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Purpose. Prolonged exposure to broadband light with a short-wavelength (blue) or
long-wavelength (orange/red) bias is known to impact eye growth and refraction, but
the mechanisms underlying this response are unknown. Thus, the present study
investigated the effects of broadband blue and orange lights with well-differentiated
spectrums on refractive development and global flash electroretinography (gfERG)
measures of retinal function in the chick myopia model.

Mernops. Chicks were raised for 4 days with monocular negative lenses, or no lens,
under blue, orange, or white light. Chick weight, eye dimensions, and refraction were
measured at the conclusion of rearing. In a separate cohort of chicks, the effect of 4 days
of colored light rearing on retinal responses to orange, blue, or white light flashes was
assessed using gfERG.

Resurrs. Chicks reared under orange light for 4 days exhibited a significantly larger
myopic shift in response to negative lenses compared to those reared under blue light.
Orange light rearing for 4 days increased the gfERG d-wave amplitude and implicit time
in response to orange light flashes but did not alter responses to white or blue flashes.
Blue and white light rearing did not affect the retina’s response to light flashes of any
color.

Concrusions. Orange light rearing exacerbated defocus-induced myopia relative to blue
light rearing. The gfERG recordings revealed that prolonged orange light exposure
increased retinal responsivity to the offset of long wavelength light flashes, suggesting
a potential role for ON/OFF pathway balance in generating the refractive response that
requires further electrophysiological and molecular investigation.
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chick

M yopia (short-sightedness) occurs when the eye grows
excessively, causing light to focus in front of the retina.

LCA-based emmetropization mechanisms. In fish,'!
chicks,®'?15 mice,'® and guinea pigs,"’"? shorter wave-

It is the most common ocular disorder! and, in many regions,
myopia prevalence and severity are increasing (e.g. see Refs.
2-5) such that by 2050 approximately half of the world’s
population is expected to be myopic.’> Although myopic
refractive errors can typically be optically corrected with
spectacles or contact lenses, the morphological changes
associated with excessive eye growth predispose a range of
complications, such as glaucoma, retinal detachment, and
maculopathy later in life.° Therefore, interventions to regu-
late eye growth and prevent sight-threatening secondary
complications are urgently needed.”® Recent research has
explored whether the cue provided by longitudinal chro-
matic aberration (LCA), where short wavelength blue light
is refracted more strongly by the cornea and lens than long
wavelength red light, can influence eye growth.?:1°

Animal studies have demonstrated that eye growth and
refractive development can be altered by rearing under
different colored lights that would be expected to affect
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length violet-blue light decreases eye growth, promoting
hyperopic shifts in refraction, whereas longer wavelength
green-red lights have the opposite effect. Violet-blue light
can also suppress the development of defocusing lens and
occluder-induced myopia in these species.!>101924-26 Op
the other hand, as reviewed previously,>”**® not all species
respond to colored lights in this manner, with tree shrew
and rhesus monkey studies showing more variable results,
such that red light generally promotes a hyperopic shift
and blue light causes variable responses depending on the
developmental stage of the animals.

Chromatic cues also appear to influence refractive devel-
opment in humans, with acute exposure to narrowband blue
light in humans associated with axial shortening relative to
red light,?® although short red light exposures have also been
shown to cause axial shortening relative to pre-exposure
baseline measures.’® Acute simulation of chromatic defo-
cus can also alter choroidal thickness in emmetropic (but
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not myopic) individuals.?! In longer-term studies, violet light
emitting eyeglasses have shown efficacy against myopia
progression in some groups of children.??3% Repeated low
red light therapy in children has also shown efficacy for
myopia control.>¥*> However, spectacle lenses that block
short wavelength light were reported to not significantly
affect myopia development,*® with the lack of the hypothe-
sized effect attributed to scattered broadband light entering
around the frames.’

Within this context, recent research has focused on
understanding how broadband lighting with a short-, or
long-wavelength bias affects eye growth and refraction (as
opposed to narrow band red or blue/violet lights that stim-
ulate only one cone subtype).?’-#> Such investigations are
relevant to the development of myopia-control interven-
tions (e.g. tinted spectacle lenses) where less stringent wave-
length filtering is necessary to improve tolerability and
ensure adequate illumination. They may also assist in under-
standing whether incidental wavelength biases in existing
light sources (e.g. screen filters and room lighting) have
the potential to alter refractive development. Filters that
limit a broad spectrum light source to the short-wavelength
(blue) range inhibit axial eye growth in response to negative
lenses,?” consistent with narrow-band blue light research.
Similarly, blue-enriched white light has been shown to
suppress axial eye growth in the chick form deprivation
model,“ although another study found no significant effect
of blue-enriched light on eye growth and refraction during
a shorter period of form deprivation.”’ In monkeys* and
chicks,* rearing with long-wavelength (red) pass filters in
front of the eye resulted in hyperopia. This finding in chicks
was unexpected as they generally become more myopic
in narrowband red light (for review see Ref. 28). Previous
research has demonstrated that red light can limit weight
gain and increase activity levels in young chicks, with asso-
ciated effects on eye growth measures.'>?> Thus, further
research is required to investigate the interaction of local
ocular and systemic light wavelength effects over time,
particularly for broadband long wavelength light sources.

