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Purposk. In chicks, daily exposure to bright light (15,000 lux) retards the development of
form-deprivation myopia (FDM) by roughly 60%. This study investigated whether higher light
intensities increase the amount of protection against FDM, and whether protection and light
intensity are correlated. Furthermore, we examined if exposure to bright light can prevent the
progression of FDM or whether it affects only the onset of experimental myopia.

Mernops. Experiment 1: Chicks wore translucent diffusers monocularly for a period of 7 days,
with exposure to one of five light intensities (500, 10,000, 20,000, 30,000, and 40,000 lux, 7
= 12 per group). Experiment 2: Chickens wore translucent diffusers monocularly for 11 days
and were split into three groups: (1) chicks reared under 500 lux, (2) chicks reared under
40,000 lux, and (3) chicks reared under 500 lux for the first 4 days and 40,000 lux for the
remaining 7 days.

Resurts. A significant correlation was observed between log light intensity and the
development of FDM, with a lesser myopic refraction (F (28, 330) = 60.86, P < 0.0001)
and shorter axial length (F (4, 20) = 8.87, P < 0.0001) seen with increasing light intensities.
The progression of FDM was halted in chicks that were switched from 500 to 40,000 lux.

Concrusions. The level of protection from the development of FDM increases with increasing
light intensity. Daily exposure to 40,000 lux almost completely prevents the onset of FDM
and, once myopia is established, halts further progression.

Keywords: myopia, eye growth, outdoor activity, light intensity

he visual disorder myopia (short-sightedness) is due to a

mismatch between the optical power of the eye and its
axial length. This is due most commonly to excessive
elongation of the eye during development. A rapid increase in
the prevalence of myopia has been observed, most notably in
urban East Asia.!"® A number of epidemiological studies have
reported a strong negative correlation between time spent
outdoors and the development of myopia, with those children
who spend greater amounts of time outdoors less likely to
become myopic.”~!3 Rose et al.!® postulated that this protective
effect may be driven by light-stimulated dopamine release from
the retina, associated with the higher illumination levels
experienced outdoors. In support of this hypothesis, animal
studies have shown that the development of experimental
myopia can be retarded by daily exposure to bright light
(15,000-30,000 lux), relative to that seen under normal
laboratory lighting levels (500 lux).'¥"'7 In chicks, this
protective effect can be abolished by the daily administration
of a dopamine D2 receptor antagonist, spiperone.'> This
suggests that in chicks, the protective effects of bright light
are driven, to some extent, by retinal dopamine.

In chickens, exposure to 15,000 lux, for a period of 5 hours
per day, retards the development of form-deprivation myopia
(FDM) by roughly 60% relative to the refractive changes seen in
chicks fitted with diffusers and reared under normal laboratory
lighting levels (500 lux).' This study examines whether greater
protection is afforded with higher light intensities (ranging from
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10,000-40,000 lux). We postulate that a positive correlation
exists between light levels and the degree to which the
development of FDM is prevented. In support of this hypothesis,
Ashby et al.'¥ have shown that the extent to which brief periods
of normal vision retard the development of FDM!'®1!9 is
proportional to the light levels experienced during diffuser
removal.'* Further, Cohen et al.2° have reported that the normal
emmetropization process in chicks appears to depend on light
intensity. The authors observed that a more hyperopic refraction
is maintained over a 90-day period when chicks are reared under
higher luminance levels (10,000 lux). In contrast, rearing chicks
under low light (50 lux) induces a myopic shift by 90 days (—2.41
diopters [D]). Together, this work suggests that a correlation
exists between luminance levels and refractive development.
The present study also examines whether bright light can
prevent further progression in already myopic eyes, or whether
it is effective only at retarding the onset of experimental myopia.
This is an important question, as epidemiological studies have
suggested that increased time outdoors can reduce the
probability of myopia onset but does not appear to affect the
rate of progression.!>13

METHODS

Animal Housing

One-day-old male White Cockerel chickens were obtained
from Barter & Sons Hatchery (Luddenham, NSW, Australia).
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Chickens were housed in temperature-controlled rooms
under a 12:12 hour light:dark cycle, with lights on at 7 AM
and off at 7 PM. Chickens had access to unlimited amounts
of food and water, and were given 4 days to become
accustomed to their environment before experiments
started. Authorization to conduct experiments using ani-
mals was approved by the University of Canberra Animal
Ethics Committee under the ACT Animal Welfare Act 1992
(project number CEAE 13-03) and conformed to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research.

Experimental Design

Experiment 1A: Chickens were monocularly treated with
translucent diffusers for 7 days and reared under a normal
12:12 hour light:dark cycle. During the light phase, chicks
were exposed to either normal laboratory light levels (500 lux,
n = 12) or to one of four higher illumination levels (10,000,
20,000, 30,000, and 40,000 lux, 7 = 12 per light intensity).
Chicks in the high light groups (10,000-40,000 lux) were
exposed to these intensities for a period of 6 hours per day (11
AM-5 PM), over the 7 days, while being reared under normal
laboratory lighting levels for the remainder of the light period
(7 AM-11 AM and 5 PM-7 PM). Axial length was measured on
the day prior to the commencement of the experiment and on
day 6. Refraction was measured daily at 9 AM.

