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Purrose. To identify choroidal characteristics associated with susceptibility to develop-
ment of naturally occurring and experimentally induced myopia.

MetHODS. We compared choroidal properties between pigmented and albino guinea pig
(GP) strains. Biometry, cycloplegic refractive error (RE), and eye wall sublayer thick-
ness were measured from 171 GPs at postnatal day (P)6, 14, and 28. Forty-three P14
GPs underwent two-week monocular form-deprivation myopia (FDM). En face images
of choroidal vasculature were obtained with a customized swept-source optical coher-
ence tomography. Multivariate regression analyses were performed, with P28 RE as the
outcome and P14 choroidal thickness (ChT) as the main predictor variable. Proteomic
analysis was performed on choroidal tissue from P14 albino and pigmented GPs.

REesurts. At P14, RE was correlated with thickness of the choroid (8 = 0.06), sclera (8 =
0.12), and retina (8 = 0.27; all P < 0.001). P14 ChT was correlated with P28 RE both with
(8 = 0.06, P = 0.0007) and without FDM (8 = 0.05, P = 0.008). Multivariate regression
analysis, taking into account FDM (versus physiological growth) and strain, revealed that
for every 10-um greater ChT at P14, P28 RE was 0.50D more positive (P = 0.005, n =
70). En face images of choroidal sublayers showed that albino choroids were relatively
underdeveloped, with frequent avascular regions. Consistent with this finding, proteomic
analysis suggested abnormalities of the nitric oxide system in the albino GP choroid.

Concrusions. Current results are consistent with the notion that greater ChT could protect
from or delay the onset of myopia, while lower ChT is associated with greater susceptibil-
ity to myopia development. The underlying mechanism could be related to dysfunction
of the choroidal vascular system.
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t is generally accepted that eye growth is strongly guided

by visual signals.! Among the components of feedback
loops! that control the refractive error and eye growth,
the choroid plays a pivotal role in the cascade of growth-
regulating signals from retina to sclera.?> The choroid, a
vascular layer located between the retina and sclera, consists
of multiple blood vessels, with surrounding stromal tissue
comprised of nerves, melanocytes, connective tissue, extra-
cellular fluid, and possibly other cell types.

Choroidal thickness (ChT) is not constant but fluctu-
ates with the diurnal cycle’ and can be altered by differ-
ent visual stimuli; it was reported initially in chicks that
the choroid responded to defocus by spherical lenses,*>
and similar responses were detected subsequently in human
eyes.®” Therefore a potential role of ChT in dysregulated,
myopiagenic eye growth has been intensively studied in
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humans.® Recently, it was reported that the human choroid
also responds to astigmatic defocus.’ Moreover, in human
subjects, reading black text on white paper or white text
on black paper for a short time period (30 minutes)! and
narrowband blue or red light exposure!! induced differen-
tial changes in ChT, which were detectable in vivo by moni-
toring ChT. Animal models are important for understanding
the complexity of eye growth and for elucidating signaling
pathways in the eye that locally control its functional and
physical homeostasis.!? Based on studies in chicks, it is well
accepted that changes in ChT displace the retina, moving
the photoreceptors toward (under positive defocus) or away
from (under negative defocus) the plane of focus.*513.1% This
bidirectional modulation of axial elongation might allow
for eyes to grow toward functional emmetropia'® because
the choroid becomes thinner during faster eye growth and
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thicker during slower eye growth. Studies on ChT in chick-
ens have found that ChT in untreated eyes was variable,'® but
it was not associated with the susceptibility to form depriva-
tion myopia (FDM).!” Later it was confirmed by Nickla and
Totonelly,'® who reported more extensive data not only from
FDM, but also from plus and minus lens-induced defocus
and drug treatments. ChT has also been shown to be variable
among individual children'® and to vary with age. For exam-
ple, Read and colleagues? reported that ChT increased with
age from 4 to 12 years, and Wakatsuki et al.?! reported that
ChT decreased with age from 20s to 70s. Similarly, a longi-
tudinal, population-based observational study in humans by
Hansen et al?> concluded that thinness of the subfoveal
choroid at age 11 years did not predict the axial eye elonga-
tion and incident myopia from age 11 to 16 years; however,
their reported ChT at age 11 years was 361 + 77 pm—which
is thicker than the average ChT reported among emmetropic
children at comparable ages among Australian,?® Chinese,?
and Turkish children.?* In addition to the fact that myopia
in human children and growing guinea pigs undoubtedly
differs on many grounds, given the imperfection of any
animal model of disease, it is worth noting that a ChT of 361
£ 77 pm is thicker than that found in emmetropic human
eyes. Thus it may not have been in the range typical of
myopic children but rather within the range suggested to
be protective against myopia development in guinea pigs
(GPs), if our previous findings in GPs are directly translat-
able to human children.'*

Despite significant differences in eye structure between
birds and mammals, the mammalian choroid has a similar
ability to respond to certain visual conditions by becom-
ing thinner or thicker. Therefore we used the GP as a
mammalian model to elucidate whether ChT is a reflection
of choroidal function and whether it can predict suscepti-
bility to myopia development (either spontaneously or in
response to FDM) later in life. In the current study we use
albino GPs, more than 50% of which develop myopia spon-
taneously?®—together with the strain of Elm Hill-sourced
pigmented GPs, which have been reported to have thicker
choroids and to be more resistant to experimentally-induced
monocular FDM'*—to determine which choroidal charac-
teristics are associated with susceptibility to the induc-
tion of myopia. We then further explored the effects of
differences in ChT on eye growth—at baseline (before
starting treatments) and without and with the addition
of myopiagenic optical conditions. Thus the aims of the
current study were (1) to explore the potentially causative
contributions of the choroid to refractive development
and (2) to provide further evidence that tissue compo-
nents in the choroid are associated with susceptibility to
myopia-induction.