In an effort to understand the biological underpinnings
of light wavelength-induced eye growth changes, many stud-
ies have focussed on the role of visual and non-visual
light-sensitive opsins, and the associated ratio of short (S),
medium (M), and long (L) wavelength sensitive cones. Such
studies have shown that the abundance of visual opsins in
animal models is affected by rearing under spectrally biased
light that also promotes myopia or hyperopia.*447 This
suggests that prolonged colored light rearing may induce
adaptations to functional responses to spectrally biased
light. The global flash electroretinogram (gfERG) technique
has previously identified changes to photoreceptor function
and ON/OFF pathway balance in animal myopia models and
human myopes, >3 although its use to assess functional
changes in wavelength-induced eye growth models has been
limited. One study measuring gfERGs in mice reared under
green light for 12 weeks to induce myopia observed no
functional effects.” However, this study used short dura-
tion white light ERG flashes only in a dichromatic noctur-
nal species.’® Chromatic gfERGs that are known to prefer-
entially stimulate different populations of opsins and associ-
ated photoreceptors®® may provide a more useful measure of
retinal function in studies of wavelength-induced eye growth
changes. Moreover, it is of interest to examine longer dura-
tion ERG flash stimuli that allow separate examination of
responses to light onset and offset because shifts in the
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balance of retinal ON and OFF pathway signaling have previ-
ously been linked to myopia development (e.g. see Refs. 51,
56-59).

The present study aimed to assess the impact of broad-
band blue and orange light rearing on negative lens induced
myopia development and retinal function in chicks, a diur-
nal species with a cone-rich retina and spectral sensitivity
from the UVA range through to 700 nm.®*-°! The gfERG setup
for retinal function measures was tailored to enable record-
ing of responses to the onset and offset of blue, orange and
white light flashes with a similar spectrum range as the lights
used in the rearing environment. It was hypothesized that
orange and blue light rearing would exacerbate and inhibit
the development of lens-induced myopia, respectively, and
that prolonged exposure to blue or orange light would alter
the functional sensitivity of the retina to light of the same
spectrum as measured using the gfERG.

METHODS
Animals

Male White Leghorn/New Hampshire chicks (Gallus domes-
ticus, N = 195) were obtained from a commercial supplier on
the morning of hatching, and housed in light-tight rearing
boxes (internal dimensions 900 mm long x 620 mm wide x
525 mm high; NV per box = 15-32 prior to experimentation
and 6-16 during experimentation). The tray in the bottom
of the box was filled with sawdust bedding. Box temper-
ature was maintained at 30°C £ 2. Water and food (Chick
Starter; Barastoc Poultry, Victoria, Australia) were freely
available, except immediately prior to anesthesia. A 12-hour
day/night light cycle was maintained throughout the exper-
iment. All procedures involving animals were approved by
the La Trobe University Animal Ethics Committee (Applica-
tion ID AEC21024) and adhered to the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research and
the National Health and Medical Research Council Australian
code for the care and use of animals for scientific purposes.
The methodological reporting herein adheres to the ARRIVE
Essential 10 guidelines.%?

Lens Conditions

Chicks were assigned to a “no lens” condition to assess
the effects of filter rearing on normal development and
emmetropization, or a monocular -10 diopter (D) “nega-
tive lens” condition to assess the effects of filter rearing on
myopia induction. An independent no lens group was used
in preference to contralateral eyes of the lensed animals to
avoid confounding yoking effects in which refractive error
in the lens-wearing eye affects the refractive state of the
fellow no lens eye.”> Lens goggles were made from modi-
fied human polymethyl methacrylate (PMMA) contacts (8.1
mm diameter; Australian Custom Lenses, Victoria, Australia)
affixed to a 22 mm Velcro loop fastener ring. The PMMA lens
material transmits light uniformly across the visible spec-
trum (Supplementary Fig. S1). Goggles were attached to the
complementary Velcro hook fastener ring glued to the peri-
ocular feathers of the right eye. The orientation of male
chicks in the embryo leads to developmental asymmetries
within the left and right visual pathways post-hatch.%-
To avoid introducing this confound into the experimental
design, lenses were attached to the right eye only (rather
than counterbalancing between the eyes).
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Light Conditions

Within each lens condition, chicks were assigned to one
of three light conditions: blue light, orange light, or white
light. Each rearing box was lit with a 150 W Eye Color Arc
6500 K metal halide bulb (MT150FD; Iwasaki, Tokyo, Japan)
mounted on the roof of the enclosure, providing broad spec-
trum lighting with a similar distribution to natural sunlight.
The three light conditions were achieved by fitting glass filter
shades over the light source (blue light = B410 filter, orange
light = O54 filter, and white light = HA50 filter; manufac-
tured by Hoya Candeo Optronics Corporation). The trans-
mittance of each filter is shown in Supplementary Figure S2.
Illuminance across conditions was matched using a Protech
400 K Lux Meter (QM1584), in accordance with previous
research indicating that the standard CIE photopic func-
tion is appropriate for photometric calculations in chick-
ens.”” Chicken-adjusted illuminance measures are for each
light and are provided in a Supplementary Table S3. Illu-
minance varied from 137 to 351 lux across the box floor
(with the mean of measurement from 40 locations being
229 lux). The difference in illuminance between colored
light conditions was limited to +7 lux by adding neutral
density filters (Hoya Candeo Optronics Corporation) to the
light shade. Emission characteristics of the combined metal
halide bulb, neutral density filters, and spectrum filters of
interest were determined using an Ocean Optics Red Tide
USB-650 Series Spectrometer. Figure 1A illustrates the result-
ing spectral emission curves in relation to the relative sensi-
tivity of chick photoreceptors,” and Figures 1B and 1C esti-
mate retinal photopigment absorbance values for each light
condition.