Experiment 1B: To determine if light intensity affects
normal ocular development, age-matched untreated control
birds were exposed to either normal laboratory light levels
(500 lux, 7 = 12) or to one of four higher illumination levels
(10,000, 20,000, 30,000, and 40,000 lux, 7 = 12 per light
intensity) for a period of 7 days. As with experiment 1A, chicks
in the high light groups (10,000-40,000 lux) were exposed to
these intensities for a period of 6 hours per day (11 AM-5 PM),
over the 7 days, while being reared under normal laboratory
lighting levels for the remainder of the light period. Axial
length was measured on the day prior to the commencement
of the experiment and on day 6. Refraction was measured daily
at 9 AM.

Experiment 2: To investigate if the progression of FDM
could be prevented by bright light exposure, chickens
monocularly wore translucent diffusers for 11 days and were
split into three treatment groups: (1) chicks reared under 500
lux for the entirety of the light phase, (2) chicks exposed to
40,000 lux, for a period of 6 hours per day, while being reared
under 500 lux for the remainder of the light phase, and (3)
chicks initially reared under 500 lux for a period of 4 days to
induce deprivation myopia. Following this, chicks were
switched to daily exposure to 40,000 lux, for a 6-hour period
per day, for the remaining 7 days. Axial length was measured
on the day prior to the commencement of the experiment and
on day 10. Refraction was measured daily at 9 AM.

For all experiments, on the day prior to treatment,
following ultrasound measurements, Velcro mounts were fitted
around the left eye with Loctite super glue (Henkel,
Disseldorf, Germany). On the following day, the translucent
diffusers, fitted to matching Velcro rings, were placed onto the
mounts.

Measurement of Ocular Parameters

Refraction and axial length were measured by automated
infrared photoretinoscopy (system provided by Frank Schaef-
fel, University of Tuebingen, Germany) and A-scan ultrasonog-
raphy (Biometer AL-100; Tomey Corporation, Nagoya, Japan),
respectively.!415
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Light Sources

Ilumination of the cages was produced by a custom-made
system composed of 10 banks of LED (light-emitting diode)
lamps, with an illumination angle of 60° for each individual
LED (Electronics Department, Research School of Biology,
Australian National University). The illumination output was
adjustable by a dimmer system on a linear scale between 0 and
45,000 lux. Each LED bank was composed of an equal mix of
cool (400-650 nm, peaking at 450 nm) and warm (430-700
nm, peaking at 630 nm) LED modules, generating minimal to
no heat load, even at maximum intensity. The final spectral
composition was similar to that produced by quartz-halogen
bulbs, which were previously used to generate high light
levels.'*1> The lighting system did not emit in either the
infrared (IR) or ultraviolet (UV) spectrum. Illumination levels
were uniform across the cage area (1.6 X 0.8 meters), as
measured by an IL-1700 Research Radiometer (International
Light, Inc., Chula Vista, CA, USA), with the lighting system
sitting 1.5 meters above the cage roof. Cages were placed
against a single wall, allowing a viewing distance of 5 meters in
three directions. All reported luminances used in this study
were measured at the level of the cage floor, with lighting
levels continuously monitored within the cages by an
automated system using HOBO data loggers (Onset HOBO
Data Loggers, Bourne, MA, USA).

Histology

To determine if bright light exposure induces neuronal
damage, retinal tissue from chicks reared under 40,000 and
500 lux, for a period of 7 days, was processed for histology.
Following deep anesthesia (5% isoflurane in oxygen), chicks
were euthanized and the eyes rapidly enucleated. Eyes were
hemisected, with the anterior portion and vitreous body
discarded, while the posterior eye cup was fixed by immersion
in 4% paraformaldehyde in 0.1 M phosphate-buffered saline
(PBS, pH 7.4) for 4 hours at 4°C. Eye cups were then left
overnight in a 30% sucrose solution, dissolved in 0.1 M PBS, for
cryoprotection, before being embedded in optimal cutting
temperature (OCT) compound (Tissue-Tek; Thermo Fischer
Scientific, Scoresby, VIC, Australia). Retinal cyrosections 8 pm
thick were cut from the nasotemporal plane using a cryostat
(CM1850; Leica Microsystems, North Ryde, NSW, Australia).
Sections were mounted onto gelatin-coated glass slides and air-
dried overnight. Sections were stained for morphological
examination using hematoxylin and eosin (H&E; Thermo
Fischer Scientific) or TUNEL labeled for analysis of cell death
following the protocol of Maslim et al.?! For TUNEL labeling,
slides were immersed in 70% ethanol for 30 minutes before
being washed in distilled water. Peroxidase activity was
blocked by incubation in 3% H,O, for 10 minutes. Slides were
then incubated in terminal deoxynucleotide transferase buffer
(3 mM Trizma base, 14 mM sodium cacodylate, and 0.11 mM
cobalt chloride) for 10 minutes before incubation in a reaction
buffer containing terminal deoxynucleotide transferase (TdT,
0.03 units/pL; Thermo Fischer Scientific), biotinylated deoxy-
uridine triphosphate (biotin-16-dUTP, 4 uM; Roche, Castle Hill,
NSW, Australia) in a TdT buffer for 1 hour at 37°C. The reaction
was stopped by incubation in a 300 mM NacCl buffer containing
30 mM sodium citrate. Nonspecific binding was blocked by
incubation in a 1% bovine serum albumin solution for 15
minutes. Secondary labeling was achieved through incubation
with streptavidin-conjugated Alexa Fluor 594 (Life Technolo-
gies, Mulgrave, VIC, Australia) for 1 hour at room temperature.
Sections were double stained with 4’,6-diamidino-2-phenyl-
indole (DAPI; Life Technologies) DNA nuclear stain for
visualization of cell layers. As a positive control, retinal tissue
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Ficure 1. Absolute change in refraction over 8 days for diffuser-treated eyes from animals reared under one of five light intensities (500, 10,000,
20,000, 30,000, or 40,000 lux). The development of deprivation myopia was retarded proportionally to increasing light intensities. Plotted untreated
control values represent the mean refraction, at each time point, for age-matched untreated control eyes. There was no statistical difference in
refraction changes seen in contralateral control eyes or age-matched untreated control eyes in response to any light intensity. Therefore contralateral
data are not plotted for ease of viewing. Error bars: standard error of the mean, n = 12 per group.