MATERIALS AND METHODS
Animals and Housing

Both pigmented and albino GPs were used in the current
study. Breeders were purchased from a commercial supplier
(Elm Hill Labs, Chelmsford, MA, USA) and bred on site.
Groupings for breeding were restricted to unrelated animals,
based on on-site records. Usually, pups would stay with
parents until weaning at day 21; they would then be
housed as same-sex pairs in transparent plastic wire-top
cages, in a room with 12-hour/12-hour light/dark cycle
and average floor luminance of approximately 160 to
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180 lux (Fluorescent light with 65% White light, PHILIPS,
TL5/28W/840 [4 Feet], Koninklijke Philips N.V., Amster-
dam, Netherlands). Animals had free access to water and
vitamin C-supplemented food, and they received fresh
fruits and vegetables at least three times a week as
dietary enrichment. All animal care and treatments in this
study conformed to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Experimen-
tal protocols were approved by the Institutional Animal
Care and Use Committee of SingHealth (AAALAC Accredited;
2018/SHS/1441).

Myopia Induction and Measurements of Ocular
Parameters

Myopia was induced by placing a diffuser over the treated
eye (left or right, assigned at random), with the fellow eye
remaining untreated to serve as an internal reference. Pups
destined for form deprivation were weaned at postnatal day
10 (P10) and then fitted with a diffuser at P14, as described
by Howlett and McFadden.?® In brief, two pieces of loop-
side Velcro arcs were glued above and below the eyelids;
then a diffuser, mounted on a matching hook-side Velcro
ring, was attached to the arcs, and the animals were single-
housed for two weeks. Pups designated as normal-normal
control stayed with parents until weaning at P21 and were
then housed as same-sex pairs.

Eye growth in pups of both strains (with or without
FDM) was monitored weekly, starting at P6. Only data from
right eyes of pups undergoing normal growth were included.
Refraction data were collected using streak retinoscopy and
reported as spherical equivalent refractive error. Cycloplegic
retinoscopy with trial lenses was performed in the morn-
ing in awake animals hand-held, 30 minutes after topi-
cal application of 1% cyclopentolate hydrochloride (Bausch
& Lomb, Rochester, NY, USA), at P6, P14, and P28. The
precision of measurement was controlled as £0.25D. After
retinoscopy, axial length (AL) and vitreous chamber depth
(VCD) were measured using A-scan ultrasonography (10
MHz PacScan 300A; Sonomed Escalon, New Hyde Park, NY,
USA) in awake animals with local corneal anesthesia (0.5%
Alcaine eye drop; Alcon, Geneva, Switzerland). For opti-
cal coherence tomography (OCT) imaging, all scanning was
performed in the late afternoon around 5 PM, to minimize
variability caused by circadian fluctuations in ChT. Animals
were anesthetized by intramuscular injection of a cock-
tail of ketamine hydrochloride, 27 mg/kg (ketamine; Ceva
Animal Health, Lenexa, KS, USA) and xylazine hydrochlo-
ride, 0.6 mg/kg (Ilium Xylazil-20; Troy Laboratories, Glen-
denning, NSW, Australia) for routine fundus imaging, and a
higher dose of 45/5 mg/kg ketamine/xylazine cocktail was
used when imaging was repeated within two hours. Spectral
domain optical coherence tomography (SD-OCT; Spectralis
HRA+OCT; Heidelberg Engineering, Heidelberg, Germany)
was used to acquire high-resolution anterior segment images
with the anterior segment module, and posterior segment
imaging was performed by attaching a 55° wide-angle lens
with the Spectralis Widefield Imaging Module. All images
were evaluated by using Heidelberg Eye Explorer software
(HEYEX, version 1.7.1.0) and measuring with built-in digital
calipers. In the FDM experiments, the same sequence was
followed, and all measurements were performed at baseline
(P6 and P14), and after two additional weeks with or without
unilateral form-deprivation.
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SD-OCT Image Acquisition and Analysis

SD-OCT scans of the anterior segment were acquired at
high resolution along the temporal-nasal direction. Images
included the limbus and equal lengths of the iris on
both sides. Anterior chamber depth was measured midway
between the limbus of the two sides, and at the middle of the
iris (for anatomical reference); the mean of three measure-
ments was taken as the final value. Corneal central thickness
(CCT) was measured.

SD-OCT scans of the posterior segment were also
acquired at high resolution with the Spectralis Widefield
Imaging Module with eye-tracking (TruTrack). All images
were taken with 13 B-scan lines, and axial A-scan resolu-
tion was 1536 pixels per line. Scanning started from the
upper edge of the optic nerve head (ONH) and contin-
ued superiorly across the visual streak. The enhanced depth
imaging mode was turned on, and 15 frames of images
were registered for each B-scan line. The thicknesses of the
retina, choroid, and sclera were measured repeatedly over
time. Images from the visual streak area were processed
as described previously'4; in brief, images were selected
from the visual streak area, which is approximately 2.5 ONH
diameters above the center of the ONH, and the thickness of
each sublayer was measured 10 times for all selected images.

Swept Source-OCT (SS-OCT) Choroid Imaging

The three-dimensional structure of the retina was examined
with a customized high-speed SS-OCT,*” which used a swept
source of wavelengths centered at 1050 nm, with an A-scan
rate of 200 kHz. The high scanning rate allowed for a volume
scan of the retina and choroid with minimal motion artefacts.
The scan, which was centered anatomically on the ONH,
covered an area of 4 x 4 mm with 1000 x 1000 A-scans.

Eyes were imaged on P6 and P14, and serial OCT B-scans
were obtained in the anterior-posterior plane. These two-
dimensional cross-sectional B-scan images were combined
to create a three-dimensional volume image, which was then
virtually flattened so that the retinal pigment epithelium
(RPE) layer was a single plane, located by definition at 0
pm, using a script coded in MATLAB (2020b; MathWorks,
Inc., Natick, MA, USA). After flattening, the volume image
was resliced in the horizontal (en face) plane. Using the
RPE layer as a landmark, en-face images of inner, middle,
and outer choroid were selected, at distances of 10 um, 20
pm, and 50 pm posterior to the RPE, respectively.

