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PURPOSE. Stimulated by evidence implicating diurnal/circadian rhythms and light in
refractive development, we studied the expression over 24 hours of selected clock and
circadian rhythm–related genes in retina/retinal pigment epithelium (RPE) and choroid
of experimental ametropias in chicks.
METHODS. Newly hatched chicks, entrained to a 12-hour light/dark cycle for 12 to 14 days,
either experienced nonrestricted vision OU (i.e., in both eyes) or received an imageblurring diffuser or a minus 10-diopter (D) or a plus 10-D defocusing lens over one eye.
Starting 1 day later and at 4-hour intervals for 24 hours, the retina/RPE and choroid were
separately dissected. Without pooling, total RNA was extracted, converted to cDNA, and
assayed by quantitative PCR for the expression of the following genes: Opn4m, Clock,
Npas2, Per3, Cry1, Arntl, and Mtnr1a.
RESULTS. The expression of each gene in retina/RPE and in choroid of eyes with nonrestricted vision OU varied over 24 hours, with equal levels OU for most genes and times.
Altered visual input influenced gene expression in complex patterns that varied by gene,
visual input, time, and eye, affecting experimental eyes with altered vision and also
contralateral eyes with nonrestricted vision.
DISCUSSION. Altering visual input in ways known to induce ametropias alters the retinal/RPE and choroidal expression of circadian rhythm–related genes, further linking
circadian biology with eye growth regulation. While further investigations are needed,
studying circadian processes may help understand refractive mechanisms and the increasing myopia prevalence in contemporary societies where lighting patterns can desynchronize endogenous rhythms from the natural environmental light/dark cycle.
Keywords: circadian clock genes, melanopsin, retina/RPE, choroid, ametropia

W

hy refractive errors develop and why the prevalence
of myopia is increasing to alarming levels in the developed world remains a puzzle. Refractive responses to visual
blur and defocus in experimental animals and, to the extent
observable, in children have indicated that visual input regulates eye growth. As an example, in animal models, blurring visual input with a diffuser induces ipsilateral formdeprivation myopia, and the wearing of a minus or plus
spectacle lens alters eye growth to place the retina conjugate to the altered position of distant images, causing ipsilateral lens-induced myopia or lens-induced hyperopia, respectively.1 The mechanisms governing postnatal refractive and
eye growth responses to image quality are largely intrinsic to the eye, with much evidence implicating the retina

as a controller.1–3 Besides image quality, a potential role
for insufficient light exposures as a cause for myopia was
first proposed in the 19th century.4–6 Most recently, clinical investigations have demonstrated a modest protective
effect against myopia in children by increased outdoor exposures.7–11 Bright light exposures in the laboratory protect
against experimental myopia in animal models.12 How light
acts to limit myopia remains speculative.
Light exposure controls circadian biology, and accumulating evidence supports the notion that the dysregulation of circadian rhythms might contribute to the development of ametropias, as discussed in our recent review.13
The eyes of animals and humans undergo diurnal oscillations in dimensions, including fluctuations in axial length
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and choroidal thickness. In animals with experimentally
induced myopia or hyperopia, the phase relationships of
these rhythms are altered as ametropias develop,14 but
there are not yet data on whether the diurnal fluctuations
in ocular dimensions are affected in children developing ametropia. From microarray and quantitative PCR
(qPCR) assays that commonly compare experimental eyes
to contralateral control eyes, altered expression of several
circadian clock genes and a melanopsin gene has been identified in the retina/retinal pigment epithelium (RPE) in lensinduced and form-deprivation myopias of chicks.15,16 Minus
or plus lens wear affects expression of the clock gene Arntl
in chicks,17 and altered RPE expression of melanopsin develops in lens-induced myopia of tree shrew.18 Experimental
myopia induces only small changes in the expression of
most affected genes in retina,19 including the altered expression of these clock and melanopsin genes.15,16
The circadian clock is an oscillating autonomous molecular mechanism consisting of transcriptional-translational
feedback loops that use a series of clock genes and their
protein products; it requires about 24 hours to cycle.20,21
The retina expresses the molecular components of the circadian clock.20,21 Based on accumulating evidence that disordered rhythms and clock genes might contribute to the
development of ametropias,13 we here characterized the
diurnal expression of selected circadian clock genes in the
chick retina/RPE and separately in the chick choroid over
a full 24-hour period. We also analyzed the expression of
one of the two melanopsin isoforms expressed in chicks
(Opn4m), a blue light absorbing photopigment in retinal
ganglion cells and in other nonrod/noncone retinal neurons
of chicks. In mammals, the melanopsin-containing neurons
provide input for circadian entrainment, among other functions.13,20–23 While the pineal is more central to circadian
rhythm control in birds than in mammals,24 melanopsinexpressing retinal neurons seem to have analogous functions
in birds.25–28 We also assayed the expression of one of the
melatonin receptor subtypes (Mtnr1a) involved in signaling
output from the clock. We included the choroid because it
undergoes diurnal thickness fluctuations that are hypothesized to influence refractive development.13,29 The expression levels of these genes undergo diurnal oscillations in the
retina,30–35 but their daily expression patterns in the choroid
have not been studied.
We studied gene expression patterns in eyes of chicks
with nonrestricted vision OU (i.e., in both eyes) and in eyes
with three well-established methods of perturbing refractive development: diffuser wear to produce form-deprivation
myopia, minus lens wear to produce lens-induced myopia,
and plus lens wear to produce lens-induced hyperopia.1 We
selected clock and circadian rhythm–related genes whose
expression that we previously found to be altered in chick
retina at single times during the day in unilateral lensinduced myopia or form-deprivation myopia, comparing
experimental eyes with altered visual input to contralateral
eyes with nonrestricted vision.15,16