The gfERGs were used to determine the retina’s response
to blue, white, and orange light rearing. For this procedure,
the broadband ganzfeld light source (formed by an array of
4 white LEDs) was shaded with the same filters as used in
the rearing boxes to achieve square-wave blue, white, and
orange light flashes with a similar wavelength range to that
in the rearing environment (Fig. 2). Note that it was not
possible to use a metal halide broadband light source in
the ERG setup due to its temporal properties (i.e. inability
to flash on and off), so whereas the wavelength range of
the ERG light flashes was matched to the rearing environ-
ment, the overall spectrum was not identical. Moreover, as
illuminance was not matched across different ERG colored
light flashes, responses were statistically compared within
each light flash condition only (e.g. responses to blue light
flashes at baseline and following blue, orange, and white
rearing were compared).

Experiment Protocol

The experiment was conducted in two steps. An initial “time-
point study,” henceforth called study 1, was conducted to
examine how broadband orange light affects myopia induc-
tion and overall health and development (as indicated by
chick weight) over time. The results of this study were used
to determine the optimal rearing duration for subsequent
examination of wavelength effects on myopia without the
confounding influence of systemic weight gain changes. The
main study in the experimental series (study 2) was then
conducted to determine the effects of colored light rearing
on ocular biometrics (eye growth and refraction) and retinal
function during normal development and myopia induction
by negative lenses. Both studies used a between-subjects
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design, with analyses representing the data for different
groups of chicks for each relevant comparison.

In both studies, the chicks were raised under white light
until day 5 post-hatch when weight and ocular biomet-
ric measures were collected while they were under light
anesthesia (ketamine 20 mg/kg, xylazine 2 mg/kg, intra-
muscularly [IM]). Chicks were then randomly assigned to
experimental lens and lighting conditions using the random
number function in Microsoft Excel. For the duration of
experimentation (i.e. the point of lens application until the
completion of final biometric measures), all husbandry and
data collection tasks were completed under ambient lighting
matched to that in the rearing box. Experimenters were blind
to group allocation during baseline measurements; however,
blinding was not possible after the beginning of experimen-
tation due to the visible nature of the colored lighting in the
rearing boxes and procedure room.

Study 1. This study compared orange and white light
conditions across 2-, 4- and 7-day timepoints in chicks wear-
ing negative lenses. These timepoints were chosen based
on the timeline of refractive compensation to —10 D lenses
in chicks,®® and previous studies in chick identifying wave-
length effects following 2 to 7 days'>2>% that diminish®
or do not get larger!? with further rearing, possibly due to
systemic effects associated with long wavelength light expo-
sure.!?2>70 Thus, following baseline biometric data collec-
tion, —10 D lenses were attached to the right eye as described
above and chicks were raised for a further 2, 4, or 7 days
under orange or white light. At the end of the rearing
period, chicks were anesthetized (ketamine 45 mg/kg and
xylazine 4.5 mg/kg, IM), refracted by retinoscopy (18240
Streak Retinoscope, Welch Allyn), and axial dimensions were
then obtained from the average of peak distance measures
from at least three A-scan ultrasonography traces (VuPad
A/B Portable Scan Tablet, Sonomed Escalon). Each A-scan
trace provided peaks indicating the length of the eye (ante-
rior pole of the cornea to the retina), vitreous chamber depth
(posterior pole of the lens to the retina), and anterior cham-
ber depth (anterior pole of the cornea to anterior pole of the
lens) in millimeters.

Power analysis (G-Power version 3.1.9.6) determined that
a minimum sample size of 70 was required to achieve 80%
power to detect a medium-large effect (based on Riddell et
al. ) using a 2-way ANOVA design. A total of 94 chicks were
raised in 3 batches. No animals were excluded based on a
priori criteria (animal unwell, displaying ocular complica-
tions or problematic lens attachment or cleanliness). Table 1
lists the final number of chicks included in each experimen-
tal group.

Study 2. On the basis of the refractive change statisti-
cal effect sizes and weight differences observed in study 1,
4 days of lens rearing was chosen as the optimal timepoint
for the main experiment. This experiment examined ocular
biometrics and retinal function in chicks reared with no lens
or negative lenses under blue, white, or orange light.

