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Purpose: To establish a robust and objective method to evaluate (SPK) superficial punctate keratopathy in a
murine dry eye model by developing a reliable photographic system.

Design: Experimental study.

Subjects: A murine dry eye model was generated by exorbital lacrimal gland excision. Sham-operated mice
were used as healthy controls. For the sham operation, an incision was made without touching the gland.

Methods: A photographic system was constructed, consisting of an LED lamp and a digital camera fitted
with a zoom lens and sharp cut filter. SPK was detected by applying fluorescein solution. To validate the system,
SPK was compared between dry eye mice and healthy control mice, and diquafosol (DIQUAS ophthalmic solution
3%; Santen Pharmaceutical Co., Ltd.) or cyclosporine (PAPILOCK Mini ophthalmic solution 0.1%; Santen
Pharmaceutical Co., Ltd.) was used to dry eye mice.

Main Outcome Measures: SPK was evaluated using the parameters of fluorescence score and fluorescein-
stained area.

Results: The photographs clearly indicated SPK in dry eye mice. A fluorescence score of 0 to 9 could be
easily assessed, and the fluorescein-stained area was quantifiable. The fluorescein-stained area correlated with
fluorescence score (correlation coefficient: 0.98), with good interobserver reliability (intraclass correlation coef-
ficient: 0.999). The fluorescein-stained area increased significantly in dry eye mice compared with that of healthy
controls (P < 0.0001). Both types of therapeutic eye drops decreased the fluorescein-stained area relative to
saline-treated mice (P < 0.05 in diquafosol vs. saline; P < 0.01 in cyclosporine vs. saline).

Conclusions: This newly developed system is a robust alternative for quantitative evaluation of SPK in a
murine dry eye model.

Financial Disclosure(s): Proprietary or commercial disclosure may be found in the Footnotes and Disclo-
sures at the end of this article. Ophthalmology Science 2024;4:100414 © 2023 by the American Academy of
Ophthalmology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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Dry eye disease (DED) is a disease of the ocular surface
accompanied by ocular discomfort' with an estimated
prevalence of 5% to 50% of the populat10n DED and
digital screen use are closely related.” Screen time use has
increased internationally,’ suggesting the incidence of
DED will continue to increase.

Eyedrop preparations are available to alleviate DED.
However, the pathogenesis of DED is so complex that “the
management of DED remains something of an art.”” Further
basic and translational research are required to investigate the
pathogenesis of DED and develop novel treatments. For basic
and translational DED research, studies using multiple
species of mammals have contributed to our understanding
of DED. Among model animals, mice are useful because
they are inexpensive, easy to handle, and genetic
manipulations are generally performed in mice.’

© 2023 by the American Academy of Ophthalmology
This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/). Published by Elsevier Inc.

The 2 primary murine DED models are the lacrimal
gland excision model and the desiccating environmental
stress model. Both models develop superficial punctate
keratopathy (SPK), a major symptom of DED. SPK is
generally detected with corneal fluorescein staining (CES).
Slit lamp microscopy can be used to evaluate SPK in
humans, but no instrumentation can effectively evaluate the
condition in mice. Currently, sht lamp nucroscopes "% and
fluorescence stereo mlcroscopes are the primary means
used to evaluate SPK in mice, but both modalities are
problematic.

Slit lamp microscopes require training for effective use.''
They are expensive and immovable, making continuous
observation impossible in some settings, because slit
lamps cannot repeatedly be moved into specific pathogen-
free (SPF) environments where experimental animals are
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housed.'? For research, it is essential to use the same
illumination settings for all images,"” and the light source
angle is often set to oblique in slit lamp microscopes.
Mice have steeper corneas than do humans, which can
easily cause a shadow artifact to be cast by incident light
with an oblique angle. Shadow artifacts preclude precise
evaluation of SPK. Moreover, most slit lamp microscope
lenses have a shallow depth of field because they do not
have a diaphragm, which compromises the ability to focus
on the entire murine corneal area.

Fluorescence stereomicroscopes are also costly and
immovable like slit lamp microscopes. Previous reports have
utilized images of SPK taken by fluorescence stereomicro-
scopes.”'” SPK lesions have a size of approximately 20 pm,"”
such that the fluorescence image should be a dot-like pattern
image, with high contrast between the fluorescein-stained area
and the non-stained area. However, previous SPK images
captured by fluorescence stereomicroscopes were low-contrast,
and, thus, SPK could not be detected clearly.g 19 Unclear
fluorescent images result in unreliable evaluation of SPK.
Therefore, commonly used instrumentation cannot clearly
detect SPK in murine DED models.