METHODS
Animals and Tissue Harvesting
Newly hatched chicks (Gallus gallus domesticus; Cornell-K
strain) were reared under a 12-hour light/12-hour dark cycle
(4100K fluorescent light, ∼300 lux in cage) for 12 to 14 days.
At zeitgeber time (ZT) 0 (defined as lights on at ZT 0), an
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image-degrading diffuser, a minus 10-diopter (D) lens, or a
plus 10-D lens was secured over the right eye (OD) using
matching Velcro rings, with nonimpaired visual input to the
contralateral left eye (OS). Other chicks experienced nonrestricted visual input OU, with no device over either eye.
Starting the next day after one full 12-hour light/12-hour
dark cycle of device wear, chicks were killed by decapitation without anesthesia in timed cohorts so that tissues were
acquired at approximately ZT 0, 4, 8, 12, 16, or 20 hours
(n = 8 chicks/time/condition). For the “night” samples,
chicks were killed under dim dark yellow light from a photographic safe light (Premier Model SL1012, Doran Manufacturing, Cincinnati OH, USA; ∼0.5 lux). The retina/RPE and
choroid were then immediately dissected separately over
ice in sterile and RNAse-free conditions from each eye,
snap-frozen in liquid nitrogen, and stored without pooling at −80°C until processed. The supplementary methods
detail the timing schedule for tissue sampling. The vitreous bodies from these eyes also were removed and separately assayed for the levels of 3,4-dihydroxyphenylacetic
acid (DOPAC), which will be reported independently. The
experiments adhered to the ARVO Statement on the Use
of Animals in Ophthalmic and Vision Research and were
approved by the Institutional Animal Use and Care Committee of New England College of Optometry.

mRNA Extraction and cDNA Synthesis
Total RNA extraction was performed in batches using the
Purelink RNA mini kit (Life Technologies, Carlsbad, CA,
USA). cDNA was synthesized in 96-well plates on a SimpliAmp thermal cycler (Applied Biosystems, Foster City, CA,
USA) with Superscript SS IV VILO Mastermix (Life Technologies). The cDNA samples were frozen at −80°C until they
were shipped on dry ice to the University of Pennsylvania.
They were maintained at −80°C until assayed.

qPCR
Gene expression levels for each eye were determined individually with real-time qPCR using an Applied Biosystems
7300/7500 qPCR machine and TaqMan Assays (Thermo
Fisher Scientific, Waltham, MA, USA). Then, 20 μL of the
above cDNA solution was diluted to 400 μL with pure
water for each of the seven genes for the qPCR assay;
9 μL of the diluted cDNA was combined with 1 μL TaqMan
Gene Expression Assay and 10 μL TaqMan Universal Master
Mix (#4304437) to a total 20 μL volume for each reaction.
The housekeeping gene Gapdh served as an endogenous
control, and the expression of each gene at each time was
normalized to the Gapdh expression level measured for each
sample. Samples were run in triplicate and averaged. The
࢞࢞Ct value was used as the relative expression levels for
each of the seven genes under study. Table 1 identifies gene
symbols, gene names, and corresponding TaqMan assays.

Statistical Analysis
Because of nonnormal data distributions, a natural log transformation was applied to the gene expression levels for
model fit and better model diagnostics. The mean transformed OS value at ZT 0 was subtracted from the transformed expression values for each gene and each eye at each
time point, such that the mean value of the left eye across
individuals is 0 at ZT 0. To account for intereye correlation,
the gene expression responses for each eye over time were
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TABLE 1. Assayed Genes
Gene Symbol
Opn4m
Clock
Npas2
Per3
Cry1
Arntl
Mtnr1a
Gapdh

Gene Name

TaqMan Assay

Melanopsin
Circadian locomotor output cycles kaput
Neuronal PAS domain protein 2
Period 3
Cryptochrome 1
Aryl hydrocarbon receptor nuclear translocator-like protein 1
Melatonin receptor subtype 1a
Glyceraldehyde-3-phosphate dehydrogenase

Gg03359959_m1
Gg03362343_m1
Gg03350049_m1
ARWCWE2
Gg03364195_mH
Gg03345653_m1
Gg03339711_m1
Gg03346983_g1

modeled using the generalized estimating equation (GEE) to
estimate a robust variance structure.36 The model formula
was specified such that the transformed gene expression
response was modeled using the main effects of eye and time
as well as the interaction between them, with time being a
categorical variable with levels ranging from ZT 0 to ZT 20.
Type III tests were performed to obtain the P value for the
overall effects of eye and time. Post hoc pairwise comparisons were analyzed for those models that reached a Bonferroni significance level for either an overall eye effect or for an
eye-time interaction effect to identify time points where the
left and right eyes differed. The number of genes analyzed
in each condition at each time established the Bonferroni
criterion for a P ≤ 0.05 significance level. For retinal comparisons, seven genes were analyzed giving a Bonferroni significance level of P ≤ 0.0071; for choroidal comparisons, six
genes were analyzed giving a Bonferroni significance of P
≤ 0.0083. Unless otherwise specified, data are reported as
mean ± SEM of the natural log values in both the figures
and supplementary tables.

RESULTS
By qPCR, both the retina/RPE and choroid expressed
melanopsin (Opn4m) and each of the circadian clock genes
at all time points studied. The melatonin receptor gene
(Mntr1a) was expressed in the retina/RPE but not in the
choroid. Altered visual input impacted the gene expression
over time in patterns that varied between visual condition,
gene, eye and time. Tables 2 to 4 summarize these complex
patterns, and Figures 1 to 4 show the expression for these
genes in both eyes over 24 hours. Detailed data and statistical analyses appear in Supplementary Tables S1 to S8.
The study design permitted assessment of relative gene
expression within each visual condition and emphasized
gene expression over time, eye effects (i.e., OD vs. OS), and
the interactions of eye-time. The technical features of our
molecular assays did not permit unambiguous identification
of absolute differences in expression levels between the four
visual cohorts, but bilateral effects could be identified by
the loss of gene expression variation over time in both eyes
with altered visual input to OD only, a conservative criterion. This criterion for a bilateral effect was evident in each
visual condition in retina/RPE and/or in choroid and most
frequently involved the expression of Opn4m, Clock, and
Cry1 (Table 2). OD-OS differences occurred only for some
genes under each visual condition and only at specific times
during the 24 hours of the assays. It was not possible to
determine unambiguously whether an increased expression
in one eye or a reduced expression in the contralateral eye
accounted for OD-OS differences.
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Nonrestricted Vision OU
The expression of each gene varied over time in retina/RPE
and in choroid (P < 0.001 for each gene and each
tissue; Tables 2 and 3, Figure 1, Supplementary Tables S1
and S2). In the retina/RPE, there were no differences in the
expression values of each gene between the right and left
eyes at any time. In the choroid, the gene expression levels
were generally equivalent for most genes and times comparing right and left eyes; only Clock at ZT 8 and Arntl at ZT
4 and 16 demonstrated OD-OS differences. Although there
was an overall eye effect for choroidal Opn4m expression,
no specific time was identified by post hoc testing for an ODOS difference. In eyes with nonrestricted vision OU, the time
of peak gene expression varied between gene and between
tissue (Table 4, Fig. 1, Supplementary Tables S1 and S2).