Proteomic Analysis

Freshly enucleated eyes from P14 GPs were placed on ice,
the anterior segment was removed via a circumferential
perilimbal incision, and then the lens, vitreous, and retina
were gently removed. Next, each eyecup was radially cut and
flattened, and the whole choroid (with some remaining RPE)
was scraped from the sclera. Then the choroidal tissue was
carefully picked up using fine dissecting tweezers, placed in
a 1.5 mL tube, flash-frozen in liquid nitrogen, and stored at
—80°C until used for iTRAQ-based quantitative proteomics
analysis. Choroidal tissues from the right eyes of four albino
and four pigmented P14 GPs were used for iTRAQ 8-plex
experiments.

Briefly, for the iTRAQ 8-plex experiments, each choroidal
tissue sample was homogenized, and lysis buffer was
applied (ST kit; PreOmics, Bayern, Germany). The tissue
lysates were then spun in a centrifuge at 16,000g for
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10 minutes at 4°C. The supernatants of the respective
tissues were collected for protein quantitation using DC
Protein Assay (Bio-Rad Life Science, Hercules, CA, USA).
Protein solutions were then reduced, alkylated, digested,
and cleaned up according to the manufacturer’s instructions
(ST kit; PreOmics). Each peptide concentration was deter-
mined with a Pierce Quantitative Fluorescent Peptide Assay
(Thermo Fisher Scientific, Waltham, MA, USA). Subsequently,
each peptide solution (100 pg of total peptide) was labeled
with the iTRAQ 8-plex Label Reagent (SCIEX, Framingham,
MA, USA) according to the manufacturer’s protocol and frac-
tionated into 10 fractions by high-pH LC using a Waters
HPLC system (Waters Ltd, Elstree, UK). Each one of these 10
fractions was reconstituted in 0.1% formic acid + 5% acetoni-
trile and analyzed using an Ultimate 3000 nanoLC system
(Thermo Fisher Scientific) coupled with a TripleTOF 5600
(SCIEX). The resulting MS/MS data were processed using
ProteinPilot 5.0 software (SCIEX), and the iTRAQ data were
searched for matches in the Guinea pig Uniprot Reference
Proteome (which contains 32,019 proteins).

The linear models for microarrays (limma) algorithm28
was used to assess the significance of different content of
dysregulated proteins (albino GP vs. pigmented GP). The
relative amounts of dysregulated proteins (albino GP vs.
pigmented GP) were defined as fold change >1.5 and P
< 0.05 (moderated #test) for up-regulated proteins, or fold
change <0.67 and P < 0.05 (moderated #-test) for down-
regulated proteins.

The list of up-regulated and down-regulated proteins was
uploaded to QIAGEN’s Ingenuity Pathway Analysis (IPA)
software and database (Qiagen, Germantown, MD, USA)
for core analysis to identify the canonical pathways that
were significantly different in albino versus pigmented GP
choroid. IPA Core Analysis module was used to predict the
effects of protein level changes in the datasets on biological
processes derived from the literature compiled in the Inge-
nuity Knowledge Base. The Expression Analysis examines
proteins in the dataset that are known to affect functions,
compares the proteins’ direction of change to expectations
derived from the literature, and then issues a prediction for
each function based on the direction of change. The direc-
tion of change was determined as the difference in choroidal
protein levels in albino versus pigmented GPs. We used the
Fisher’s exact test with a P value threshold of 0.05 to estimate
statistical significance, and the z-score algorithm to make
predictions about direction of change. The activation z-score
was used to infer likely activation states of biological func-
tions based on comparison with a model that assigns random
regulation directions. The activation z-score was also used
in the IPA Pathways Activity Analysis module to predict acti-
vation or suppression of the canonical pathways affected by
GP strains.

Statistics

All data groups were analyzed for normality of distribu-
tion and equality of variance by the Anderson-Darling and
Kolmogorov-Smirnov tests, using GraphPad Prism 8.0.0 for
Windows (GraphPad Software, San Diego, California USA,
www.graphpad.com), and the outcomes were used to deter-
mine whether parametric or nonparametric statistical analy-
ses were appropriate. Before treatment, animals (Table 1,
Group 1, n = 51) were divided into three subgroups
according to their manifest refractive error at P6: hyperopic
albino (n = 17), myopic albino (n = 17), and hyperopic
pigmented (n = 17). All data sets passed the normality test,
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TaBLe 1. Summary of Sample Size and Statistical Methods Used for Main Analyses (Total Sample Size: n = 171 Animals)

Albino Pigmented Statistics
Group 1 (G1) (Fig. 1) hyperopic: n = 17 hyperopic: n = 17 One-way ANOVA with
myopic: n = 17 Bonferroni correction
Group 2 (G2) (Figs. 2, 3) (Tables 2, 3) n =27 n =23 One-way ANOVA with Bonferroni
correction; Correlation analysis
Proteomics analysis (Fig. 7, Table 4) n = 4 from G2 n = 4 from G2 Linear models for microarrays
algorithm (limma)
Group 3 (G3) FDM from 2 to 4 weeks of age (Fig. 4) Control: n = 17 Control: n = 10 Correlation analysis; Multivariate
FDM: n = 22 FDM: n = 21 linear regressions
Repeated ChT measurement (Fig. 5) n = 7 from G3 n = 7 from G3 One-way ANOVA with

Bonferroni correction

Group 1 guinea pigs were used for cross-sectional, case-control comparisons at P6. After guinea pigs were recruited, they underwent
biometric measurements and optical coherence tomography imaging. Group 2 guinea pigs were observed longitudinally from P6 to P14 to
assess the correlation between ChT and refraction. Group 3 guinea pigs either underwent FDM induction or served as age-matched controls
that underwent natural eye growth. Only the right eyes from guinea pigs undergoing natural growth were included in analyses. FDM was
induced in either left or right eye (assigned at random). Of the n = 27 albinos in Group 2, based on P6 baseline refraction, four were myopic,
and 23 were hyperopic; whereas at P14 refraction, more GPs naturally progressed to myopia, with 12 myopic, 2 emmetropic and 13 still
hyperopic. Of the n = 22 albinos that underwent FDM in Group 3, at P14 baseline refraction, there were seven myopic, one emmetropic,
and 14 hyperopic animals.

so the biometric parameters in these three subgroups were ing normal, physiologic (untreated) growth). Only one eye
compared using one-way ANOVA, followed by Bonferroni was analyzed from a given GP; therefore “control” eyes were
correction when necessary. All data are reported as mean + from control GPs in which neither eye underwent FDM. For
standard error. all data analyses, differences with p-values less than 0.05