An additional barrier for the evaluation of SPK in murine
DED models is that the scoring systems used to evaluate
SPK are subjective and observer dependent. In clinical
DED, CFS methodology is well-established,'® and severity
scores are relatively consistent between observers trained
in ophthalmology.'” On the other hand, no method has
been established to detect SPK in murine DED models.
Further, observers quantifying SPK in basic research
studies are commonly nonophthalmologists, so developing
an objective evaluation system for this setting presents
additional challenges.

Quantitative evaluation generally improves objectivity.
In humans, prior studies have reported methods to evaluate
SPK quantitatively based on digital images.'*'*'? In murine
models, few reports have attempted quantitative
evaluation.”*' However, these reports analyzed only the
central cornea, as the peripheral cornea was not pictured
clearly due to the steepness of the cornea. Superficial
punctate keratopathy often develops in limited zones of
the cornea in humans®> and mice (Fig S1, available at
www.ophthalmologyscience.org). Thus, analysis of the
central cornea only cannot precisely evaluate DED severity.

For these backgrounds, a photographic system capable of
focusing on the entirety of the cornea is essential, and
objective quantitative measurement of SPK is necessary in a
murine DED model. The purpose of the present study was to
establish a photographic system that focuses on all zones of
the cornea and determine whether SPK can be evaluated
robustly and quantitatively measured in a murine DED
model using this system.

Methods

Photographic System for Detecting SPK in a
Murine DED Model

A photographic system was built with an LED lamp
(IHR-LE90C100-AB; Leimac Ltd), a sharp cut filter (Y-52; HOYA
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GROUP Optics Division), and a digital camera with an integrated
display (AR-MC200HD; Armssystem Co, Ltd) fitted with a zoom
lens (SDS-M19; Shodensha, Inc). The lens was affixed with a ring
adapter (RA-28; Shodensha, Inc) and a protective filter (MC-28;
Shodensha, Inc). The sharp cut filter was placed between the lens
and the protective filter. An image of the instrument is shown in
Figure 2.

Experimental Animals

Animal experiments were conducted according to the Association
for Research in Vision and Ophthalmology Statement on the Use
of Animals in Ophthalmic and Vision research and approved by the
Ethics Committees for Animal Experiments of Juntendo University
School of Medicine (Approval number 2023209). Female
CS57BL/6J mice aged 6 weeks were obtained from Oriental Yeast
Co, Ltd and originated from The Jackson Laboratory. The mice
were housed in an animal facility with SPF conditions and allowed
free access to food and water.

Corneal Fluorescein Staining

Mice were anesthetized by intraperitoneal administration of
ketamine hydrochloride (Ketalar for Intravenous Injection; Daiichi
Sankyo Company, Limited; 100 mg/kg) and xylazine hydrochlo-
ride (Sigma-Aldrich Japan; 10 mg/kg). 0.5 puL of a 0.25% fluo-
rescein solution (Fluorescein sodium salt; Sigma-Aldrich Co) was
applied to the eye, and excess fluorescein was cleared with careful
manual blinks. After 90 to 180 seconds following fluorescein
application, corneal images were captured, and SPK was evaluated.

Evaluation of Corneal Scoring

. . 23
Fluorescence score was evaluated as previously described.®

Briefly, each cornea was divided into 3 areas (upper,

intermediate, and lower). Fluorescence score was categorized
from O to 3 (0: no fluorescence, 1: fluorescence resembling
sparse dots, 2: dense dot-like pattern, and 3: very dense dot-like
fluorescence) on each area. Each score was added together for
the entire eye (minimum score; 0 and maximum score; 9; higher
scores indicate severe SPK).

Digital camera
with integrated
display

Zoom lens (a sharp cut
filter is placed between
the lens and a protective
lens)

LED lamp

Figure 2. Appearance of the instrument.
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Digital Image Analysis

Images were analyzed using Image] 1.54d software (https://
imagej.nih.gov/ij/; provided in the public domain by the National
Institution of Health) as previously described”'* with slight
modifications. The original image was opened in ImageJ, and the
green channel image was split from the original image. The oval
selections tool or the elliptical selections tool was used to set the
range of interest (ROI) of the total corneal area. The percentage
of the fluorescein-stained area was calculated under the same
threshold in all images. This method eliminates artificial light
reflection of the central corneal area by setting a threshold in
Image] and removes the tear meniscus area by setting the ROI so
that it does not include the tear meniscus area. Example images in
each procedure are shown in Fig S3 (available at
www.ophthalmologyscience.org).