from Sprague-Dawley (SD) rats, in which DNA damage and
apoptosis had been induced through light damage, was 9
processed simultaneously with the chicken retinal samples.
To induce retinal damage, SD rats (90 days of age) were
exposed to 1500 lux for a 24-hour period, which is known to
induce photoreceptor apoptosis.??

y =-3.59 log10(x) + 17.52
8 R?=0.9501

Statistics

All results are presented as the mean * the standard error of
the mean. For the analysis of changes in ocular parameters over
time, a multivariate analysis of variance (MANOVA) with
repeated measures design was used to compare the effect of
light levels (between-subject variable) over time (within-
subject variable) on refraction development or axial length
(dependent variables). Analysis of changes in ocular parame-
ters between groups at specific treatment times was under-
taken by post hoc testing using a Student’s unpaired #-test, with

Relative Change in Refraction (Dioptres)

Bonferroni correction for multiple testing. All statistical 0 ; ; : :
analyses were undertaken in SPSS (IBM, Armonk, NY, USA). 0 10,000 20,000 30,000 40,000
RESULTS Light Intensity (Lux)

Ficure 2. Plot of logarithmic regression of light intensity versus

Correlation Between nght Intensity and the relative change in refraction over 8 days. Relative change in refraction

Development of Form'DePrivation MyOpia Over represents the refractive value recorded for the diffuser-treated eye
Time minus the value recorded for the contralateral control eye at each time

point. The relative myopic change in refraction associated with diffuser
In Experiment 1A, light had a significant effect on refractive wear regressed strongly with light intensity, which was best modeled

development in diffuser-treated eyes over the 8-day period by a logarithmic relationship. The percentage variation explained by
measured (F (28, 330) = 60.86, P < 0.0001; Fig. 1; Table 1). the regression was 95.0%.
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Tasie 1. Refractive Data From Diffuser-Treated Eyes Over 8 Days for All Light Intensities
Refraction, Diopters

Treatment LI, Lux Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Constant diffuser 40,000 3.75 * 0.09 3.56 = 0.08 3.38 £ 0.07 3.05 £ 0.08 3.00*0.09 3.05=*0.05 3.05*0.07 297 *0.11
Contralateral

control 40,000 3.75 = 0.09 3.76 £ 0.09 3.76 = 0.09 3.76 = 0.10 3.82 * 0.08 3.83 *0.08 3.860* 0.09 3.70 * 0.04
Relative change

in refraction 0.00 £ 0.08 —0.2 * 0.07 —0.38 = 0.08 —0.71 * 0.13 —0.82 * 0.14 —0.78 * 0.11 —0.82 * 0.13 —0.73 * 0.20
Constant diffuser 30,000 3.88 = 0.08 298 = 0.18 2.61 = 0.15 2.42 *0.21 214 =023 234 *0.24 233 *0.22 206 * 0.18
Contralateral

control 30,000 3.88 = 0.08 3.84 £ 0.07 3.81 =0.08 387 =0.09 3.88=*0.08 388 =009 386=x0.06 3.80=x0.05
Relative change

in refraction 0.00 = 0.12 —0.86 = 0.14 —1.2 £ 0.14 —1.45 = 0.19 —1.73 = 0.22 —1.54 £ 0.26 —1.53 = 0.22 —1.74 = 0.13
Constant diffuser 20,000 3.98 = 0.07 2.40 = 0.05 2.01 =0.14 199 =0.16 1.76 £0.14 180 = 0.13 1.86 *= 0.11 1.60 * 0.03
Contralateral

control 20,000 3.96 = 0.07 3.79 £ 0.10 377 £0.09 3.69 *0.22 3.76 £0.18 3.70 £0.17 3.74 = 0.18 3.73 = 0.09
Relative change