To interpret our results further, we tested for associa- were considered statistically significant. Sample sizes and
tions between the absolute refraction at P6 and the thick- statistical methods are summarized in Table 1.

ness of fundal sublayers in a separate group of GPs (Table 1,
Group 2, n = 50; right eyes of 27 albino and 23 pigmented
GPs) by computing correlation coefficients and display-
ing the results in scatterplots. We then similarly tested the Differences in Biometric Parameters Between
association between th§ absolute refraction at P14 and the Strains, without Induced Myopia
same fundal sublayer thicknesses. Measurements were made
initially at P6 and followed up at P14 in four pigmented To evaluate strain-dependent differences in refraction,
and four albino GPs that were euthanized subsequently for biometric parameters in the eyes of pigmented and albino
proteomics analysis. GPs were compared in detail. Our results showed that
The same methods were used to test for associations eye sizes were similar in the two strains (Fig. 1A) but
between absolute ChT at P14 (baseline) and refraction at revealed substantial differences in the thicknesses of eye-
P28, with and without form deprivation (Table 1, Group 3, wall sublayers (Fig. 1B). At baseline (P6), the eyes of the

RESULTS

n = 70). Additionally, multivariate linear regressions were pigmented strain were consistently hyperopic (6.1 diopters
performed with P28 refractive error as the outcome vari- (D) + 3.4D; statistically significantly different from those
able and P14 ChT as the main predictor variable, to test in albinos, F (2, 48) = 65.7; P < 0.001, Fig. 1A inset).
further for a potential role of ChT on myopic eye growth. In addition, our results showed that each part of the eye-
These multivariate linear regressions allow us to control wall was significantly thicker in pigmented eyes than in
for (account for) various potential confounding variables, albino eyes (one-way ANOVA: retina, F (2, 48) = 104, P

including strain (pigmented vs. albino) and the induction < 0.001; choroid, F (2, 48) = 177.9, p < 0.001; sclera,
of form-deprivation myopia (FDM vs. control eyes undergo- F (2, 48) = 9.7, P < 0.001; CCT, F (2, 48) = 23.9,
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Ficure 1. Comparisons of baseline biometric data between strains with distinctive refractions at P6 (A, inset). (A) Anterior chamber depth
(ACD), VCD, AL, and refractive error (in diopters, D) for the three different strains. (B) Thicknesses of each layer of the eye wall, in
the different refractive groups. PH, pigmented, hyperopic; AH, albino, hyperopic; AM, albino, myopic. Statistical comparisons: *P < 0.05;
#4P < 0.001, with Bonferroni correction after one-way ANOVA.
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Figure 2. Longitudinal changes, from P6 to P14, in thickness of the fundus sublayers within the visual streak area (A), refraction
(B), and axial dimensions of the eye (C), in both albino and pigmented GPs. Statistical comparisons: **P < 0.01; **P < 0.001, with Bonferroni

correction after one-way ANOVA.

P < 0.001, Fig. 1B), regardless of whether they were
hyperopic (albino-hyperopia, 3.9D =+ 2.3D) or myopic
(albino-myopia, —3.9D =+ 2.2D, Fig. 1A inset). With Bonfer-
roni correction, the difference in refractions between
pigmented and albino hyperopic groups was marginally
significant (P = 0.051, Fig. 1A inset). However, we found
significant differences in ChT (58.4 £ 9.8 pm vs. 44.5 +
8.5 um; P < 0.001) and CCT (193.4 £ 26.7 pm vs. 174.6 +
16.6 pm; P= 0.026) between albino-hyperopia and albino-
myopia GPs (Fig. 1B).

Biometric Parameters and Posterior Eye Wall
Layer Thickness Vary as a Function of Refractive
Development in Naturally-Occurring Myopia
(Without FDM)

Longitudinal observations from P6 to P14 showed that
the absolute thicknesses of the layers of the eye wall in
pigmented GPs were significantly different from those in
albinos at both time points (Fig. 2A). Although retinal thick-
ness did not change significantly from P6 to P14 in either
strain, the sclera thickened significantly over that time in

both strains (P < 0.0001). Interestingly, ChT at both time
points (P6 and P14) was significantly less in albinos than
in pigmented GPs, and the choroid thickened significantly
with age from P6 to P14 (P < 0.0001), in pigmented but
not in albino GPs. At P6 baseline, refractions in the two
strains were significantly different, but vitreous chamber
depths were similar (Figs. 2B, 2C). Later, at P14, the differ-
ence between refractions in the two strains had increased;
the vitreous chamber elongated with age in albino eyes,
but it remained unchanged with age in pigmented eyes
(Figs. 2B, 20C). Details of all biometric parameters are listed
in Table 2.

Of note, ChT varied greatly (large standard deviation
[numbers in bold in Table 2] indicated wide range of
ChT, larger than the standard deviation of the relatively
thicker retina) in both albino (42-86 pm) and pigmented (65-
182 pm) eyes at age P6, and this variation increased slightly
with age (P14) in both albino (42-95 pm) and pigmented
(72-207 pm) eyes. Therefore the association of ChT at P14
with myopia development at P28 (with or without monoc-
ular form deprivation) was evaluated in the “Association
of P14 Baseline ChT With P28 Refractive Error” section
below.

TaBLE 2. Biometric Parameters (Refraction, Axial Length, and Component Distances) of Eyes Undergoing Normal Growth at Two Baseline

Time Points (P6 and P14)

Albino Strain

Pigmented Strain

(n =27) (n = 23)
Parameters’ P6 P14 P6 P14
Refraction (D) 3.3 £ 3.0 0.6 + 25 4.6 £ 2.2 5.0 + 2.2
Axial length (mm) 7.06 £ 0.2 7.28 £ 0.1 7.04 £+ 0.1 7.21 £ 0.1
Vitreous chamber (mm) 3.13 £ 0.1 3.19 £ 0.1 3.13 £ 0.0 3.12 £ 0.1
Retina (um) 154 + 4 154 £ 5 161 + 3 161 + 4
Choroid (um) 64 + 11f 64 + 131 116 + 27% 125 + 31f
Sclera (um) 98 + 13 109 + 14 117 £ 9 127 + 12

All values represent mean =+ standard deviation.
" Only the data from right eyes were used.