DED Model

Unilateral (right side) exorbital lacrimal gland (ELG) excision was
performed as previously  described,”®****  with  slight
modifications. Briefly, mice were anesthetized by intraperitoneal
ketamine/xylazine injection. Tarivid ophthalmic ointment (Santen
Pharmaceutical Co, Ltd) was applied to the cornea before
surgery to prevent drying. A skin incision was made on the
temporal side to expose and remove the ELG. The skin incision
was then sutured using 6-0 nylon sutures (MANI, Inc). Tarivid
ophthalmic ointment was applied onto the incision to avoid
bacterial infection.

Sham-operated Animals

Sham-operated mice were used as healthy controls and were
compared with ELG excision-operated mice. For the sham opera-
tion, an incision was made unilaterally in the same zone without
touching the ELG. Seven days after surgery, the fluorescein-stained
area was evaluated.

Therapeutic Protocols

To verify that our system can detect the therapeutic effects of
previously developed DED therapeutics, we used 2 protocols
(saline vs. diquafosol, saline vs. cyclosporine) with different
application frequencies and durations. Diquafosol ophthalmic
solution was developed for DED treatment,””*® and has utility in
some clinic contexts including Japan.”’ >’ Cyclosporine allevi-
ates DED via a different mechanism than diquafosol,”>*' and is
approved by the United States Food and Drug Administration®®
and the European Medicines Agency.”” The details of each
protocol are described below.

Saline Versus Diquafosol

On day O (preoperation), CFS was performed and the fluorescein-
stained area was calculated. Mice then underwent ELG excision to
induce DED. On day 7, CFS was again performed, and the
fluorescein-stained area was calculated again. Mice were then
assigned to 3% diquafosol solution (DIQUAS ophthalmic solution
3%; Santen Pharmaceutical Co, Ltd) or saline treatment (Otsuka
Pharmaceutical Co, Ltd) treated group. The application frequencies
and durations were determined based on those of a prior study,”®
with slight modifications. Mice received 5 UL of the eye drop
preparation 6 times daily in the right eye from days 8 to 14, then
days 16 to 22. CFS was performed and the fluorescein-stained
area was calculated on day 15 and day 23. Mice that developed
significant ocular diseases other than DED in response to ELG
excision (corneal infiltrate, corneal ulcer, filamentary keratitis, and

severe cataract) were excluded from analyses. Mice without suf-
ficient SPK on day 7 were also excluded.

Saline Versus Cyclosporine

On day O (preoperation), CFS was performed and the fluorescein-
stained area was calculated. Mice were then subjected to ELG
excision to induce DED. On day 7, CFS was performed and the
fluorescein-stained area was calculated again. Mice were random-
ized to receive cyclosporine (PAPILOCK Mini ophthalmic
solution 0.1%; Santen Pharmaceutical Co, Ltd., https://www.rad-
ar.or.jp/siori/english/search/result’7n=914&plain=1) or saline
treatment. The application frequencies and durations were deter-
mined based on those of a prior study,”’ with slight modifications.
Mice received 5 [ of the eye drop 4 times daily from days 8 to 12,
then days 14 to 16. CFS was performed and the fluorescein-stained
area was calculated on day 13 and 17. Mice that developed sig-
nificant ocular diseases other than DED in response to ELG exci-
sion (corneal infiltrate, corneal ulcer, filamentary Keratitis, and
severe cataract) were excluded from analyses. Mice without suf-
ficient SPK on day 7 were also excluded.

Statistical Analysis

Statistical significance (P value) of changes in the fluorescein-
stained area was determined with the Welch ¢ test. Values are
expressed as mean = SEM. One-sided P < 0.05 was considered
statistically significant. The Pearson correlation value was used to
evaluate the relationship between fluorescein-stained area and
fluorescence score. Analyses were conducted with Prism 9 soft-
ware (GraphPad Software). Intraclass correlation coefficients (ICC)
in the fluorescence score and the fluorescein-stained area were
calculated using EZR software, version 1.55 (Saitama Medical
Center, Jichi Medical University) to determine the agreement
between 2 examiners.