in refraction +0.02 £ 0.08 —1.39 = 0.14 —1.76 = 0.19 —1.70 = 0.30 —2.00 * 0.22 —1.99 * 0.31 —1.89 * 0.24 —2.13 * 0.20
Constant diffuser 10,000 3.83 = 0.04 228 = 0.09 1.40 = 0.08 1.09 = 0.09 0.52 *+ 0.11 0.26 = 0.08 0.29 = 0.08 0.43 = 0.05
Contralateral

control 10,000 3.84 = 0.04 3.83 *0.04 386 *0.05 3.85*0.04 385 *=004 385 *0.04 386 =*0.04 387 =*0.04
Relative change

in refraction —0.01 = 0.06 —1.54 = 0.09 —2.46 * 0.09 —2.75 * 0.10 —3.33 = 0.11 —3.59 * 0.10 —3.57 * 0.09 —3.44 = 0.07
Constant diffuser 500 3.87 = 0.07 2.00* 0.17 1.28 *= 0.24 —0.44 * 0.28 —1.73 = 0.26 —2.85 = 0.30 —3.86 * 0.23 —4.21 * 0.17
Contralateral

control 500 3.87 £0.07 394 *0.08 395*0.09 3838*006 394 *008 397 *0.07 3.88=*0.06 381=*0.02

Relative change
in refraction

0.00 £ 0.04 —1.94 = 0.19 —2.68 = 0.22 —

4.33 = 0.27 —5.68 * 0.25 —6.82 £ 0.32 —7.74 = 0.24 —8.02 = 0.21

Relative change in refraction represents the refractive value recorded for the diffuser-treated eye minus the refractive value recorded for the
contralateral control eye at each time point for each animal. Error, standard error of the mean; n = 12 per group. LI, light intensity.

The amount of relative myopia that developed in diffuser-
treated eyes (refractive value in the diffuser-treated eye minus
the refractive value in the contralateral eye) regressed strongly
with light intensity and could be explained by a logarithmic
relationship (y =—3.59 log10(x) + 17.52; > = 0.95; Fig. 2). The
percentage of the variation explained by the regression was
95.0%. Chickens reared under normal indoor lighting levels
(500 lux) developed FDM to the greatest extent following 8
days of treatment (absolute refraction —4.21 * 0.17 D, relative
myopia A —8.02 = 0.21 D; Fig. 1; Table 1). In contrast, daily

exposure to 40,000 lux, for a period of 6 hours per day,
showed the least myopic shift in refraction following 8 days of
treatment (absolute refraction +2.97 * 0.11 D, relative myopia
A —0.73 £ 0.20 D; Fig. 1; Table 1).

As with refraction, illumination levels had a significant
negative correlation with the axial length of diffuser-treated
eyes (F (4, 20) =8.87, P < 0.0001; Table 2); the higher the light
intensity, the shorter the length of the eye. Specifically,
following 8 days of treatment, diffuser-treated chicks reared
under 500 lux showed the longest eyes relative to the

Tasie 2. Axial Length Data From Diffuser-Treated Eyes Over 8 Days for All Light Intensities

Axial Length, mm

Treatment LI, Lux Day 0 Day 6
Constant diffuser 40,000 8.58 = 0.05 8.77 = 0.03
Contralateral control 40,000 8.62 = 0.08 8.69 * 0.03
Relative change in axial length —0.04 = 0.07 +0.08 = 0.02
Constant diffuser 30,000 8.53 = 0.03 9.05 = 0.07
Contralateral control 30,000 8.53 = 0.03 8.74 * 0.03
Relative change in axial length 0.00 * 0.06 +0.31 = 0.07
Constant diffuser 20,000 8.57 = 0.03 9.19 = 0.12
Contralateral control 20,000 8.53 = 0.04 8.79 = 0.11
Relative change in axial length +0.04 = 0.10 +0.40 = 0.19
Constant diffuser 10,000 8.53 = 0.03 9.26 = 0.11
Contralateral control 10,000 8.57 £ 0.05 8.79 * 0.06
Relative change in axial length —0.04 = 0.05 +0.47 = 0.07
Constant diffuser 500 8.53 £ 0.02 9.31 = 0.07
Contralateral control 500 8.53 = 0.06 8.67 * 0.04
Relative change in axial length 0.00 *= 0.05 +0.64 = 0.12

Relative change in axial length represents the axial length value recorded for the diffuser-treated eye minus the axial length value recorded for
the contralateral control eye at each time point for each animal. Error, standard error of the mean; 7 = 12 per group.
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373 = 0.06 3.72*0.04 3.66 *0.04 3.64 * 0.04 3.7 *+002 359*008 361 *003 348=*009 348=*0.03 344 =*003 3.35=*0.04

40,000

control
Untreated

3.65 = 0.05

3.68 £ 0.04

+ 0.06

3.56 = 0.08 3.65 = 0.07 3.67 = 0.02 3.64 £ 0.08 3.61

30,000 3.61 *= 0.05

control
Untreated

3.97 £0.08 4.05*0.09 378*+027 378*020 368=*020 345*0.19 3.73*0.32

20,000 3.97 = 0.07

control
Untreated

3.86 £ 0.05 3.82*0.04 387 *003 388*005 388=*007 388=*0.05 3.88*0.06

10,000 3.87 * 0.04

control
Untreated

3.59 £ 0.17 3.66 £0.10 360 *0.07 373007 365*010 373*0.09 3.63*014 337 *0.06 3.44*009 339 *0.01

500 3.71 £ 0.09

control
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contralateral control values (absolute axial length 9.31 * 0.07
mm, change in axial length relative to contralateral values A
+0.64 *= 0.12 mm; Table 2). The smallest change in axial
length was seen in chicks reared under 40,000 lux (absolute
axial length 8.77 £ 0.03 mm, change in axial length relative to
contralateral values A +0.08 = 0.02 mm; Table 2).