Unilateral Diffuser Wear
In retina/RPE, unilateral blur from diffuser wear eliminated
the changes in gene expression over time for four genes
(Opn4m, Clock, Npas2, and Mntr1a), not only in the visually deprived eye but also in the contralateral eye (Tables 2
and 3, Fig. 2, Supplementary Table S3). Those genes that
continued to vary over time showed highest expression
levels at the same times in both eyes and at close to the same
times as eyes with nonrestricted vision OU (Table 4, Fig. 2,
Supplementary Table S3). Except for Clock at ZT 0 and Per3
at ZT 20, the OD versus OS expression levels of all genes
remained comparable at each time (Table 2, Supplementary
Table S3).
In the choroid, the effects of diffuser wear were somewhat less pronounced. The time-variable expression level
of only Clock was negated by form deprivation. Except for
Npas2 whose maximum expression time was the same as
in chicks with nonrestricted vision OU, the time of highest
expression level for the time-varying genes shifted by 4 or 8
hours in the visually deprived and/or contralateral eye. The
OD versus OS expression levels of Cry1 were not equivalent at ZT 16 and ZT 20, but comparable expression levels
occurred OU in the other assayed genes (Tables 2–4, Fig. 2,
Supplementary Table S4).

Unilateral Minus 10-D Lens Wear
In retina/RPE, unilateral defocus from wearing a minus 10-D
lens eliminated the changes in gene expression over time for
two genes, Opn4m and Cry1 (Tables 2 and 3, Fig. 3, Supplementary Table S5). Most time-varying genes showed highest
expression levels at the same time in both eyes. Compared to
the maximum expression in eyes with nonrestricted vision
OU, the actual times of highest expression were the same
or were shifted by up to 8 hours (Table 4). The expression
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Mntr1a was detectable in retina but not in choroid by qPCR.
X indicates significant effect over time, OD versus OS, and/or for the interaction of eye-time based on the Bonferroni criteria of P ≤ 0.0071 for retina, P ≤ 0.0083 for choroid;
XX, bilateral effect based on loss of variation OU over time with visual alteration only in OD;
—, no significant effect.

Retina/RPE
Opn4m
Clock
Npas2
Per3
Cry1
Arntl
Mntr1a
Choroid
Opn4m
Clock
Npas2
Per3
Cry1
Arntl

Gene

Nonrestricted Vision OU

TABLE 2. Gene Expression Over 24 Hours: Summary of Statistically Significant Effects
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TABLE 3. Gene Expression Over Time: OD Versus OS
Condition
Nonrestricted Vision OU

Gene

OD vs. OS

Retina/RPE
Opn4m
Clock
Npas2
Per3
Cry1
Arntl
Mntr1a

OD
OD
OD
OD
OD
OD
OD

Choroid
Opn4m
Clock
Npas2
Per3
Cry1
Arntl

=
=
=
=
=
=
=

ZT Times
When OD =
OS

OS
OS
OS
OS
OS
OS
OS

OD = OS
OD < OS
OD = OS
OD = OS
OD = OS
OD < OS: 4
OD > OS: 16

8

4, 16

Diffuser OD

OD vs. OS
OD
OD
OD
OD
OD
OD
OD

=
<
=
<
=
=
=

OS
OS
OS
OS
OS
OS
OS

OD
OD
OD
OD
OD
OD

=
=
=
=
<
=

OS
OS
OS
OS
OS
OS

Minus 10-D Lens OD

ZT Times
When OD =
OS

0
20

16, 20

OD vs. OS
OD
OD
OD
OD
OD
OD
OD

=
<
=
=
=
=
=

OS
OS
OS
OS
OS
OS
OS

OD
OD
OD
OD
OD
OD

<
<
<
<
<
<

OS
OS
OS
OS
OS
OS

ZT Times
When OD =
OS

Plus 10-D Lens OD

OD vs. OS
OD < OS
OD = OS
OD = OS
OD = OS
OD = OS
OD = OS
OD < OS: 4, 8
OD > OS: 16

20

16, 20
0, 8
0, 4, 8
8
0
0, 4, 8

OD
OD
OD
OD
OD
OD

<
=
=
<
=
=

OS
OS
OS
OS
OS
OS

ZT Times
When OD =
OS
4, 8, 12

4, 8, 16

0

8, 12, 16

Bold font highlights the genes and the corresponding times when the expression levels differ between OD and OS. See Supplementary
Tables S1-S8. ZT 0 = light phase onset.
TABLE 4. Times of Highest Gene Expression
Nonrestricted Vision OU
Gene
Retina/RPE
Opn4m
Clock
Npas2
Per3
Cry1
Arntl
Mntr1a
Choroid
Opn4m
Clock
Npas2
Per3
Cry1
Arntl

Diffuser OD

Minus 10-D Lens OD

Plus 10-D Lens OD

OD

OS

OD

OS

OD

OS

OD

OS

8
8
12
0
12
8
20

8
8
12
0
12
8
20

—
—
—
0
8
8
—

—
—
—
0
8
8
—

—
16
12
20
—
12
20

—
16
12
0
—
12
20

—
—
12
20
—
12
20

—
—
12
20
—
12
20

8
12
12
0
12
12

8
12
12
0
12
12

8
—
12
4
4
12

4
—
12
4
4
4

0
—
12
0
12
12

0
—
12
20
12
12

—
—
12
0
—
16

—
—
12
20
—
12

Time of highest numerical value for gene expression with a time effect, from Supplementary Tables S1 to S8. ZT 0 = light phase onset.
—, no time effect based on the Bonferroni criteria of P ≤ 0.0071 for retina, P ≤ 0.0083 for choroid.