Biometrics. As with study 1, power analysis indicated
that a minimum sample size of 70 animals was required for
biometric assessment. A total of 81 chicks were raised in
4 batches. As per a priori criteria noted above, two unwell
chicks and one that developed a problem with the defo-
cusing lens attachment were excluded from the analysis.
See Table 2 for the final number of chicks included in each
experimental group. Following baseline biometric measures
on day 5 post-hatch, chicks were assigned to a lens (=10 D or
no lens) and light (blue, orange, and white) condition and
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of light in the rearing boxes for each light condition. Emission curves were measured with an Ocean Optics Red Tide USB-650 Series
Spectrometer with illuminance matched across conditions. Chick ultraviolet (UV), short (S), medium (M), and long (L) wavelength and double
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(D) cone sensitivity data from Rucker and Wallman® are shown as grey dotted lines. Bottom graphs show predicted relative absorbance for
(B) each cone photoreceptor type and (C) 11-cis retinal bound cOPN5m calculated from the spectra in panel A and chick sensitivity data
from Rucker and Wallman® and Yamashita et al.”! Note that additional non-visual opsins expressed in the inner retina are not shown,”? and
that values do not account for filtering by the ocular media.”3-74
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TasLe 1. Number of Chicks Per Group in Study 1

Negative Lens

Timepoint White Light Orange Light
2d 15 15
4d 16 16
7d 16 16

TaBLe 2. Number of Chicks Per Group for Biometric Assessment in
Study 2

Light Negative Lens No Lens
Blue 12 12
White 13 15
Orange 13 13

raised for a further 4 days under filtered light. At the end
of the rearing period, ocular axial dimension and refraction
measures were collected, as described above.
Electroretinograms. Retinal function was assessed in an
additional 20 animals using gfERGs before and after 4 days
rearing in light of different wavelengths. Baseline testing

of 4 chicks occurred on day 5 post-hatch, and experimen-
tal testing occurred following 4 days of rearing with no
lenses under blue (n = 5), white (# = 5), or orange light
(n = 6). Following induction of surgical anesthesia
(ketamine 45 mg/kg and xylazine 4.5 mg/kg, IM), chicks
were placed on Small Animal Temperature Controller
(ATC2000, WPI) and mounted in a custom stereotaxis. A
silver chloride electrode was inserted into the vitreous cham-
ber using a catheter placement unit (24G %” Terumo Surflo
I.V). A silver chloride reference electrode was inserted
behind the sclera, and a ground electrode was placed in the
skin of the neck. The retina was stimulated using a 500 ms
onset, 2000 ms offset squarewave light flash generated by
a 150 mm Ganzfeld stimulator. Broadband ERGs (0.5-500
hertz [Hz] band pass filter) were recorded with a Powerlab
data acquisition system (ADInstruments Pty Ltd., New South
Wales, Australia) and LabChart software (version 8). A mini-
mum of 50 responses to blue, orange, and white light flashes
were recorded for each animal.

Data Analysis

Biometric Data. Biometric data were analyzed using
IBM SPSS Statistics (version 28). Analysis of baseline values
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confirmed that there were no differences between groups
at the start of experimentation. The end point to baseline
difference values were calculated for experimental (right)
eye refraction and axial dimensions, and chick weight. Data
were screened for statistical outliers (via examination of
boxplots and standardized residuals’®), and 1 and 3 cases
were removed from the study 1 and study 2 datasets, respec-
tively. Missing values were handled by pairwise deletion.
Data were normally distributed (skewness and kurtosis z-
scores between -3.29 and 3.29). Two-way ANOVAs were
used to examine the effects of induction time and light
condition (study 1) or lens and filter condition (study 2)
on chick weight and ocular biometric outcomes. The Tukey
HSD post hoc tests were used as required. Where the
assumption of heterogeneity was not met (Levene’s test P
< 0.05), the Games Howell post hoc tests were used. Raw
biometric data are available in Supplementary Datasets 1
and 2. See Supplementary Figures S4 and S5 for left eye
data. Figures illustrating biometric data were created using
GraphPad Prism (version 9).

Electrophysiology Data. Raw ERG waves were
screened for outlier traces in LabChart. Extracted text files
were imported into RStudio (version 2022.07.0) where a
custom script (provided in Supplementary Materials S6) was
used to extract 1 second epochs around each stimulus flash
(=100 ms to 900 ms) and normalize to baseline using the 100
ms epoch before flash onset. Baseline normalized data were
then exported to Excel for calculation of grand mean and
standard error waves, and peak data extraction using MIN,
MAX and MATCH formulas. Wave amplitude was defined
as the distance from waveform trough to peak, whereas
implicit time was defined as the time between the flash onset
and the wave peak.”® One-way ANOVAs in IBM SPSS Statis-
tics (version 28) were used to compare the effect of rear-
ing conditions (baseline, and 4 days of orange, blue, and
white light rearing) on the amplitude and implicit time of a-
wave, b-wave, and d-wave responses to each type of colored
light flash. Ratios of the a-wave to b-wave and b-wave to
d-wave were also assessed, as they can assist in evaluat-
ing the neural source of differences in recorded responses.
The a- to b-wave ratio indicates whether there is an abnor-
mality in signal transmission from the photoreceptors to
the bipolar cells of the inner retina,””"’® whereas the b-
wave to d-wave ratio reflects the balance between retinal
ON- and OFF-pathway responses (e.g. see Refs. 79, 80).
ANOVA assumptions were tested as described above for
the biometric data analysis. Average waves with dynamic
standard error bars were plotted using Igor Pro (version
9) and collated in Adobe Illustrator (version 2024). Raw
ERG traces for each animal are available in Supplementary
Dataset S3.