In Experiment 1B, light did not affect refractive develop-
ment or axial length over the 8 days of treatment in age-
matched untreated control eyes (refraction, F (28, 246) =1.50,
P=0.09; axial length, F (4, 24)=1.02, P=0.15; Tables 3, 4) or
contralateral control eyes of diffuser-treated animals (F (28,
294)=1.52, P=0.07; F (4, 22) =1.12, P=0.09, respectively).
There was also no significant difference in the refractive
development between these two control groups (F (63, 546) =
1.23, P = 0.06). Light, therefore, did not modify refractive
development or axial length in eyes without diffusers over the
experimental period. Yoking between diffuser-treated and
contralateral control eyes was not observed.

Can Exposure to Bright Light Prevent the
Progression of Deprivation Myopia?

As in experiment 1, chicks fitted with translucent diffusers and
reared continuously under 500 lux in experiment 2 showed
the largest myopic shift in refraction by day 11 (absolute
refraction —4.47 * 0.21 D, relative myopia A —8.39 * 0.20 D;
Fig. 3; Table 5). In contrast, the development of FDM was
again significantly retarded in chicks exposed to 40,000 lux for
a period of 6 hours a day, compared to that seen under 500 lux
or in the progression group (absolute refraction +2.86 = 0.10
D, relative myopia A —0.83 = 0.12 D; F (20, 180) =47.86, P <
0.0001; Fig. 3; Table 5). The progression group, as illustrated
in Figure 3 and Table 5, showed a significant myopic shift in
refraction over the initial 3 days of diffuser wear under 500 lux
(absolute refraction —1.17 £ 0.21 D, relative myopia A —5.01
+ 0.18 D; P < 0.0001). Following transfer to 40,000 lux,
these animals showed an initial hyperopic shift, relative to
their contralateral control eyes, over the first 2 days (relative
change in refraction A +1.20 = 0.28 D), before refractive
changes stabilized (plateaued) around emmetropia for the
following 5 days (Fig. 3; Table 5). Therefore, by day 11, chicks
switched to 40,000 lux (FDM progression group) showed a
less myopic refraction relative to that seen under 500 lux
(relative myopia A —3.70 = 0.29 vs. A —-8.39 = 0.20 D,
respectively; P < 0.0001), but a more myopic refraction
compared to those chicks exposed for the entire experimental
period to 40,000 lux (relative myopia A —3.70 = 0.29 vs. A
—0.83 * 0.12 D, respectively; P < 0.0001).

Changes in axial length were proportional to the refractive
changes seen. Chicks fitted with diffusers and reared
continuously under 500 lux showed the longest eyes by day
10 (absolute axial length 9.54 * 0.13 mm, change in axial
length relative to contralateral values A +0.64 = 0.13 mm;
Table 6). Relative to the 500-lux group, chicks exposed to
40,000 lux had the shortest eyes among diffuser-treated
animals (change in axial length relative to contralateral values
A 4+0.64 £ 0.13 vs. A 40.17 £ 0.10 mm, respectively; P <
0.001), followed by those chicks switched from 500 to 40,000
Iux (A +0.64 = 0.13 vs. A +0.39 = 0.03 mm, respectively; P <
0.001; Table 6).

Exposure to Bright Light Over a 7-Day Period Does
Not Induce Retinal Damage

Retinal morphology was unaffected by 7 days of exposure to
bright light (40,000 lux, Fig. 4A) relative to that seen in
animals reared under 500 lux (Fig. 4B). For TUNEL staining,
incubation with secondary antibody alone (negative control)
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TaBie 4. Axial Length Data for Age-Matched Untreated Control Eyes Over 11 Days for All Light Intensities

Axial Length, mm

Treatment LI, Lux Day 0 Day 6 Day 9
Untreated control 40,000 8.61 *= 0.08 8.65 = 0.05 8.77 = 0.06
Untreated control 30,000 8.58 = 0.03 8.74 = 0.03
Untreated control 20,000 8.56 + 0.04 8.81 + 0.04
Untreated control 10,000 8.58 = 0.05 8.83 = 0.03
Untreated control 500 8.50 * 0.06 8.62 + 0.05 8.82 *+ 0.06

showed no specific cell labeling (Fig. 4C). In contrast, positive
control sections from light-damaged retinal tissue, induced by
24 hours of exposure to 1500 lux in SD rats, showed significant
TUNEL staining of photoreceptor cell bodies in the outer
nuclear layer (Fig. 4D). TUNEL staining was not observed in
retinal tissue from either bright light-treated (40,000 lux, Fig.
4E) or normal light-reared animals (500 lux, Fig. 4F). This
suggests that daily exposure to 40,000 lux over a period of 7
days does not induce retinal cell apoptosis in chicks.