levels were comparable between the two eyes of chicks in
the minus lens cohort, except for Clock at ZT 20 that was
lower in the retina/RPE of the eye with altered visual input
relative to its contralateral eye (Tables 2 and 3, Fig. 3, Supplementary Table S5).
Wearing a minus 10-D lens abolished the time variable
expression in the choroid of Clock but not that of other
genes (Tables 2 and 3, Fig. 3, Supplementary Table S6). The
times of peak gene expression levels shifted by 8 hours for
Opn4m OU and by 4 hours for Per3 in the contralateral eye
(Table 4), relative to eyes with nonrestricted vision OU.
Compared to their contralateral eyes, the expression levels of
all genes in the minus lens group were lower in the choroid
at one or more times (Tables 2 and 3, Fig. 3, Supplementary
Table S6).
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Unilateral Plus 10-D Lens Wear
In retina/RPE, the expression of three genes (Opn4m,
Clock, and Cry1) showed no variability over time
(Tables 2 and 3, Fig. 4, Supplementary Table S7). The times
of highest expression of time-varying genes were the same
for both eyes, which were either identical to or shifted by 4
hours from the retinas of eyes with nonrestricted vision OU
(Table 4, Fig. 4). The expression level of Opn4m was lower in
retinas of chicks in the plus lens group at ZT 4, ZT 8, and ZT
12. For Mtnr1a, there was an OD-OS difference in expression
at ZT 4, ZT 8, and ZT 16, but the direction of the difference
depended on time (Tables 2 and 3, Fig. 4, Supplementary
Table S7).
As in retina/RPE under a plus 10-D lens, the choroidal
levels of the same three genes (Opn4m, Clock, and Cry1)

Circadian Clock, Vision and Ametropia
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FIGURE 1. Nonrestricted vision OU. Expression of clock and circadian rhythm–related genes over 24 hours in the retina and choroid of
chicks with nonrestricted visual input OU. Because of nonnormal data distribution, the data were loge transformed. The mean transformed
OS value at ZT 0 was subtracted from the transformed expression values for each gene and each eye at each time point, such that the mean
value of the left eye across individuals is 0 at ZT 0. To aid visualization, the y-axis is scaled differently between genes, but individual genes
are represented at the same scale between tissues and between the visual conditions. See Supplementary Tables S1 and S2 for data and
statistical analyses. Red symbols, OD; blue symbols, OS.

did not vary over time (Tables 2 and 3, Fig. 4, Supplementary Table S8). Of those that varied, their peak choroidal
expression levels occurred at the same time or with a 4-hour
shift compared to those of eyes with nonrestricted vision
OU (Table 4, Fig. 4, Supplementary Table S8). The choroidal
expression level of Opn4m was lower at ZT 0, and that of
Per3 was lower at ZT 8, ZT 12, and ZT 16 compared to the
contralateral eyes (Tables 1 and 2, Fig. 4, Supplementary
Table S8). No other OD-OS differences were identified.

DISCUSSION
Stimulated by the experimental evidence implicating circadian rhythms in the mechanisms of refractive development,
we assayed the expression of clock and circadian rhythm–
related genes in chicks over a full 24-hour period following unilateral alteration of visual input by methods known
to induce ametropias. In our prior findings and in the
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experimental refraction literature, study designs commonly
compare results in eyes with unilateral visual impairment
to those of contralateral control eyes. Accordingly, we optimized the technical aspects of our assays to emphasize ODOS differences in gene expression, as well as the established daily cycling of these genes in retina and other tissues.
The assayed genes included melanopsin (Opn4m), transcription activators (Clock, Npas2, and Arntl) and transcription
repressors (Per3 and Cry1) of the circadian clock,20,21 and
one of the melatonin receptor subtypes (Mntr1a). While
some evidence implicates a potential role for conventional
photoreceptors in refractive control mechanisms,37–39 we
addressed here the photopigment melanopsin specifically
because of its role in regulating circadian rhythms.13
For this investigation, we selected clock and circadian rhythm–related genes whose expression we previously found altered in lens-induced myopia using microarrays16 and confirmed in form-deprivation myopia.15 These
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IOVS | May 2020 | Vol. 61 | No. 5 | Article 13 | 7

FIGURE 2. Diffuser wear OD. Expression of clock and circadian rhythm–related genes over 24 hours in the retina and choroid of chicks
wearing a diffuser OD. Because of nonnormal data distribution, the data were loge transformed. The mean transformed OS value at ZT 0
was subtracted from the transformed expression values for each gene and each eye at each time point, such that the mean value of the left
eye across individuals is 0 at ZT 0. To aid visualization, the y-axis is scaled differently between genes, but individual genes are represented
at the same scale between tissues and between the visual conditions. See Supplementary Tables S3 and S4 for data and statistical analyses.
Red symbols, diffuser-wearing eye (OD); blue symbols, contralateral eye with intact vision (OS).

genes represent only a subset of known clock genes in
the primary transcription-translation feedback loop of the
circadian clock; as examples from known avian genes, we
assayed one of two period genes, one of two cryptochrome
genes, none of the genes in the secondary transcriptiontranslation feedback loop, one of two melanopsin genes,
and one of two melatonin receptor genes.24,25,35 As discussed
below, we cannot exclude influences of visual input on the
expression of nonstudied circadian genes or their potential
to interact with the genes assayed here.

Opn4m Expression in the Choroid
Other than our meeting report of the early results of
this study (Stone RA et al., IOVS 2018;59:ARVO E-Abstract
5054), Opn4m had not been identified directly in choroid
earlier, and its origin and function are currently unknown.
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Melanopsin has been identified in human lens epithelial
cells, where it seemingly regulates melatonin synthesis.40
The soma of trigeminal neurons express melanopsin,41
and these neurons might innervate the choroid, which
has peripheral sensory nerves.42,43 Whether light activates melanopsin-expressing trigeminal neurons is equivocal.41,44 Other potential sources are choroidal blood vessels
or melanocytes as melanopsin has been identified in
mouse aorta and in cultured chicken melanocytes.45,46
Regarding potential function, the normal light-induced
increase in choroidal thickness in mice is not observed
with systemic knockout of melanopsin,47 suggesting that
melanopsin might regulate diurnal or defocus-induced
choroidal thickness alterations.13,29 Thus, the roles of
melanopsin in the choroid are yet to be established, including the intriguing possibility that the choroid might be
photosensitive.