RESULTS
Study 1

Prolonged Exposure to Orange Light Disrupts
Weight Gain. Weight gain following negative lens attach-
ment and rearing under orange or white light was assessed
to broadly indicate how the light conditions affected
systemic physiological and behavioral processes (e.g. see
Re. 81). There was a significant interaction between the
effects of filter rearing and induction time (F,g; = 3.644,
P = 0.030, n,> = 0.077), such that chicks in the white light
condition had gained significantly more weight than those
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Ficure 3. Mean (+ SE) change in chick body weight (end
point — baseline) at 2, 4, and 7 days. Individual cases are shown
as dots. Chicks in the white light condition had gained significantly
more weight than those in the orange light condition at 7 days
(P = 0.035), as indicated by the asterisks.

in the orange light condition at 7 days, but not at earlier
timepoints (Fy 3o = 4.900, P = 0.035, n,* = 0.140; Fig. 3).

Orange Light Induces an Exaggerated Lens-
Induced Myopic Shift Relative to White Light.
Refraction and ocular axial dimension measurements are
illustrated in Figure 3. Myopic shifts in response to the —10
D lens occurred rapidly in both light groups, with refractive
compensation (or overcompensation) evident by 4 days. A
2-way ANOVA identified a statistically significant main effect
of filter rearing on the change in experimental eye refraction
(F g7 = 11.989, P < 0.001, n,> = 0.121), such that chicks
reared under orange light displayed a larger myopic shift
than those reared under white light (Fig. 4) with large effect
sizes at 4 and 7 days (1,* 2 days = 0.080, n,> 4 days = 0.138,
and n,% 7 days = 0.154).3% Although the average axial growth
was greater in the orange condition than the white condi-
tion at all the timepoints (consistent with refraction data),
the effect size was small (n,> = 0.012). The main effect of
filter rearing on axial growth, vitreous chamber growth, and
anterior chamber growth in negative lens-wearing eyes was
not statistically significant, and no significant interactions
between filter rearing and induction time were observed
(see Fig. 3).

Study 2

Study 1 demonstrated that the effects of the light inter-
vention on myopic growth were most pronounced at 4
and 7 days, and that differences in weight gain (indica-
tive of a systemic effect of the light intervention) occur
at 7 days, but not at earlier timepoints. Previous stud-
ies have shown that such systemic effects can counter-
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Ficure 4. Mean (£ SE) change in (A) refraction, (B) axial length, (C) vitreous chamber depth, and (D) anterior chamber depth
following 2, 4, and 7 days of rearing with negative lenses under colored light. Individual cases are shown as dots. Chicks reared under
orange light displayed a larger myopic shift than those reared under white light across timepoints (P < 0.001), as indicated by the annotations
“a” and “b” in panel A.

act local wavelength-dependent effects and complicate the 4 day’s induction was chosen as the timepoint of interest for
interpretation of findings,'*»% a finding consistent with  study 2.
the pattern of mean axial length and vitreous chamber In study 2, following baseline measures, a -10 D lens or

depths at 4 and 7 days in the present investigation. Thus, no lens was attached to the right eye and chicks were reared
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Ficure 5. Mean (+ SE) change in chick body weight (end
point — baseline) at 4 days. Individual cases are shown as dofs.

for a further 4 days under a blue, white, or orange light.
As illustrated in Figure 5, chicks continued to gain weight
during the experiment, with no differences in weight gain
between groups (P > 0.05) as expected based on the study
1 findings.

Blue Light Suppresses Lens-Induced Myopia
Relative to Orange Light. As illustrated in Figure 6,
refractive compensation to negative lenses was rapid, with
a myopic shift occurring in all light conditions. A 2-
way ANOVA identified a statistically significant interaction
between the effects of filter rearing and lens-wear on the
change in experimental eye refraction at 4 days (F,e0 =
4.417, P = 0.016, n,* = 0.113). Simple main effects analysis
showed that filter rearing significantly affected the change
in experimental eye refraction in the negative lens condi-
tion (Fy34 = 4.683, P = 0.016, n,> = 0.216), but not in the
no lens condition (F,35 = 0.235, P = 0.792, n,*> = 0.013).
Post hoc tests revealed that chicks reared under blue light
showed a significantly smaller myopic shift in response to
negative lenses than those reared under orange light (P =
0.044; see Fig. 6).

There were strong negative correlations between the shift
in experimental eye refraction and the shift in experimental
eye axial length (r = -0.861, P < 0.001) and vitreous cham-
ber depth (r = -0.800, P < 0.001) across lens conditions
at 4 days. Although effect sizes were small to medium, the
main effects of filter rearing on the change in ocular axial
dimensions (axial length, vitreous chamber depth, and ante-
rior chamber depth) were not statistically significant (P >
0.05, 7,2 VCD = 0.021, and n,? AL = 0.066), and there were
no statistically significant interactions between the effects of
the lens-wear and filter rearing (P > 0.05, npz VCD = 0.068,
and 7,% AL = 0.030).