DIscussIoN

A strong negative correlation was observed between the
development of deprivation myopia and the intensity of light
to which the animals were exposed, with greater protection
provided with higher light intensities. This negative correlation
was best described by a logarithmic relationship. With 40,000
lux, the development of FDM was almost completely abolished
when compared to the refractive changes observed in both
contralateral control eyes and age-matched untreated animals.
Consistent with the changes observed in refraction, the
excessive axial elongation associated with deprivation myopia
was retarded, to increasing degrees, relative to the light

intensity to which animals were exposed. With 40,000 lux,
changes in axial length were not statistically different from
contralateral control or age-matched untreated values.

What Are the Relevant Light Intensities Required to
Prevent Deprivation Myopia?

In rhesus monkeys, daily exposure to 18,000 to 28,000 lux for
6 hours per day abolished the development of FDM and in fact
induced a small hyperopic shift.'® Similar light levels in chicks
(20,000 and 30,000 lux) retard the development of FDM by
roughly 70% and 80%, respectively, with near-complete
protection (~95%) achieved at higher light levels (40,000
lux). This difference between the rhesus monkey and chicken
is likely due to slight variations in the experimental protocols.
For example, differences in the diffuser construct may lead to
differences in the degree to which light is attenuated.

Similar to chicks, tree shrews show a roughly 60% reduction
in FDM in response to 15,000 lux.!” This may suggest that FDM
would also be abolished in tree shrews by illumination levels in
the range of 40,000 lux. Interestingly, in both tree shrews!”
and rhesus monkeys,'° a relative hyperopic shift in refraction is
seen in contralateral control and age-matched untreated eyes in
response to high light. A similar hyperopic shift was not

e O e
. i"“o-—-!-——o

1 o

2 A

Absolute Refraction (Dioptres)
(=3

—a— FDM (40,000 lux)

- @ -Age-Matched Untreated (500 lux)

-5 - —&—FDM Progression (500/40,000 lux)

——FDM (500 lux)

Time (days)

Ficure 3. Absolute change in refraction, over 11 days, for diffuser-treated eyes from animals reared under one of three lighting conditions (500,
40,000, or 500 lux for 3 days followed by 40,000 lux for 8 days). Further progression of FDM was halted once chicks were switched from low light
(500 lux) to high light (40,000 lux), relative to those chicks reared continuously under 500 lux. Plotted untreated control values represent the mean
refraction at each time point for age-matched untreated control eyes. There was no statistical difference in refraction changes seen in contralateral
control eyes or age-matched untreated control eyes in response to any light intensity. Therefore contralateral data are not plotted for ease of

viewing. Error bars: standard error of the mean, n = 12 per group.
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TaBLE 5. Refractive Data From Diffuser-Treated Eyes Over 11 Days for Chicks Exposed to 500, 40,000, or 500 Lux for 3 Days, Followed by 40,000 Lux for 8 Days

Refraction, Diopters

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10

LI, Lux

Treatment

40,000 3.67 £0.09 356 *0.08 334 =*=007 3.10=*0.08 3.14*0.09 3.10=*=0.05 3.09=*008 3.00=*0.11 290 *0.08 291 *0.14 2.86=*0.10

Constant diffuser

Contralateral

3.60 £ 0.04 361 £0.03 361 =003 361 =*0.03 360 =*003 360003 364=*004 370=*0.04 371 =*003 369003 369 =*0.03

40,000

control
Relative change

+0.07 = 0.09 —0.06 = 0.12 —0.27 = 0.05 —0.51 £ 0.15 —0.46 = 0.14 —0.50 = 0.10 —0.56 = 0.13 —0.70 = 0.17 —0.81 = 0.11 —0.77 = 0.16 —0.83 = 0.12

in refraction
Constant diffuser 500/40,000

Contralateral

0.16 £ 0.21

0.00 = 0.31 —0.01 £ 0.19 —0.11 * 0.13 —0.01 = 0.24 0.19 = 0.23

0.63 £ 044 —1.17 = 0.21 —0.47 = 0.12

2.44 £ 0.17

3.71 = 0.08

500/40,000 3.81 £ 0.08 3.86 *0.11 384 *0.10 384 *0.10 387 *0.10 381 *0.10 393 *0.11 391 *0.11 393 *0.11 390 *0.11 3.86 * 0.11

control
Relative change

—0.10 = 0.11 —1.41 = 0.14 —3.21 £ 0.40 —5.01 = 0.18 —4.34 = 0.15 —3.81 = 0.38 —3.94 = 0.22 —4.03 = 0.20 —3.94 = 0.33 —3.71 = 0.27 —3.70 £ 0.29

in refraction
Constant diffuser

Contralateral

1.23 = 0.29 —1.01 £ 0.29 —1.90 £ 0.28 —2.59 = 0.22 —2.44 = 0.35 —2.94 = 0.33 —3.46 = 0.34 —4.00 = 0.32 —4.47 = 0.21