Circadian Clock, Vision and Ametropia
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FIGURE 3. Minus 10-D lens wear OD. Expression of clock and circadian rhythm–related genes over 24 hours in the retina and choroid
of chicks wearing a minus 10-D spectacle lens OD. Because of nonnormal data distribution, the data were loge transformed. The mean
transformed OS value at ZT 0 was subtracted from the transformed expression values for each gene and each eye at each time point, such
that the mean value of the left eye across individuals is 0 at ZT 0. To aid visualization, the y-axis is scaled differently between genes, but
individual genes are represented at the same scale between tissues and between the visual conditions. See Supplementary Tables S5 and S6
for data and statistical analyses. Red symbols, lens-wearing eye (OD); blue symbols, contralateral eye with intact vision (OS).

Interpreting Gene Expression Data
In the retina/RPE and choroid of chicks with nonrestricted
visual input OU, the expression levels of each of these genes
varied over time during the 24-hour day (Fig. 1, Table 1).
While Mtnr1a was detectable only in retina/RPE, the other
genes showed variable expression patterns over 24 hours in
both retina/RPE and in choroid of eyes with nonrestricted
vision OU in patterns that generally were similar between
the two tissues (Fig. 1). Altering visual input modifies the
expression of the assayed genes in complex patterns that
vary by gene, method of image alteration (diffuser, minus
lens, or plus lens), tissue (retina/RPE versus choroid), and
time. The gene expression changes affected not only experimental eyes with altered vision but also, unexpectedly,
contralateral “control” eyes with nonrestricted vision. The
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breadth of the gene effects links circadian clock function to
established visual parameters that govern eye growth.
Retinal/RPE and choroidal tissues were isolated 24 to
48 hours after the initiation of visual alteration, and the
altered gene expressions identified here thus reflect changes
occurring at the onset of visually induced ametropias.
Because the molecular alterations identified at myopia onset
or during myopia progression are not identical,15–17,19,48,49
longer duration experiments will be needed to learn whether
similar effects on clock and circadian rhythm–related genes
occur as ametropias progress at later times.
For melanopsin (Opn4m) in the retina/RPE, the variation in gene expression over time was lost in eyes wearing a diffuser and for both lens conditions, not only in
the experimental eyes but also in contralateral eyes. In the
choroid, the visual effects on melanopsin expression were
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FIGURE 4. Plus 10-D lens wear OD. Expression of clock and circadian rhythm–related genes over 24 hours in the retina and choroid of chicks
wearing a plus 10-D spectacle lens OD. Because of nonnormal data distribution, the data were loge transformed. The mean transformed OS
value at ZT 0 was subtracted from the transformed expression values for each gene and each eye at each time point, such that the mean
value of the left eye across individuals is 0 at ZT 0. To aid visualization, the y-axis is scaled differently between genes, but individual genes
are represented at the same scale between tissues and between the visual conditions. See Supplementary Tables S7 and S8 for data and
statistical analyses. Red symbols, lens-wearing eye (OD); blue symbols, contralateral eye with intact vision (OS).

different. The choroidal melanopsin expression continued
to vary over time in eyes of chicks wearing a diffuser or
minus lens but was stable over time in eyes of the plus lens
group. In mice, knockout of melanopsin gene expression
induces an exaggerated myopia response to form deprivation (Chakraborty R, et al., IOVS 2015;56:ARVO E-Abstract
5843). The current gene expression results justify seeking
a direct influence of melanopsin on refractive development,
including potential influences on the ocular rhythms that
modulate eye growth.13,50,51
Of the circadian clock genes, only Per3 and Arntl continued to vary by time both in retina/RPE and in choroid under
all three altered visual conditions. The expression of the
other clock genes (Clock, Npas2, and Cry 1) no longer consistently varied over time in either tissue or under each altered
visual condition. The visual image, as distinct from light per

Downloaded from iovs.arvojournals.org on 04/18/2021

se, impacts the daily expression of specific circadian clock
genes.
The expression of Mntr1a no longer varied with time in
the retina/RPE of chicks wearing a diffuser but continued to
vary with time in chicks wearing either minus or plus lenses.
Exogenously administered melatonin exerts some effects
on the growth of normal and form-deprived chick eyes,35
and human myopic subjects have elevated serum melatonin
levels.52 However, retinal melatonin and retinal dopamine
interact reciprocally during the diurnal cycle, and retinal
dopamine has been implicated repeatedly in the mechanism
of myopia.13,53,54 Retinal dopaminergic cells express clock
genes, interact with melanopsin containing neurons, and
act to entrain endogenous retinal rhythms to the light/dark
cycle.13 While needing direct study, the effects of altered
vision on melatonin receptor expression may be secondary
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to effects on retinal dopamine and/or the expression of
melanopsin or retinal clock genes.
Because we assayed only a subset of circadian clock,
melanopsin, and melatonin receptor genes, we cannot
exclude an impact from nonassayed but related genes.
Altered vision produces complex effects on circadian gene
expression that include variable outcomes between genes,
tissue, and type of visual alteration; irregular and not
clearly cyclical patterns of some of the gene expression
patterns over the day; persistent variability over 24 hours
of only some genes; and modified expression only at
specific times for particular genes. Because our study represents the first day of the responses to visual modification,
these “nonregular” alterations could arise from transitioning
during this interval of circadian signaling from that occurring
during nonrestricted vision to that occurring with persistent perturbed visual input. Alternatively, these “nonregular” findings could arise from complex, perhaps complementary or partial interactions between the different forms of
particular circadian genes, only one of which was measured.
Clearly, more research is needed to understand the effects
of visual input on the clock and circadian rhythms in the
eye.
Despite these considerations, visual perturbations known
to induce experimental myopia or hyperopia promptly affect
circadian gene expression in retina/RPE and in choroid,
tissues believed to govern refractive development. A transcription activator with numerous pleiotropic effects, Bmal1
(brain and muscle arnt-like protein 1; also termed Arntl)
is a nonredundant component of the mammalian circadian
clock. Knockout in retina of Bmal1 induces bilateral myopia
in mice even with nonrestricted visual input and supports a
potential role of circadian and related mechanisms in regulating refraction.55 To our knowledge, this study in mice
is the only prospective investigation of refractive development in mammals with a known circadian signaling
abnormality.55