Orange Light Rearing Alters gfERG Measures of
Retinal Function. An additional 20 chicks were assessed
electrophysiologically at baseline (day 5 post-hatch), and
following 4 days of rearing under blue, white, or orange
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light without any lens defocus. Figure 7 illustrates the retina’s
functional response to blue, white, and orange squarewave
light flashes for chicks in each of the light rearing conditions.
One-way ANOVAs revealed a significant difference between
rearing conditions in the d-wave amplitude (F3 ;5 = 10.610,
P < 0.001, and n* = 0.665) and implicit time (F3 5 = 7.238,
P = 0.003, and n*> = 0.576) of responses to orange
light flashes. Chicks reared under orange light for 4 days
displayed a significantly greater d-wave amplitude, with
longer implicit time, in response to orange light flashes
than chicks at baseline (amplitude P = 0.010 and implicit
time P = 0.021) and those reared under blue (amplitude
P < 0.001 and implicit time P = 0.006) or white (amplitude
P = 0.020 and implicit time P = 0.009) light (see Figs. 7A,
7B). The b/d-wave ratio was also significantly altered in
response to orange light flashes (F;,5 = 4.858, P = 0.014,
and n? = 0.477) such that chicks reared under orange light
displayed a smaller b-wave to d-wave ratio than those reared
under blue light (P = 0.013), consistent with the d-wave
amplitude findings for this flash condition. This resulted in
an average b/d-wave ratio in response to the orange flash
following orange light rearing that was similar to those
observed in response to blue and white flashes following
rearing in all light conditions (Table 3). Orange light rear-
ing did not alter functional responses to broadband white
or blue flashes, and white and blue light rearing did not
affect the retina’s response to light flashes of any color
(see Figs. 7C, 7D).

DISCUSSION

The present research investigated the effects of orange and
blue light rearing on refractive development and retinal
function in the chick model of lens-induced myopia. As
expected, we found that broadband orange light exacerbated
myopia induction with negative lenses relative to broad-
band blue and white light. Changes in ocular axial dimen-
sions consistent with the refractive effect were observed,
although axial eye growth was not significantly differ-
ent between groups. Furthermore, electroretinography indi-
cated that orange light rearing caused a change in retinal
sensitivity to the offset of orange light flashes (but not blue
or white light flashes), whereas neither blue nor white light
rearing significantly affected the retina’s response to light of
any color as measured using the gfERG.

Effects of Blue and Orange Light on Eye Growth
and Refraction

The findings of this study are consistent with the major-
ity of past research showing that chicks reared under light
profiles dominated by longer wavelengths develop larger
eyes and more myopic refractions than those reared under
light profiles dominated by shorter wavelengths.12715:25
Consideration of the pattern of responses across previous
studies suggests that, as expected, broadband short- or long-
wavelength stimuli tend to have a lesser effect on refractive
development and ocular axial dimensions than their narrow-
band counterparts (e.g. see Refs. 13, 25, 41, 43). For exam-
ple, Foulds et al.’® reported a 4.68 D difference between
chicks reared with no lens under narrowband blue versus
red light for 14 days, relative to the 2.65 D difference in
refractive compensation to negative lenses reported follow-
ing broadband blue and orange light rearing in the present
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FiGure 6. Mean (£ SE) change in (A) refraction, (B) axial length, (C) vitreous chamber depth, and (D) anterior chamber depth
following 4 days of rearing with negative lenses (Neg) or no lens (NL) under colored light. Individual cases are shown as dots. Chicks
reared under blue light displayed a smaller myopic shift in response to negative lenses than those reared under orange light (P = 0.044), as

indicated by the asterisks.

study. Despite this difference in magnitude, both responses
are greater than that expected based on longitudinal chro-
matic aberration where a chromatic defocus of about 1.95 D
is expected between 400 and 700 nm for the chick eye.?3-%

The narrowband blue conditions tested in previous chick
studies, including that by Foulds et al., are typically gener-
ated using LEDs with a peak of approximately 450 to 480 nm
and a narrow range, and compared to red light conditions
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Ficure 7. Retinal function as operationalized by gfERG responses to colored light flashes. (A) Mean (£ SE) ERG responses to orange
light flashes at baseline and following 4 days of rearing with no lens under white, blue, or orange light. (B) Mean (£ SE) d-wave amplitude
and d-wave implicit time extracted from the orange light response waveforms in panel A. (C) Mean (+ SE) ERG responses to white light
flashes at baseline and following 4 days of rearing with no lens under white, blue, or orange light. (D) Mean (£ SE) ERG responses to blue
light flashes at baseline and following 4 days of rearing with no lens under white, blue, or orange light. Chicks reared under orange light
displayed larger orange flash d-wave amplitudes and longer d-wave implicit times relative to those in other conditions, as indicated by the
asterisks.
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TaBLe 3. Mean (£ SE) B-Wave to D-Wave Ratio Across Rearing
Conditions for Blue, White, and Orange gfERG Flashes

Flash Condition

Rearing Condition Blue White Orange

Baseline 2.21 (0.47) 1.50 (0.25) 4.74 (0.23)
Orange 3.82 (0.78) 2.03 (0.23) 2.57 (0.37)
Blue 2.47 (0.28) 2.70 (0.42) 5.85 (0.86)
White 2.94 (0.25) 2.02 (0.33) 5.23 (0.95)

Note: As shown in Supplementary Figure S3, flash conditions are
not illuminance-matched.

with a peak of approximately 620 to 640 nm (e.g. see Refs.
12, 13, 15, 86). Such blue and red lights are expected to acti-
vate UV+S and D+L cones, respectively, in chicks with rela-
tively little activation of other cone types.®’~% By contrast,
the present study, and a previous similar study in our labora-
tory,?® have filtered light sources with a continuous spectrum
to produce short-wavelength and long-wavelength biased
lights with a broad spectrum and peaks that are closer
together (blue = 491 nm and orange = 566 nm in the
present study). The main difference, in terms of cone activa-
tion, for these broadband light conditions relative to narrow-
band studies is that M and D cones are predicted to be more
strongly activated by both lights.