3.69 = 0.09 2.07 = 0.23

500

394 £ 0.10 391 * 0.09

3.99 + 0.07

3.99 £ 0.07 4.06 = 0.08 4.03 = 0.07

390 £ 0.07 397 £0.10 393 *x0.11 397 £0.07 393 *0.11

500

control
Relative change

—0.21 = 0.06 —1.90 = 0.25 —2.70 = 0.29 —4.99 * 0.27 —5.83 £ 0.24 —6.57 = 0.21 —6.50 * 0.38 —6.97 * 0.36 —7.44 = 0.35 —7.94 = 0.31 —8.39 = 0.20

in refraction
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observed in chicks; instead, refractive changes in both
contralateral control and age-matched untreated eyes were
relatively stable, with a mild reduction in the hyperopic values
seen over time. This lack of a relative hyperopic shift may be
due to the shorter time course investigated in chicks. However,
Cohen et al.?° did not observe a relative hyperopic shift in
chicks reared under high light for 90 days, supporting the idea
that this phenomenon may not be observed in chicks. It should
be noted, though, that 10,000 lux was the maximum
illumination level used.

While the current experiments have shown that almost
complete inhibition of the development of FDM can be
achieved by increasing the light intensity, it is still not known
what the optimal duration of high light exposure is. Also, we
do not yet know if there is an interaction between duration and
intensity, such that short periods of exposure to more intense
illumination would produce protective effects similar to those
of longer periods under less intense lighting. Work in chicks
has indicated that doubling the exposure time to high light
(15,000 lux) from 5 hours per day to 10 hours per day does not
increase the retardation of FDM.?3 However, providing short
pulses of high light over a 5-hour period per day, rather than
one continuous burst of high light over the same period of time
(5 hours per day), appears to enhance the protective effect.?
This may suggest that both intensity and timing are of
importance in maximizing the protective effects of light.

The Effect of High Light on Lens Compensation

Exposure to elevated light levels also affects the rate of
compensation to imposed optical defocus. In chicks and tree
shrews, daily exposure to high light significantly reduces the
rate of compensation to negative lenses, although compensa-
tion is still achieved.!>!7 In contrast, exposure to high light
appears not to affect the rate of compensation to negative
lenses in rhesus monkeys.?* This result is somewhat surprising,
as the ability of light to retard the development of FDM appears
to be highly conserved between chicks, tree shrews, and
rhesus monkeys. The effect of high light on plus-lens
compensation has been analyzed only in chicks. Here, daily
exposure to 15,000 lux enhanced the “STOP” growth signal
already induced by plus-lenswear, increasing the rate of
compensation to the imposed myopic defocus.!®

Can Myopia Progression Be Halted by Exposure to
Elevated Light Intensities?

Although high light is capable of retarding the onset of FDM, a
crucial question, especially for human application, is whether
exposure to high light can prevent further progression in
already myopic animals. Recent epidemiological findings have
indicated that increased time outdoors can prevent the onset
of myopia, but not the rate of progression.!13 We therefore
wished to determine whether high light exposure can prevent
the excessive axial elongation that underlies both the onset
and progression of myopia. Promisingly, the progress of FDM
was halted on switching animals from a 500-lux environment
to daily exposure to 40,000 lux for a period of 6 hours per day.
Importantly, this protective effect was associated with a
reduced rate of axial elongation. An initial relative hyperopic
shift was observed during the first 2 days post switch, before
refractive values plateaued around emmetropia. Based on the
size and rapid rate of the initial relative hyperopic shift, this
most likely represented a choroidal response (choroidal
expansion), which is commonly observed in chicks during
periods of reduced ocular growth associated with recovery
from experimental myopia or plus-lenswear.?>2° The ability of
bright light to halt the progression of deprivation myopia is a
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Tasie 6. Axial Length Data From Diffuser-Treated Eyes Over 10 Days for Chicks Exposed to 500, 40,000, or 500 Lux for 3 Days, Followed by 40,000
Lux for 8 Days

Axial Length, mm

Treatment LI, Lux Day 0 Day 9
Constant diffuser 40,000 8.58 = 0.07 9.05 = 0.15
Contralateral control 40,000 8.58 = 0.07 8.89 = 0.09
Relative change in axial length 0.00 £ 0.14 +0.17 = 0.10
Constant diffuser 500/40,000 8.61 = 0.07 9.35 = 0.13
Contralateral control 500/40,000 8.58 = 0.07 8.97 = 0.12
Relative change in axial length +0.03 = 0.08 +0.39 = 0.03
Constant diffuser 500 8.55 = 0.08 9.54 £ 0.13
Contralateral control 500 8.58 = 0.07 8.90 + 0.04
Relative change in axial length —0.03 = 0.09 +0.64 = 0.13

PR
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Ficure 4. Histology of retinal tissue from bright light-treated chicks. (A, B) Retinal sections stained with H&E from bright light (40,000 lux [A])-
and normal light (500 lux [B])-treated chicks. No differences in general retinal histology were detectable between the two light treatments. (C-F)
TUNEL-labeled sections, costained with DAPI. (C) Incubation with secondary antibody alone (negative control) did not show specific cell labeling,
with only weak autofluorescence observed. (D) Positive TUNEL control tissue. DNA damage and apoptosis was observed in photoreceptor cell
bodies located in the outer nuclear layer of the SD rat retina following light damage induced by exposure to 1500 lux for a period of 24 hours. This
tissue was processed in parallel with retinal tissue obtained from the chicken. (E, F) Retinal sections from bright light (E)- and normal light (F)-
treated birds. Neither lighting condition showed TUNEL labeling.
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promising finding, especially if translatable to human popula-
tions, where stopping further axial elongation can prevent the
development of chorioretinal pathologies.