Bilateral Effects
The growth and refraction responses to unilateral diffuser or
lens wear affect primarily the experimental eyes,1 with only
minor refractive effects on contralateral eyes with nonrestricted visual input.17,56 Surprisingly, unilateral diffuser or
lens wear affected the expression of some clock and circadian rhythm–related genes bilaterally by the criterion of
bilateral loss of variation over time following unilateral
visual alteration (Table 2, Figs. 1-4). Our experimental design
did not permit unambiguous identification of quantitative
differences in gene expression between the contralateral
eyes of chicks with unilateral visual alteration and the eyes
of chicks with nonrestricted vision OU. In contrast to the
symmetrical gene expression levels in the chicks with nonrestricted vision, OD-OS differences in gene expression developed most frequently in the choroid after minus lens wear,
but depending on the gene, these occurred at one to three
of the sampling times in each tissue and visual impairment
(Table 3, Fig. 3).
Given the interocular differences in growth and refraction from diffuser or lens wear,1 an explanation for bilateral
effects on clock and circadian rhythm–related gene expression is not presently apparent. Perhaps, pathways directly
responsive to visual input may modify a putative general
effect of clock-dependent signaling to normalize growth in
eyes with nonrestricted vision contralateral to eyes wearing
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a diffuser or lens. Alternatively, both clock-dependent and
clock-independent signaling pathways may exist and only
partly interact to regulate refractive development. Given the
apparent roles of diurnal rhythms of ocular dimensions in
governing eye growth,13 further study clearly is needed to
learn the implications of the bilateral effects on ocular clock
and circadian rhythm–related genes in eyes with unilateral experimental ametropias and to learn whether bilateral
effects on these genes contribute to the apparent binocular similarity of refraction and refractive errors in human
eyes.

Light and Refraction
Clinically, the long-standing notion that inadequate lighting or insufficient exposure to the outdoors might comprise
an etiology of myopia and that outdoor light exposures are protective against myopia4–6,57 is now generating much interest.13,58,59 Whether the antimyopia properties of outdoor exposures relate to light intensity, as often
suggested, to circadian entrainment by light or to some other
property of being outdoors remains to be proven.7,9,15,60,61
The impact of light exposure on experimental refractive
development is frequently studied in chicks. As examples,
rearing under constant light elongates the chick eye while
flattening the cornea; hyperopia results because marked
corneal flattening so reduces corneal power that images
focus behind the retina despite the enlongated eye.62–65 A
limited period of daily darkness inhibits this response, an
early suggestion of a circadian effect.66 Besides photoperiod length, varying light intensity impacts eye development,
studied initially in chicks but also in other species.12,64,67–72
Long-term rearing of chicks in low-intensity light even
induces myopia.71
These prior reports, though, largely do not provide a
biologic mechanism for how ambient lighting might influence refractive development. Recent clinical reports on
the antimyopia effects of outdoor exposures hypothesize
increased retinal dopamine release, but an explanation
involving dopamine was not identified in the only available
study that actually measured retinal dopamine outdoors in
an experimental myopia model.15
Nonetheless, genes identified in a human genomewide association meta-analysis suggest light-related retinal
signaling as a mechanism underlying ametropias.73 Further,
another recent meta-analysis of human genome-wide association studies of refractive errors, applying Gene Ontology, identified “Circadian Rhythm” and “Circadian Regulation of Gene Expression” as two of the enriched gene sets.74
Besides clinical genetics, the results here and our prior findings on altered clock and circadian rhythm–related genes
in myopia,15,16,48 support the possibility that the circadian
clock and melanopsin may provide the mechanistic link
between environmental light exposures and refractive development.13

A Potential Unification of Refractive Mechanisms?
That altered vision by diffuser or lens wear induces refractive
errors and also alters the expression of circadian rhythm–
related genes in both retina/RPE and choroid provides
further evidence that visual mechanisms regulating eye
growth interact with ocular circadian biology. The results
here, the first detailed investigation of gene expression
patterns over 24 hours at the onset of ametropia, buttress
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the notion that circadian biology may be essential to understand refractive development of the juvenile eye.
Inducing ametropia in animals by altering visual input
impacts a perplexing range of signaling molecules and
pathways using conventional pharmacologic methods or
genome-wide screens by microarray, RNA-sequencing, or
other techniques.17,48,49,59,75,76 Importantly, the circadian
clock is now known to influence many and varied biological processes since the diurnal expression of 10% to 40% or
more of protein coding genes overall is under diurnal control
in organ-dependent patterns.77,78 If circadian clock disruption alters the diurnal expression of a substantial number
of retinal/RPE and/or choroidal genes, studying mediators
downstream of clock genes could provide a framework for
understanding the breadth of the signaling pathways influencing refraction, beyond just cataloging them.
Artificial lighting distorts natural light exposures at day
and/or at night and desynchronizes endogenous circadian
rhythms from the environmental light/dark cycle. Such circadian desynchronizations in contemporary societies now
seem to contribute to many disorders, including certain
cancers, neurologic diseases, obesity, diabetes, and disorders of sleep and mood.79–83 The increasing prevalence of
myopia, particularly in developed and developing countries,84 is both worrying and unexplained. As we have
suggested and reviewed,13,55,59,85 the patterns of ambient
lighting in contemporary societies may contribute to the
increasing prevalence of myopia through a mechanism
involving desynchronization of endogenous ocular circadian
rhythms from the external light/dark cycle. If so, direct study
of circadian biology during childhood could ultimately lead
to much-needed mechanistic understanding of ametropias
and to clinically acceptable, behavioral therapies based on
modifying circadian dysregulations that may contribute to
ametropias.

Acknowledgments
The authors thank Wei Pan for assistance in the preliminary data
analysis.
A preliminary report of this study was published previously
as an ARVO abstract: Stone RA et al., IOVS 2018;59:ARVO EAbstract 5054.
Supported by National Institutes of Health (R01 EY004864, R01
EY027711, P30 EY001583, P30 EY006360, R01 EY022342, R01
EY013636, and R01 EY025307) and Research to Prevent Blindness, and the Paul and Evanina Bell Mackall Foundation Trust.
Disclosure: R.A. Stone, None; W. Wei, None; S. Sarfare, None;
B. McGeehan, None; K.C. Engelhart, None; T.S. Khurana,
None; M.G. Maguire, None; P.M. Iuvone, None; D.L. Nickla,
None

References
1. Wallman J, Winawer J. Homeostasis of eye growth and the
question of myopia. Neuron. 2004;43:447–468.
2. Stone RA. Neural mechanisms and eye growth control. In:
Tokoro T. ed. Myopia Updates: Proceedings of the 6th International Conference on Myopia. Tokyo, Japan: Springer;
1997:241–254.
3. Wallman J. Retinal control of eye growth and refraction.
Prog Retinal Res. 1993;12:133–153.
4. Cohn H. The Hygiene of the Eye in Schools. London, UK:
Simpkin, Marshall and Co.; 1886.