T Note the standard deviation tended to be greater in P14 versus P6 GPs.
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TasLE 3. Correlation Analysis Showing Coefficient of Correlation of Refractive Error With Thickness of Each Sublayer of the Posterior Eye

Wall, at P6 and P14

P6 Albino P6 Pigmented P14 Albino P14 Pigmented
P6 (n = 50) P14 (n = 50) (n =27) (n = 23) (n = 27) (n = 23)
B P B P B P B p B P B P
Retinal thickness 0.145 0.06 0.272 0.0002" 0.18 0.24 —0.001 0.99 0.102 0.35 0.094 0.35
Choroidal thickness ~ 0.022 0.06  0.022 <0.0001" —-0.05 0.37 0.033 0.06 0.069  0.09 0.041 0.0013"

Scleral thickness 0.050 0.06 0.118 <0.0001" 0.004

0.93 0.141 0.006° 0.036 0.032° 0.049 0.72

Only the data from right eyes were used. P values indicate the significance of deviation of the slopes from zero. Bold font alone denotes
values close to statistical significance, at 0.10 > P > 0.05. Asterisk and bold font implies significance at P < 0.05.
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FiGure 3. Association between choroidal thickness and refraction at P6 (A, C, E) and P14 (B, D, F) when the two guinea pig strains were
combined (A, B) and analyzed with strains separated (C, D, E, F). 8, regression coefficient; D, diopters; SE, spherical equivalent.

Associations between refraction and the thickness of each
eye-wall sublayer were analyzed at P6 and P14. The correla-
tion coefficients are listed in Table 3. All three associations
became stronger with age, in both albino and pigmented
animals, but the association of ChT with refraction at P14

was the strongest. Scatter plots of refraction versus ChT are
presented in Figures 3A (P6) and 3B (P14). We found a signif-
icant positive correlation at P14 (n = 50, 8 = 0.06, P <
0.0001) and a marginally significant positive correlation at
P6 (n = 50, 8 = 0.02, P = 0.06).
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FiGure 4. Association between choroidal thickness at baseline (P14, x-axis) and refractive error at P28 (RE, y-axis), after 14 days of either
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myopia development. 2W MFD, two weeks of monocular form deprivation myopia inducement; 8, regression coefficient; D, diopters.

Next, we assessed whether the relationship between ChT
and refractive error (at P6 and at P14) varied across albino
and pigmented GPs (Table 3, Fig. 3). At PG, we found that
the correlation in albino GPs was negative and not signifi-
cant, (n = 27, B = —0.05, P = 0.37, Fig. 3C), whereas the
correlation was positive and marginally significant for the
pigmented group (n = 23, 8 = 0.02, P = 0.06, Fig. 3E),
implying that the observed positive relationship between P6
ChT and P6 refractive error in the overall sample was driven
by pigmented GPs. At P14, we found that the correlation in
albino GPs was positive and marginally significant, (n = 27,
B = 0.07, P = 0.09, Fig. 3D) and the correlation was posi-
tive and significant for the pigmented group (n = 23, § =
0,01, P = 0.0013, Fig. 3F), implying that the observed posi-
tive relationship between P14 ChT and P14 refractive error
in the overall sample may be driven more by pigmented GPs
than albino GPs.

Association of P14 Baseline ChT With P28
Refractive Error

At P14 baseline, ChT was lower in albinos than in pigmented
GPs (64 + 13 pm vs. 125 + 31 pm, P < 0.001) (Fig. 2, Table 2),
but the ranges of thickness in the albino (40-106 pm) and
pigmented (65-207 pm) GPs overlapped somewhat (Fig. 3).
After monocular form deprivation for 14 days (n = 22 albino
and n = 21 pigmented), the induced myopic shift in refrac-
tion was correlated with baseline P14 ChT. In both albino
and pigmented GPs with significantly lower baseline ChT,
the mean refractive error was significantly myopic after 14
days of form deprivation (Fig. 4). This demonstrates a signif-
icant association between ChT and the subsequent develop-
ment of induced form deprivation myopia.

The relationship between P14 ChT and P28 refractive
error was analyzed further by linear regression (Fig. 4).
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Univariate linear regression analysis with P28 refractive
error as the outcome variable and FDM (versus control)
as the predictor variable, showed that if a P14 GP under-
went 2 weeks of FDM, at P28 the refractive error was on
average 1.85D more myopic than that in GPs undergoing
physiological growth; this difference was not quite signifi-
cant statistically (P = 0.081, n = 70). When using P14 base-
line ChT as the predictor variable, every additional 10um of
P14 ChT was associated with 0.55D more positive P28 refrac-
tive error (P < 0.001, n = 70, same data as used for Fig. 4).

We showed, using multivariate linear regression analy-
sis, that after taking into account whether a GP was under-
going FDM (versus undergoing physiological growth), or
was albino (versus pigmented), refractive error at P28 was
0.5D more positive with every 10um increase in ChT at
P14 (P = 0.005, n = 70). This suggests that the observed
relationship between P14 baseline ChT and P28 refractive
error is not driven by average differences across albino and
pigmented GPs in P14 baseline ChT (same data as used
for Fig. 4).

Next, we assessed whether the relationship between
P14 baseline ChT and P28 refractive error (with physio-
logic growth, Fig. 4A, and with two- week FDM, Fig. 4B)
varies across albino and pigmented GPs. Specifically, we
repeated the analysis using albino GPs (Figs. 4C and 4D) and
pigmented GPs (Figs. 4E and 4F). We found that P14 baseline
ChT was predictive of P28 refractive error with both physi-
ological growth (n = 27, = 0.05, P = 0.008) and after two
weeks of FDM (n = 43, 8 = 0.06, P = 0.007). When focus-
ing on P28 refractive error with physiological growth, and
analyzing the data from the two strains separately, we found
a positive correlation in albino GPs, as well as a positive
correlation in pigmented GPs, but neither correlation was
statistically significant, although with notably lower sample
sizes. When focusing on P28 refractive error after two weeks
of FDM, we found that the correlation in albino GPs was
near zero and not significant, (n = 22, § = —0.02, P = 0.72),
whereas the correlation was positive and statistically signifi-
cant for the pigmented group (n = 21, 8 = 0.07, P = 0.002),
implying that the observed positive relationship between
P14 baseline ChT and P28 refractive error in the overall
sample is driven by pigmented GPs.

