular protection from solar
UV radiation has been emphasized to avoid excess oxida-
tive stress- or MMP-mediated tissue degeneration processes
within the ocular tissue.

The daily dose of UVB used in this study (0.72 J/cm?)
approaches the reported threshold for developing corneal
photokeratitis, cataract, and photoconjunctivitis after a
seven-day application [5-7,31]. Zigman et al. reported that the
average dose of solar UVB radiation is 0.105 J/cm? during a
1-h exposure of the human cornea [32]. Thus, the daily UVB
dose used in this animal study was equivalent to exposing
the human cornea to approximately 6 to 7 h of sunlight in
only 90 s. Although the UVB dose used in this study was
substantial, severely devitalized epithelial damage and irreg-
ular topographic pattern on the cornea were not noted in any
of the spectacle-lens protected eyes. Furthermore, although
declining visual acuity developed during the UVB exposure
process in the unprotected treatment group, neither changes
in retinal thickness nor photoreceptor loss were seen in the
present study (Figure 3C).

The different levels of reduced visual acuity obtained
after UVB exposure (Figure 3A) were due to, and have
high correlation with, UV-induced pathological changes in
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the mouse cornea. UVB irradiation, together with corneal
roughness, opacification, edema, and epithelial damage,
may attenuate the light transmitted along the optic axis
of the eye, leading to reduced visual acuity. Alternatively,
UV-induced lens opacity would also contribute to a decline in
visual performance. Nevertheless, under the present experi-
mental conditions, the changes in lens transparency in the
UVB-exposed eyes were too mild to be visualized by slit
lamp examination. It has been postulated that the mouse iris
muscles absorb the redundant UVB rays from the cornea,
thus minimizing the absorptive effects of crystalline lens.
However, previous reports have indicated that, following
pupillary dilation with tropicamide, UVB can induce more
obvious photochemical damage to the crystalline lens [31,33].

The experiments outlined in this study support our initial
hypothesis: eyes that have been protected from UVB using
UV-blocking spectacle lenses would yield similar results to
those that have not been exposed to UVB—specifically that
both corneal and conjunctival pathology would be similar,
and that visual performance would be comparable among the
groups. This conclusion is supported by data from the present
study, as well as other recent studies. The data demonstrate
that the CR-39™ gpectacle lens, with either UV400 or photo-
chromic coating (Transitions®), can minimize UV-induced
ocular damage and prevent UV-induced decline in visual
acuity. The findings strongly suggest that a UV-reflective sun
spectacle lens should be tested using similar approaches in
a bio-physiologic system. Determinant parameters of ocular
surface bio-physiology should be evaluated to confirm that
eyewear with spectacle lenses can prevent UV radiation from
reaching the eye in vivo, even if the UV transmittance of the
spectacle lens has been measured using physical spectropho-
tometric methods.
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