Downloaded from iovs.arvojournals.org on 04/18/2021

IOVS | May 2020 | Vol. 61 | No. 5 | Article 13 | 11
5. Hobday R. Myopia and daylight in schools: a neglected
aspect of public health? Perspect Public Health.
2016;136:50–55.
6. Schaeffel F. Myopia—what is old and what is new? Optom
Vis Sci. 2016;93:1022–1030.
7. He M, Xiang F, Zeng Y, et al. Effect of time spend outdoors
at school on the development of myopia among children
in China: a randomized clinical trial. JAMA. 2015;314:1142–
1148.
8. Shah RL, Huang Y, Guggenheim JA, Williams C. Time
outdoors at specific ages during early childhood and
the risk of incident myopia. Invest Ophthalmol Vis Sci.
2017;58:1158–1166.
9. Wu P-C, Chen C-T, Lin K-K, et al. Myopia prevention and
outdoor light intensity in a school-based cluster randomized
trial. Ophthalmology. 2018;125:1239–1250.
10. Wu P-C, Tsai C-L, Wu H-L, Yang Y-H, Kuo H-K.
Outdoor activity during class recess reduces myopia
onset and progression in school children. Ophthalmology.
2013;120:1080–1085.
11. Xiong S, Sankaridurg P, Naduvilath T, et al. Time spent
in outdoor activities in relation to myopia prevention
and control: a meta-analysis and systematic review. Acta
Ophthalmol. 2017;95:551–566.
12. Norton TT, Siegwart JT. Light levels, refractive development, and myopia—a speculative review. Exp Eye Res.
2013;114:48–57.
13. Chakraborty R, Ostrin LA, Nickla DL, Iuvone PM, Pardue
MT, Stone RA. Circadian rhythms, refractive development,
and myopia. Ophthal Physiol Opt. 2018;38:217–245.
14. Nickla DL. The phase relationships between the diurnal
rhythms in axial length and choroidal thickness and the
association with ocular growth rate in chicks. J Comp Physiol A. 2006;192:399–407.
15. Stone RA, Cohen Y, McGlinn AM, et al. Development of
experimental myopia in chick in a natural environment.
Invest Ophthalmol Vis Sci. 2016;57:4779–4789.
16. Stone RA, McGlinn AM, Baldwin DA, Tobias JW, Iuvone PM,
Khurana TS. Image defocus and altered retinal gene expression in chick: clues to the pathogenesis of ametropia. Invest
Ophthalmol Vis Sci. 2011;52:5765–5777.
17. Riddell N, Giummarra L, Hall NE, Crewther SG. Bidirectional
expression of metabolic, structural, and immune pathways
in early myopia and hyperopia. Front Neurosci. 2016;10:
390.
18. He L, Frost MR, Siegwart JT, Norton TT. Altered gene expression in tree shrew retina and retinal pigment epithelium
produced by short periods of minus-lens wear. Exp Eye Res.
2018;168:77–88.
19. Stone RA, Khurana TS. Gene profiling in experimental
models of eye growth: clues to myopia pathogenesis. Vis
Res. 2010;50:2322–2333.
20. Felder-Schmittbuhl M-P, Buhr ED, Dkhissi-Benyahya O,
et al. Ocular clocks: adapting mechanisms for eye functions
and health. Invest Ophthalmol Vis Sci. 2018;59:4856–4870.
21. McMahon DG, Iuvone PM, Tosini G. Circadian organization
of the mammalian retina: from gene regulation to physiology and diseases. Prog Retin Eye Res. 2014;39:58–76.
22. Adhikari P, Zele AJ, Feigl B. The post-illumination pupil
response (PIPR). Invest Ophthalmol Vis Sci. 2015;56:3838–
3849.
23. Ksendzovsky A, Pomeraniec IJ, Zaghloul KA, Provencio JJ,
Provencio I. Clinical implications of the melanopsin-based
non-image-forming visual system. Neurology. 2017;88:1282–
1290.
24. Cassone VM. Avian circadian organization: a chorus of
clocks. Front Neuroendocrinol. 2014;35:76–88.
25. Bellingham J, Chaurasia SS, Melyan Z, et al. Evolution of
melanopsin photoreceptors: discovery and characterization

Circadian Clock, Vision and Ametropia

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.
37.
38.

39.

40.

41.

42.
43.

44.
45.

46.