Differences in Development of Choroidal
Vasculature and Nitric Oxide (NO) Systems
Between Pigmented and Albino Animals

Refractive Error Differences Between Strains.
Stratifying by FDM versus control, among control GPs under-
going physiological growth (GPs contained within Fig. 4A),
albino GPs were on average 4.14D more myopic than
pigmented GPs (P = 0.012, n = 27); in contrast, among
GPs that underwent two weeks of FDM (GPs contained
within Fig. 4B), albino GPs were on average 2.86D
more myopic than pigmented GPs (P = 0.026, n = 43).
Univariate linear regression analysis, using albino (versus
pigmented) strain as the predictor variable, revealed that
at P28 albino GPs had a refractive error on average 3.08D
more myopic than pigmented GPs (P = 0.02, n = 70,
combining data from all GPs contained within Figs. 4A
and 4B). Notably, after taking into account whether
FDM was induced or not, multivariate linear regres-
sion analysis showed that albino GPs were on aver-
age 3.33D more myopic than pigmented (P = 0.001,
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Ficure 5. Initial refractive error and changes in choroidal thickness
with duration of general anesthesia, in P14 hyperopic guinea pigs.
(A) Refraction of albino and pigmented strains; (B) Choroidal thick-
ness as a function of time. Independent Student’s /-test was used for
comparisons in A. One-way ANOVA with Bonferroni correction was
performed for the data in B.

n = 70, combining data from all GPs contained within
Figs. 4A, 4B).

Choroidal Vasculature Differences Between
Strains. The initial ChT of seven hyperopic albino (2.64D
+ 1.94D) and seven hyperopic pigmented (8.64D + 2.27D)
P14 GPs was monitored with the GPs under general anes-
thesia for two hours. As expected, the initial hyperopic
refraction (Fig. 5A) and ChT (Fig. 5B) were remarkably
higher in pigmented GPs than in albinos. Of note, ChT
increased with the duration of anesthesia in the pigmented
GPs, and at least one of the increases was statistically
significant at different time points, in pigmented (one-way
ANOVA, F = 4.9, P = 0.004) but not in albino GPs (F = 0.03,
P = 0.99). Post hoc test with Bonferroni correction showed
that the specific timepoints at which ChT was different,
were at 90 minutes versus 30 minutes (P = 0.03), and at
120 minutes versus 30 minutes (P = 0.005) after anesthesia
induction in pigmented GPs. Images of the inner, middle
and outer sublayers of the choroid showed that albino GPs
have thinner choroids than pigmented GPs, with a relatively
underdeveloped vascular layer (Fig. 6; regions with sparse
vessels are denoted by stars in the en face images).

This inter-strain difference was further explored by linear
regression analysis. Univariate linear regression analysis,
using P14 baseline ChT as the predictor variable, every addi-
tional 10 pm of P14 ChT was associated with 0.64D more
positive P28 refractive error (P < 0.001, n = 31) in albino
GPs, but there was no significant association in pigmented
GPs (coefficient 0.10D, P = 0.814, n = 39).

Choroidal Nitric Oxide System Differences
Between  Strains. The iTRAQ-based quantitative
proteomics analysis was performed, to compare the
choroidal proteomes in P14 albino GPs with those in P14
pigmented GPs. The volcano plot in Figure 7 represents fold
changes (albino vs. pigmented, log,) of the same proteins
against the moderated #-test P value (—log,). In total, 5600
unique proteins were identified (FDR < 1%), 5457 of which
were quantifiable; 377 of these were increased in amount,
and 282 were decreased (fold change >1.5, or <0.67, P
value <0.05). All of the differentially expressed proteins
were subjected to Ingenuity Pathway Analysis (Qiagen IPA;
Supplementary Table S1).

Nitric oxide (NO) subserves many functions in neural and
non-neural tissues. As a vasodilator, it is a pivotal signal-
ing molecule that regulates blood flow and tissue oxygena-
tion, and is possibly the most relevant chemical modulator
of ChT.? It is also an important modulator of functional
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Ficure 6. En face and cross-sectional images from representative pigmented and albino GP eyes at P6 (upper images) and P14 (lower
images) showing the development of vascular layers of the choroid. S, superior; I, inferior; T, temporal; N, nasal. Stars denote underdeveloped
choroidal areas in the albino eye. All images were obtained by SS-OCT. Thin arrows indicate thin choroid, and thick arrows indicate thick
choroid—showing the unevenness of ChT in albino GPs and more even ChT in pigmented GPs in different quadrants.
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Ficure 7. Volcano plot for comparison of choroid proteomes
between albino P14 GP (n = 4) and pigmented P14 GP (n = 4).
Expression fold changes (albino vs. pigmented, log,) were calcu-
lated and plotted against the moderated f-test P value (—logy). In
total, 5600 unique proteins were identified (FDR < 1%), 5457 of
which were quantifiable. Amounts of 377 proteins were increased,
whereas amounts of 282 were decreased (fold change > 1.5, or <
0.67; P < 0.05). The affected proteins were subjected to Ingenuity
Pathway Analysis (Supplementary Table S1).

state and cell-cell signaling (e.g., in the retina®*-3?) where it
plays a well-established role in emmetropization.’>34 There-
fore we checked NO-generating pathways among the signifi-
cantly affected canonical signaling pathways identified using
Qiagen IPA (Supplementary Table S1). Three NO-generating
pathways are affected significantly more in albinos than
in pigmented GPs; these are: the endothelial NOS (eNOS,
NOS3) signaling pathway (P = 0.007, z-score = 1.4, ranked

87), the neuronal NOS (nNOS, NOS1) signaling pathway
(P = 0.03, ranked 144), and NO signaling in the cardiovas-
cular system (NOS1-, NOS2-, and NOS3-related) (P = 0.003,
z-score = 1.4, ranked 65). Proteins involved in these three
canonical pathways are listed in Table 4 (with the proteins
shared in all three pathways in bold). The differences
in protein levels between albino and pigmented choroid
suggest that the production of NO in the choroid in albino
and pigmented GPs could be different; however, the assay
used herein measured only the protein amounts, not the
activity, of those enzymes. Other key proteins could be
members of the protein kinase C family, given its involve-
ment in all four canonical pathways mentioned above.