Although orange light promoted lens-induced myopia
development in the negative lens wearing animals in our
study, it did not significantly affect refractive development
in no lens animals over 4 days. This is consistent with
our previous findings in plano lens animals at 7 days,®
and suggests that the effects of broadband orange and
blue lights on refractive development are more pronounced
in the presence of negative lens optical defocus (relative
to normal emmetropization conditions) for short exposure
times. This is consistent with previous research showing
the effects of wavelength manipulations on eye growth and
refraction are larger in the presence of defocusing lenses
and occluder stimuli. For example, Chun et al®® noted a
potential “synergistic” effect between blue light and opti-
cal defocus in producing a hyperopic shift, and Najjar et
al.®® reported a greater effect of blue-enriched white light
(versus white light) in preventing axial eye growth in form
deprivation versus contralateral control eyes. Interestingly,
reports in humans also indicate that emmetropic and myopic
eyes respond differently to longitudinal chromatic aberra-
tion cues.>!

The 2-, 4-, and 7-day timepoints in our initial study
allowed us to observe how light wavelength and negative
defocusing lenses interact to affect ocular development over
time. If orange light accelerated lens-induced myopia devel-
opment (but did not alter the final “set point” of refraction),
then an effect may not be seen at 7 days when white and
orange light groups had ample time to compensate to the
-10 D lenses.®® However, if an orange light altered the “set
point” of refraction, then the effect may increase or accu-
mulate with time. Our findings are consistent with the latter
interpretation; the effect of orange light on myopia develop-
ment was smallest at 2 days and largest at 7 days. However,
as outlined below, the effect of light on overall chick weight
gain became evident at this later timepoint and may indicate
a counter-effect that limits the impact of light on refractive
development in prolonged studies (at least in chicks).

Colored light has a range of systemic effects such as
on circadian entrainment of behavior and physiological
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91,92 stress and the hypothalamic-pituitary-adrenal

n'94—96

processes,
(HPA) axis’®%® and, in poultry, reproductive maturatio
In the present study, orange light inhibited weight gain
relative to white light at 7 days (but not at the 2- and
4-day timepoints). Our previous research similarly identified
decreased weight gain in chicks exposed to orange light for
10 days, an effect that appeared to counteract significant
axial eye growth effects present at earlier timepoints.?® Lin
and colleagues also found that ocular axial length and vitre-
ous chamber depth differences observed at 10 days were
no longer significant following 17 days of rearing under red
versus blue light, and that red light increased activity levels
(without affecting weight gain). These findings are consis-
tent with a range of studies outside of the myopia literature
showing decreased weight gain’%7:% and higher activity
and stress levels’??%:9%:% in chicks reared under long- versus
short-wavelength light, and further suggest that systemic
effects may interact with local effects in the eye to determine
the impact of light wavelength on eye growth and refraction
over time. Notably, Gisbert et al.* have previously reported
a hyperopia-inducing effect of broadband long wavelength
light at 7 days, an effect they suggested could potentially
reflect a difference between narrow-band and broadband
red light responses in chicks. Our findings do not support
this conclusion, although, it seems possible based on our
findings that systemic growth effects of a red light could
have contributed to this seemingly discrepant ocular biomet-
ric response.

Effects of Colored Light Rearing on Retinal
Function

In line with the lack of biometric effect, blue light rearing in
the present study did not alter retinal gfERG responses rela-
tive to baseline and white light control conditions. However,
in the orange light rearing condition that promoted lens-
induced myopia, we observed an increase in the ampli-
tude and implicit time of the gfERG d-wave response to
orange light offset. This functional change was limited to
responses to the long-wavelength light in which the animals
were reared, with orange-reared chicks displaying “normal”
responses to blue and white light flashes. This pattern of
results is suggestive of a specific functional adaptation to
the altered light profile, similar to previous studies show-
ing selective changes in the abundance of cone opsins
during wavelength-induced refractive change.**%” Within
this context, it is notable that the chick cone oil droplets are
not fully matured until approximately 2-weeks post-hatch,'®
and the contribution of this continued development (if any)
to the refractive and ERG responses measured in the present
study is unknown.

The ERG d-wave is a corneal positive response with
complex cellular origins, recorded at the offset of the ERG
light when the stimulus is sufficiently long.'”! The initial
rapid rising phase of the d-wave has been suggested to
primarily reflect the activity of OFF-center (hyperpolarizing)
bipolar cells,'?1% with the remainder of the wave primar-
ily reflecting a slower contribution made by photoreceptor
depolarization at light offset.!°’:1°2 Due to the “push-pull”
nature of the ON and OFF retinal pathways,'* hyperpo-
larization of ON-center bipolar cells plays a role in shap-
ing the response, and inner retinal neurons also make a
small contribution.!??:1% Examination of the d-wave shape
and time-course suggests that the adaptation observed in
our ERGs primarily reflects a change in the slow compo-
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nent of the wave. However, given the complex composition
of the d-wave further research is needed to fully charac-
terize the cellular origins of this response to orange light
rearing.