PossiBLE MECHANISMS UNDERLYING THE PROTECTIVE
Errects oOF HiGH LiGHT EXPOSURE

A number of possible factors have been proposed to explain
the protective effects of bright light (for review see Refs. 14,
15, 27). For example, bright light will lead to pupil constriction
and hence greater depth of focus, bringing about reduced
image blur. However, this theory does not explain the ability of
high light to retard the development of FDM, as pupil
constriction will be unable to alter the image blur associated
with the attached diffusers. Increased optical flow rates,
previously shown to retard the development of FDM,%® could
be associated with greater movement/activity under the higher
lights. However, chickens were found not to change their rate
of activity (movement) under high lights.'# A role for UV light
and vitamin D levels has also been proposed, with two recent
studies reporting that vitamin D levels appear to be slightly
lower in myopes than nonmyopes,?®3° while an association
between vitamin D receptor polymorphisms and myopia has
also been observed.?! However, the lighting systems used to
retard the development of experimental myopia in animal
models do not produce light in the UV spectrum; therefore UV
exposure cannot explain this protective effect.'4-17.24 Further,
there is no significant difference in the compensation response
of chicks to optical defocus under either white light or bright
UV light,>? suggesting that UV exposure does not modify the
emmetropization response. In terms of vitamin D levels,
vitamin D3 supplementation does not affect the development
of FDM or lens-induced myopia (LIM) in the tree shrew
(Siegwart JT, et al. IOVS 2011;52:ARVO E-Abstract 6298), and
therefore this study does not support a role for vitamin D in the
development of experimental myopia.

Instead, as hypothesized by Rose and colleagues,'? evidence
from animal studies suggests that the protective effects
afforded by bright light are driven by increased retinal
dopamine levels. Four points of evidence support a role for
dopamine in the protective effects of bright light. Firstly, the
release of dopamine, a light-driven neurohormone, from
amacrine and/or interplexiform cells increases in a log-linear
fashion over the light ranges normally seen during the day
(100-100,000 lux).333% Secondly, retinal dopamine levels are
reduced during the development of experimental myopia (for
review see Ref. 35), with dopamine D2 receptor agonists
capable of retarding the development of experimental myo-
pia.36-4° Thirdly, the ability of brief periods of normal vision
(diffuser removal) to retard the development of FDM,!$1% a
process that is enhanced under bright light,'# is abolished by
the administration of the dopamine D2 receptor antagonist
spiperone.?® Finally, the protective effects afforded by bright
light against the development of deprivation myopia in chicks
is abolished by daily injection of spiperone.!>

The current findings further illustrate that altering the
lighting conditions under which animals are reared can
significantly affect ocular development. For example, circadian
and/or diurnal entrainment is critical to normal ocular
development (for review see Ref. 41). Disruption to such
rhythmicity, by rearing of chicks in either constant light#2-4° or
constant dark,%75%5! produces vitreal chamber enlargement,
thickening and flattening of the cornea, and shallowing of the
anterior chamber, with an overall hyperopic shift in refraction.
Chromatic cues also appear capable of influencing normal
ocular development (for review see Ref. 52). Specifically,
rearing animals in monochromatic red light, in which the focal
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plane falls behind the retina, induces a relative myopic shift in
refraction (increased axial elongation) compared to values in
animals reared in monochromatic blue light, in which the focal
plane falls in front of the retina.>3->7 Finally, as demonstrated
here, light levels can significantly affect normal ocular
growth?%:38-%0 or the response of the eye to optical manipu-
lation. '4-17

THE RoLE oF LigaT INTENSITY IN HUMAN MYOPIA

Data from clinical trials in Taiwan®' and preliminary data from
trials in China (Morgan IG, et al. IOVS 2014;55:ARVO E-Abstract
1272), associated with increasing the time spent outdoors by
children during the school day, have shown promising initial
results. If findings from experimental models of myopia are
directly translatable to human myopia, work in the rhesus
monkey, which is phylogenetically the closest of the models to
humans, indicates that daily exposure to light intensities in the
range of 18,000 to 28,000 lux could block the onset of myopia
in children. Further, the current findings suggest that
progression in already myopic eyes can be halted by light
levels similar to those required to block onset. Such light
intensities are easily achievable outdoors, with luminance
levels ranging from 20,000 to 30,000 lux on a cloudy day or in
the shade, to in excess of 100,000 lux on a bright sunny day.

In summary, the level of protection from the development
of FDM increased with increasing light intensity. Exposure to
40,000 lux for a period of 6 hours per day provided near-
complete protection against the onset of deprivation myopia
while halting any further progression in already myopic eyes.
Importantly, high light exposure prevented the excessive axial
elongation that underlies both the onset and progression of
FDM.
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