Results

Imaging Results Obtained Using This System

Using this system, we collected images of the murine cornea
under white light and fluorescence images (Fig 2). The fixed
light source provides excitation light perpendicular to the
cornea. Additionally, it delivers a consistent intensity of
excitation light (42000 1x) to the cornea. Fluorescein was
used at a concentration of “0.25%” because this
concentration resulted in the highest signal-to-noise ratio
in SPK images. Fluorescein has a peak excitation wave-
length of 480 nm, a peak emission wavelength of 515 nm,
and a stokes shift wavelength of 35 nm (Fig S4, available at
www.ophthalmologyscience.org). A small stokes shift
results in a decreased signal-to-noise ratio. This sharp cut
filter improves the contrast between the fluorescein-stained
area and nonstained area by selectively blocking light with
wavelengths below 520 + 5 nm. The zoom lens used in this
system had a diaphragm, which allowed for the adjustment
of the depth of field. Mice corneas are steeper than human
corneas and, thus, require an improved depth of focus. In
fact, a camera with an open diaphragm cannot focus on the
entire corneal area, and, thus, SPK cannot be clearly
detected in the peripheral cornea (Fig 5A, B). Adjusting the
diaphragm allows focusing of the camera on the entire
corneal surface (Fig 5C, D).
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Figure 5. Images of a murine cornea using different diaphragm settings. A, Picture of a murine cornea focused on the corneal apex with an opened
diaphragm (F-number: 6). B, Picture of superficial punctate keratopathy (SPK) with F-number: 6. C, Photograph of a murine cornea focused on the entire
cornea with diaphragm adjustment (F-number: 12). D, Photograph of SPK with F-number: 12. Scale bar: 1 mm.

SPK Evaluation

The system clearly revealed the presence of SPK, which
allowed the SPK score to be readily determined. Fluores-
cence scores are listed in Figure 6A.

The ICC of the score between a trained ophthalmologist
(H.F; 5 years of clinic experience and 4 years of research
experience in the ophthalmology field) and a nonspecialist
(Y.K; no experience in the ophthalmologic field) was 0.89
(95% confidence interval: 0.736—0.947).

To analyze images and evaluate SPK quantitatively, the
ROI was set for each image. Clear images allowed easy
setting of the ROI. The fluorescein-stained area was then
measured in the ROL. The ICC of the area was 0.999
(95% confidence interval: 0.992—1). The ICC of the
fluorescein-stained area was better than that of the score,
suggesting that quantitative evaluation of SPK was more
objective. The fluorescein-stained area was correlated with
scoring, with correlation coefficient equaling 0.98 (Fig 6B).

Comparison of the DED Model with Healthy
Controls

The mean fluorescein-stained area was 23% in the sham-
operated group and 49% in the ELG excision-operated
group. The difference of SPK between the operated and
sham groups could be compared using the new system, and
the difference was statistically significant (Fig 7;
P < 0.0001).

Effects of Eyedrop Treatments

In addition to making comparisons of SPK between DED
and sham-operated mice, we examined the therapeutic ef-
ficacy of DED eyedrops in alleviating SPK. The graphic
protocols are shown in Figure 8A, C. Both eyedrops

4

decreased the fluorescein-stained area more markedly than
saline (Fig 8B, D). The difference was significant in the first
evaluation time points (P < 0.05, saline vs. diquafosol day
15, P < 0.01, saline vs. cyclosporine day 13). This
demonstrated that the newly developed system can be
used to assess the therapeutic effects of treatment
modalities.

Discussion

In the present study, we demonstrated that a newly devel-
oped imaging system can be used to evaluate SPK by CFS
in the murine DED model. Moreover, images from the
system were sufficiently clear for quantitative evaluation of
SPK as the fluorescein-stained area. The value of the
fluorescein-stained area was stable between examiners, with
a high ICC between a trained ophthalmologist and a
nonspecialist.

Current methods used to evaluate SPK, such as slit lamp
microscopes and fluorescence stereomicroscopes, are
limited by factors such as prohibitive cost and immovability.
The system developed in the present study is portable,
allowing continuous observation in SPF environments. The
cost is ~10% that of commonly used instrumentation
(approximately $3100 vs. $31000; conversion rate: 1
United States Dollar = 130 Japanese Yen). It was also
assembled with existing parts such as a lens, lamp, and
camera that are freely available and easy to operate.

Previous studies have also used instruments other than
slit lamp microscopes and fluorescence stereomicroscopes
to evaluate SPK in DED mice.'>?*?* However, these
instruments cannot detect the presence and severity of
SPK as reliably. Portable hand-held slit lamps”* are easier
to use than slit lamp microscopes but cannot record
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Figure 6. Fluorescence scores and fluorescein-stained areas. A, Corneal
fluorescence score. Scale bar: 1 mm. B, Correlation between previous
fluorescence score and fluorescein-stained area relative to entire cornea (%)
measured with Image]. Pearson's correlation coefficient was calculated
(r: 0.9824). The fitted regression line (solid) is shown with a corresponding
95% confidence interval (dotted lines).