Long wavelength flash stimuli elicit a low d-wave ERG
amplitude, and consequently a high b-wave to d-wave
ratio.!® This phenomenon was observed in the present
study such that the b/d-wave ratio was higher in response
to orange light flashes than white and blue flashes at base-
line. Due to the change in the d-wave amplitude, the b-
wave to d-wave ratio in response to orange light flashes
was decreased following orange light rearing such that the
ratio was similar to that exhibited for other flash colors
(across all rearing conditions). Like the d-wave, the b-wave
has complex origins,'%>1% although, it primarily reflects the
depolarization of ON-center bipolar cells in response to light
onset. Thus, the ERG waveform change occurring follow-
ing 4 days orange light rearing may represent a functional
adaptation that assisted in “normalizing” the balance of ON
and OFF pathway signaling (measured with the temporal
stimulus) under orange light conditions. Similar shifts in
ON/OFF pathway balance that result in relatively greater
OFF pathway signaling have been linked to myopia develop-
ment in many previous studies (as reviewed by Ref. 28). In
humans, retinal OFF pathway stimulation with a spatiotem-
poral stimuli enhances accommodation-induced choroidal
thinning.'% Moreover, Poudel et al. have recently demon-
strated a reduction in the ON pathway ERG response to
mid-contrast temporal stimuli in human myopes.>! In the
present study, ERGs were recorded in the “no lens” animals
following exposure to different light wavelength rearing
conditions. Given Poundel et al’s’® findings, it would be
of interest to explore the combined effects of light wave-
length and defocus-induced myopia on the gfERG in the
future.

Limitations and Future Directions

The illuminance of the lights used in our study was low,
relative to some previous work (e.g. see Refs. 12, 43, 107).
Yoon et al. demonstrated that a hyperopic shift occurred in
response to a broadband “equal” light condition at 985 lux,
but not at lower illuminances (70 and 680 lux) in chicks. The
authors suggested that a “threshold” level of cone contrast
may be needed to generate a wavelength defocus signal
and a molecular response.*>%” Our results demonstrated
a refractive impact of short- versus long-wavelength biased
light at 229 lux, demonstrating that the “threshold” necessary
to generate a response was met for our light conditions. It
would be of interest to investigate in the future whether the
size of this effect is altered at higher illuminances. Indeed,
because matching the intensity of light conditions requires
a trade-off of different biological considerations, it would
be optimal to compare different spectrums at a range of
light intensities in the future. Our light sources were well
matched based on human lux measures, and also appeared
relatively well matched when considering lux measures that
were adjusted (using psychophysical and electrophysiologi-
cal data) to account for differences in the relative sensitivity
of chicks to light across the visible spectrum. However, they
varied in power, because short wavelength light must be a
higher irradiance than long wavelength light to achieve the
same intensity in lux. High intensity short wavelength light
can damage ocular tissues'®®1% and excite a range of non-
visual opsins’? (e.g. our blue light was expected to strongly

IOVS | January 2025 | Vol.66 | No. 1 | Article 30 | 12

stimulate OPN5, with the orange light providing minimal
stimulation for this opsin). These biological effects of energy
at the blue end of the spectrum have been implicated previ-
ously in ocular growth regulation?*'® and warrant further
investigation.

We were unable to precisely match the spectrum or illu-
minance of the orange, blue, and white light ERG flashes
with that of the light in the chick rearing environment. Typi-
cally, gfERG investigations of retinal function use a white
light stimulus with a fast onset/offset profile.”® In this study,
we used the same wavelength filters from the chick rearing
environment to limit the wavelength range of the broadband
white gfERG ganzfeld light stimulus, producing orange,
white, and blue light flashes with a square-wave temporal
ON/OFF profile. This novel approach identified changes in
retinal function not apparent in a previous ERG investiga-
tion of wavelength-induced myopia, which used broad spec-
trum white light flashes that were too short to separately
assess responses to stimulus onset and offset.¥’” Given the
limited understanding of wavelength-dependent refractive
responses across species, our findings highlight the need
for further electrophysiological studies evaluating functional
ON and OFF pathway responses across the visible spectrum
in animal models. As the present research identified a func-
tional ERG adaptation to orange light within 4 days in chicks,
how the ERG response is affected by longer-term orange
light exposure is an important question for future research
with potential implications for the continued efficacy of
wavelength-biased light sources in clinical myopia-control
settings. As our ganzfeld ERG stimulus assessed temporal
ON/OFF responses only, future assessments of how light
wavelength manipulations affect spatiotemporal responses
(as have been associated with myopia in other contexts, e.g.
see Ref. 106) would also aid in further understanding the
parameters of ON/OFF pathway functional impacts.

CONCLUSIONS

As expected, we found that orange light rearing exacerbated
defocus-induced myopia relative to blue and white light rear-
ing. Effect sizes were largest at 4 and 7 days, with over-
compensation to the lenses at these times suggesting that the
light source altered the “set point” of refraction in the model
rather than the speed of refractive compensation to lenses.
ERG recordings demonstrated that, in addition to promot-
ing myopia, orange light rearing increased the sensitivity
of the d-wave response to orange light offset, suggesting
a potential role for ON/OFF pathway balance in generating
the refractive response that requires further electrophysio-
logical and molecular investigation.
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