Discussion
Main Results and Significance of Current Study

The current study demonstrated that choroidal develop-
ment is genetically controlled, at least in part, in our guinea
pigs, which is consistent with observations in humans® and
selectively-bred chicks.!” Our results also demonstrated that
ChT early in life may predict the susceptibility of eye growth
to myopiagenesis in GPs. This correlation was particularly
apparent for the pigmented GP strain, perhaps because of a
ceiling effect among the albino GP strain, which had thinner
ChT overall. The process of choroidal thickening might be
influenced by NO-dependent cell-cell signaling in the retina
(which is avascular in GP),*° along the retina-RPE-choroid
pathway,*® or more directly by a functional NO system in the
choroid®” comprising eNOS-containing vascular endothelial
cells and nNOS-containing parasympathetic nerve fibers that
innervate them.?®3 Thus it could be a key component of the
growth-regulating pathways that pass signals from the retina
to the sclera, and the underlying mechanism could relate to
dysfunction of the choroidal vascular system.

At present, GPs are being widely used as animal models
of myopia. Most results related to experimentally induced
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TaBLe 4. NO-Related Canonical Pathways Identified by IPA Bioinformatic Software and Gene Names of Involved Proteins Found By

Proteomics Analysis With Their Fold Change

NO Signaling in the

Affected NO-Related Pathways

Cardiovascular System

eNOS Signaling  nNOS Signaling in Neurons

Gene names of significantly involved proteins and AKT3 (1.5) AKT3 (1.5) CAPN5 (0.4)
their fold change in albino choroid vs. pigmented ATP2A1 (0.5) AQP1 (0.6)
choroid CACNA2D2 (1.8) GUCY1A1 (2)
GUCY1A1 (2) HSP90B1 (0.3)
HSP90B1 (0.3) HSPA2 (0.6)
HSPA9 (1.7)
PRKAG1 (1.6) PRKAG1 (1.6)
PRKCD (0.7) PRKCD (0.7) PRKCD (0.7)
PRKCE (2.2) PRKCE (2.2) PRKCE (2.2)
PRKCQ (3.5) PRKCQ (3.5) PRKCOQ (3.5)

myopia in GPs are comparable to those in other mammalian
models, and even to those in the more widely used chick
models. Moreover, our findings support the results of our
previous report'“—that spontaneous myopia consistently
occurs in some strains of GPs, whereas other strains are
less susceptible to myopia induction. Therefore, exploring
the variety of eye growth phenotypes in this species could
enable us to better understand the differences in refraction
and incidence of myopia among different human ethnic and
geographic populations.

Differences from Studies in Chicks

Although it was first demonstrated in chickens that
the choroid actively changes thickness in experimentally
induced myopic eye growth,*> subsequent comparison
between growth responses in different strains of chickens
showed that induced changes in corneal curvature could
also contribute to the induced differences in refractive devel-
opment. In view of the large variability of ChT in incubator-
hatched chicks, studies were conducted within strain, and
these showed that initial ChT predicted ocular growth in
normal chicks, but not in chick eyes with experimentally
altered growth.!7'1® Recently, we reported that two strains
of pigmented GPs responded differently to the same myopi-
agenic stimuli and that this was correlated with the differ-
ences in initial ChT.'* We have built on those foundations in
the present work, expanding the study to include an albino
strain of GPs and to compare the development of refraction
and ChT in two different GP strains (albino and pigmented).
The demonstrated association between early ChT and subse-
quent refractive development, in a longitudinal study design,
allowed us further to hypothesize a role for the choroid in
eye growth, as well as to suggest an underlying molecular
basis of this function.

Failure of the Visual Signaling Cascade from
Retina to Choroid

Following accumulated data from research using animal
models studying the response of the choroid to the visual
signals from the retina, human studies have also demon-
strated significant (though small-amplitude) changes of
ChT in response to subtle visual manipulation. Read and
colleagues initially reported in detail the changes of axial
length,* which were found later to result from changes of
ChT*' Of note, Read and colleagues‘®%! mentioned in the
same study that there was no significant effect of refrac-

tive error on the changes in axial length after exposure
to defocus, but they did not show a detailed data analy-
sis. Chiang and colleagues*? conducted a similar investiga-
tion in a small group of human subjects, using a General
Linear Model to analyze the ChT at multiple time points and
keeping it as a continuous variable; they, too, reported no
difference in ChT between emmetropic and myopic groups.
Recently, Swiatczak and Schaeffel®® reported the results of
monitoring axial length in emmetropic and myopic human
subjects, while viewing optically altered moving images
for 30 minutes. These authors found that positive defo-
cus caused less choroidal thickening in myopic eyes than
in emmetropic eyes. Further studies by these authors*
revealed that reading text with inverted contrast caused a
reduction of axial length (due to choroidal thickening) in
myopic eyes, which was associated with text size.

Dopamine and NO are neurotransmitters in the retina
that mediate adaptation-driven changes in retinal func-
tions. 314546 It is speculated that NO acts downstream to
the DA mechanism in the retina, and NO is known to be
an important regulator of ocular blood flow, as reviewed
comprehensively by Schmetterer and Polyak.? Therefore
our data in Figure 5 may reflect differences in responses
of the choroidal NO systems of albino and pigmented
GPs to general anesthesia. Moreover, given that the GP
retina is avascular, this indicates that any function of the
ocular NO system mediated by its vascular regulatory actions
(as opposed to effects on neurotransmission and image
processing in the retina) would act primarily through the
choroidal vasculature. During the 30-minute-long induction
time immediately after injection of ketamine/xylazine cock-
tail, there is expected to be a time-dependent slowing of
ocular blood flow," which was reflected in our experi-
ment as the choroidal thinning at 30 minutes. Beyond the
30-minute mark, the choroid would thicken, which would
reflect recovered choroidal blood flow, in pigmented GPs.
However, the horizontal line (with near-zero slope) from the
albino GP data indicated minimal changes of blood flow in
the choroid during induction of and recovery from anesthe-
sia. This finding supports the notion that albino GPs have
an underdeveloped choroidal vascular system, as shown
in Figure 6.