images. Digital cameras” are inexpensive and easy to
operate but still require a high-quality lens and diaphragm
to zoom into the corneas of mice, and to focus on all regions
of the cornea. Further, the light source is assembled apart
from the digital camera, which results in unstable evaluation
because the irradiation angle of the light source and the
distance between the light source and the cornea cannot be
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Figure 7. Murine dry eye disease model. Difference in fluorescein-stained
area (% of total corneal area) between sham-operated mice and exorbital
lacrimal gland (ELG) excision-operated mice (sham: n = 5; ELG excision:
n = 15). The exact values of the fluorescein-stained area were 23.0 4 3.27
and 49.0 + 4.11 in the sham-operated group and ELG excision-operated
group, respectively. **##P < 0.0001, Welch t test.

fixed for each sample. A prior study developed a device that
can be connected to smartphones to capture images and
videos of murine corneas.'” This would be an ideal platform
to image murine corneas as smartphones are nearly
ubiquitous, but common smartphones, including the
iPhone 7 used in the study, have a small F-number and
cannot capture well-focused images of murine corneas.
Additionally, holding the smartphone in-hand introduces
difficulties in maintaining consistent shooting angle and
distance, and the quality of the pictures is therefore not
stable. The newly developed system overcomes these
limitations, thus presenting additional benefits compared to
these instruments as well.

The limitation of the study is that the definition of “total
corneal area” in setting the ROI is indefinite, so ROI can be
different among examiners. We set the ROI in a circular or
elliptic form with a slight margin from the tear meniscus,
and the number of pixels set as a margin was variable
between users. Some studies set a fixed 2-mm diameter
circle placed on the central cornea as the ROL***" Another
study set a circle with a diameter adjusted to the vertical
corneal diameter.” Each method can be used to set the
same ROI independent of examiners. However, these
methods might not analyze the noncentral areas of the
cornea because the ROI is always set in a circular form.
On the other hand, we set the ROI so that it covered the
total corneal area in the form of an ellipse. We did not
define the length of the margin from the tear meniscus
when setting the ROI, which resulted in variability
between examiners. Nevertheless, we identified a high
ICC between examiners regardless of ophthalmology
expertise.

Mice are a preferred animal model for basic and trans-
rational research. Mice are easy to handle, and the tear film
lipids produced by meibomian glands are similar to that of
humans.™ Recently, the association between DED and

5



Ophthalmology Science

Volume 4, Number 2, April 2024

A

Eye Drops Eye Drops
[- saline [ saline
+ diguafosol - diguafosol
6 times/day, 6 times/day,
Day O 7| total 7 days 15| total7days |23
1 1 1 1
I I 1 T
Evaluation Evaluation Evaluation Evaluation
Operation
B = *
© 80+
o ores3e & saline (n = 14)
© 55.8+3.17 .
2 60- wmsgy & diquafosol (n = 14)
3 28.742.52
< 40-
8 45.743.29
4 39.9+4.25
(=
‘© 20— 30.6+2.30
(3]
(7]
o
o 0_ .................................................
3
o T T T T T 1
0 5 10 15 20 25
Day
C Eye Drops Eye Drops
l:- saline |: saline
+ cyclosporine + cyclosporine
4 times/day, 4 times/day,
sDay 0 7| totai5days [13| total3days |17
L ] 1 |
I I T T
Evaluation Evaluation Evaluation Evaluation
Operation
D ¥ *k
© 80— 68.715.06 .
(] & saline (n=11)
('}
2 60- 4754527 -~ cyclosporine (n =12)
g 38.0£5.43
-% 40— 20.4+1.74
8
¢
=
® 20—
o 29.6+4.06 28.9+4.97
0 20.8+2.15
2
o o_ .................................................
2
o T T T T 1
0 5 10 15 20
Day

Figure 8. Assessment of therapeutic effects of dry eye disease. A, Graphic workflow of saline vs. diquafosol. B, Fluorescein-stained % area at each time point

in saline vs. diquafosol protocol (n = 14/group). *P < 0.05, Welch t test.

C, Graphic workflow of saline vs. cyclosporin. D, Fluorescein-stained % area at

each time point in saline vs. cyclosporine protocol (saline: n = 11, cyclosporine: n = 12). **P < 0.01, Welch t test.

tear film lipids produce bﬁy meibomian glands has become a
. . h . 34,35 ..
topic of investigation. Genes related to lipids produced
by meibomian glands have protective effects in mouse
DED.’>*” Murine DED models are extremely important
for mechanistic studies involving transgenic animals, and
the modality developed in the present study is expected to
contribute to further research in the field. In conclusion,

the newly developed approach is a cost-effective and
robust alternative for the evaluation SPK in murine dry eye.
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