In addition, choroidal melanocytes in pigmented GPs
are contacted by nerve endings that contain neuropep-
tide Y,* one function of which is causing vasoconstriction;
general anesthesia might block this action, causing vasodila-
tion.*” Therefore underdevelopment of the choroid in albino
GPs could contribute to or result from choroidal failure to
respond to signals from the retina.
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In summary, results of the current study confirmed that
greater thickness of the choroid may provide (or at least
precede) protection from or delay in the onset of myopia,
whereas lesser thickness was associated with greater suscep-
tibility to spontaneous myopic shift and experimental
myopia-induction potentially via the NO system. Our results
are consistent with the results of other studies in GPs, which
suggest that thinning of the choroid causes a reduction in
choroidal blood flow and that this leads to hypoxia which
causes scleral expansion.”

Cellular/Molecular Characteristics of the Choroid
Relevant to Myopia Development

En face fundus images (Fig. 6) clearly revealed underdevel-
opment of blood vessels from the middle to outer layers of
choroid in albino GPs; thus, the first affected signal trans-
duction could be NO in blood vessels.>! Two of the canon-
ical pathways identified among the differentially expressed
proteins, eNOS signaling pathway and NO signaling path-
way in the cardiovascular system, may be activated as indi-
cated by the z-score employed in the IPA Pathways Activity
Analysis module. Other canonical pathways affected more
in the choroid of albino than of pigmented GPs are listed in
Supplementary Table S1. Gene names of proteins involved
in the NO system are listed in Table 4. The content of more
than half of the proteins involved in these pathways is upreg-
ulated in the choroid of albino GPs. In addition, from the list
of genes (Table 4), protein kinase C family members may
play a pivotal role in all NO related pathways. Based on a
large body of prior studies on NOS 33:36:39:52-5 we speculate
that in the albino choroid, the mobilization and activation
of such NO-related pathways are in response to the need
for promoting choroidal ECM synthesis and angiogenesis,
and more, as a result of myopia development. We would
propose that activation of the NO system, by prolonged
myopia induction in pigmented GPs or in naturally occurring
myopia in albino GPs, could be a compensatory response to
protect the eye from accelerated growth.

Potential Cell Carriers of the Signaling Molecules

NO is multifunctional ® and it is therefore of interest to iden-

tify the best cellular target(s) of NO signaling—both for treat-
ing various ocular diseases and for selecting methods of drug
delivery—especially when NO and other agents are strongly
implicated in regulation of myopic eye growth 33,3455,56,61
Consequently, further work is warranted to understand the
roles and mechanisms of choroidal NO signaling in myopic
eye growth.

Given that melanocytes are involved in choroidal vascu-
lar development,®? it is not surprising that the choroid is
consistently thinner in albinos than in pigmented strains. In
addition to producing melanin, melanocytes are also able
to secrete a number of signaling molecules in response
to ultraviolet radiation and other stimuli.®® One such
signaling substance is nitric oxide (NO); not only have
melanocytes from skin been found to produce NO,* but
also iNOS expression was detected in uveal melanoma,®> and
eNOS has been detected immunohistochemically in human
melanocytes.®® Because the number of melanocytes and the
level of melanin synthesis are undeniably below normal in
the choroid of albino animals,®? it is reasonable to speculate
that the inferred reduction of choroidal NO production in
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albinos is due to the deficiencies in number and function of
choroidal melanocytes.

Our study is not without its limitations. One of these
is that an effect of cycloplegia on choroidal thickness, if it
exists, might differ between albino and pigmented GPs, or
differ between before and after two weeks of FDM. Fortu-
nately, these effects would have been statistically accounted
for through our use of regression analysis. Any effect on
albino GPs would be similar in all GPs that underwent OCT
measurement and similar for all pigmented GPs. It is also
important to note that another limitation is that we employed
proteomics in a targeted attempt to test our focused hypoth-
esis that NOS and NO-synthesis play key roles in our GP
model of myopia. Given that many other pathways were
suggested by our proteomics analysis, future studies and
analyses would be needed to elucidate all pathways relevant
to myopia, beyond our NOS-focused hypothesis.

Conclusion: Inspiration for Clinical Application

To improve the prevention of myopia onset and decrease the
progression in human children, it is critical to establish an
objective evaluation system for predicting and monitoring
myopia progression, especially given the difficulties faced
with preventing its onset. Thickness of the choroid could
be a more reliable marker than axial dimensions (such as
VCD and AL) for monitoring the risk of myopia onset and
progression in the early stages of postnatal eye develop-
ment, since the choroid is already significantly thin at P6
in GPs that are susceptible to developing myopia. At P14,
VCDs were different, whereas ALs were not; this might be
due to the lack of significant choroidal thickening with age
in albino GPs, as shown in Figure 2A. Therefore it could
be clinically useful to monitor choroidal development as
early as possible. Because the dendritic melanocytes extend
across the entire choroid, from its inner to outer margins,
it would be beneficial to monitor melanin accumulation in
the fundus (which should reflect melanocyte activity as well,
e.g., by polarization-sensitive OCT). Clearly, more informa-
tion needs to be known about the biology of choroidal
melanocytes in GPs and other models to understand their
potential role(s) in emmetropization, myopiagenesis, and
other normal and pathological conditions of the eye. Finally,
once therapeutic targets related to choroidal thickening are
clearly identified, novel drug therapy could be pursued to
retard myopia onset or progression in humans. Given the
direct exposure of choroid (and thus the retina-RPE-sclera
relay process) to the systemic circulation, choroid-targeted
therapy might readily be done through injection or even oral
administration.
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