of a new melanopsin in nonmammalian vertebrates. PLoS
Biol. 2006;4:1334–1343.
Chaurasia SS, Rollag MD, Jiang G, et al. Molecular cloning,
localization and circadian expression of chicken melanopsin
(Opn4): differential regulation of expression in pineal and
retinal cell types. J Neurochem. 2005;92:158–170.
Morera LP, Díaz NM, Guido ME. Horizontal cells expressing melanopsin x are novel photoreceptors in the avian
inner retina. Proc Natl Acad Sci USA. 2016;113:13215–
13220.
Verra DM, Contín MA, Hicks D, Guido ME. Early onset
and differential temporospatial expression of melanopsin
isoforms in the developing chicken retina. Invest Ophthalmol Vis Sci. 2011;52:5111–5120.
Nickla DL, Wallman J. The multifunctional choroid. Prog
Retin Eye Res. 2010;29:144–168.
Bailey MJ, Cassone VM. Melanopsin expression in the
chick retina and pineal gland. Brain Res Mol Brain Res.
2005;134:345–348.
Cao J, Bian J, Wang Z, Dong Y, Chen Y. Effect of
monochromatic light on circadian rhythmic expression of
clock genes and arylalkylamine N-acetyltransferase in chick
retina. Chronobiol Int. 2017;34:1149–1157.
Chong NW, Chaurasia SS, Haque R, Klein DC, Iuvone PM.
Temporal-spatial characterization of chicken clock genes:
circadian expression in retina, pineal gland, and peripheral
tissues. J Neurochem. 2003;85:851–860.
Haque R, Chaurasia SS, Wessel JH, Iuvone PM. Dual regulation of cryptochrome 1 mRNA expression in chicken
retina by light and circadian oscillators. Neuroreport.
2002;13:2247–2251.
Natesan AK, Cassone VM. Melatonin receptor mRNA localization and rhythmicity in the retina of the domestic chick,
Gallus domesticus. Vis Neurosci. 2002;19:265–274.
Summers Rada JA, Wiechmann AF. Melatonin receptors in
chick ocular tissues: implication for a role of melatonin
in ocular growth regulation. Invest Ophthalmol Vis Sci.
2006;47:25–33.
Liang K-Y, Zeger SL. Regression analysis for correlated data.
Annu Rev Pub Health. 1993;14:42–68.
Crewther DP. The role of photoreceptors in the control of
refractive state. Prog Retin Eye Res. 2000;19:421–457.
Crewther SG, Liang H, Junghans BM, Crewther DP. Ionic
control of ocular growth and refractive change. Proc Natl
Acad Sci USA. 2006;103:15663–15668.
Crewther SG, Murphy MJ, Crewther DP. Potassium channel
and NKCC cotransporter involvement in ocular refractive
control mechanisms. PLoS One. 2008;3:e2839.
Alkozi HA, Wang X, Perez de Lara MJ, Pintor J. Presence of
melanopsin in human crystalline lens epithelial cells and its
role in melatonin synthesis. Exp Eye Res. 2017;154:168–176.
Matynia A, Nguyen E, Sun X, et al. Peripheral sensory
neurons expressing melanopsin respond to light. Front
Neural Circuits. 2016;10:60.
Castro-Correia J. Studies on the innervation of the uveal
tract. Ophthalmologica. 1967;154:497–520.
Kuwayama Y, Stone RA. Distinct substance P and calcitonin gene-related peptide immunoreactive nerves in the
guinea pig eye. Invest Ophthalmol Vis Sci. 1987;28:1947–
1954.
Delwig A, Chaney SY, Bertke AS, et al. Melanopsin expression in the cornea. Vis Neurosci. 2018;35:E004.
Lima LHRG, Scarparo AC, Isoldi MC, Visconti MA, Castrucci
AML. Melanopsin in chicken melanocytes and retina. Biol
Rhythm Res. 2006;37:393–404.
Sikka G, Hussmann GP, Pandey D, et al. Melanopsin mediates light-dependent relaxation in blood vessels. Proc Natl
Acad Sci USA. 2014;111:17977–17982.

Downloaded from iovs.arvojournals.org on 04/18/2021

IOVS | May 2020 | Vol. 61 | No. 5 | Article 13 | 12
47. Berkowitz BA, Schmidt T, Podolsky RH, Roberts R.
Melanopsin phototransduction contributes to light-evoked
choroidal expansion and rod L-type calcium channel function in vivo. Invest Ophthalmol Vis Sci. 2016;57:5314–5319.
48. McGlinn AM, Baldwin DA, Tobias JW, Budak MT, Khurana
TS, Stone RA. Form deprivation myopia in chick induces
limited changes in retinal gene expression. Invest Ophthalmol Vis Sci. 2007;48:3430–3436.
49. Riddell N, Crewther SG. Novel evidence for complement system activation in chick myopia and hyperopia
models: a meta-analysis of transcriptome datasets. Sci Rep.
2017;7:9719.
50. Lan W, Feldkaemper M, Schaeffel F. Bright light
induces choroidal thickening in chickens. Optom Vis
Sci. 2013;90:1199–1206.
51. Read SA. Ocular and environmental factors associated with
eye growth in childhood. Optom Vis Sci. 2016;93:1031–1041.
52. Kearney S, O’Donoghue L, Pourshahidi LK, Cobice D, Saunders KJ. Myopes have significantly higher serum melatonin concentrations than non-myopes. Ophthal Physiol Opt.
2017;37:557–567.
53. Feldkaemper M, Schaeffel F. An updated view on the
role of dopamine in myopia. Exp Eye Res. 2013;114:106–
119.
54. Zhou X, Pardue MT, Iuvone PM, Qu J. Dopamine signaling
and myopia development: what are the key challenges. Prog
Retin Eye Res. 2017;61:60–71.
55. Stone RA, McGlinn AM, Chakraborty R, et al. Altered ocular
parameters from circadian clock gene disruptions. PLoS
One. 2019;14:e0217111.
56. Rucker FJ, Wallman J. Chick eyes compensate for chromatic
simulations of hyperopic and myopic defocus: evidence that
the eye uses longitudinal chromatic aberration to guide eyegrowth. Vis Res. 2009;49:1775–1783.
57. Carter RB. Eyesight: Good and Bad. 2nd ed. rev. London,
UK: Macmillan and Co.; 1880.
58. Norton TT. Animal models of myopia: learning how vision
controls the size of the eye. Institute Lab Animal Res J.
1999;40:59–77.
59. Stone RA, Pardue MT, Iuvone PM, Khurana TK. Pharmacology of myopia and potential role for intrinsic retinal circadian rhythms. Exp Eye Res. 2013;114:35–47.
60. Morgan IG. Myopia prevention and outdoor light intensity
in a school-based cluster randomized trial. Ophthalmology.
2018;125:1251–1252.
61. Sherwin JC, Reacher MH, Keogh RH, Khawaja AP, Mackey
DA, Foster PJ. The association between time spent outdoors
and myopia in children and adolescents: a systematic
review and meta-analysis. Ophthalmology. 2012;119:2141–
2151.
62. Jensen LS, Matson WE. Enlargement of avian eye by subjecting chicks to continuous incandescent illumination. Science.
1957;125:741.
63. Li T, Troilo D, Glasser A, Howland HC. Constant light
produces severe corneal flattening and hyperopia in chickens. Vis Res. 1995;35:1203–1209.
64. Oishi T, Murakami Y. Effects of duration and intensity of
illumination on several parameters of the chick eye. Comp
Biochem Physiol. 1985;81A:319–323.
65. Stone RA, Lin T, Desai D, Capehart C. Photoperiod, early
post-natal eye growth, and visual deprivation. Vis Res.
1995;35:1195–1202.
66. Li T, Howland HC, Troilo D. Diurnal illumination patterns
affect the development of the chick eye. Vis Res.
2000;40:2387–2393.
67. Ashby R, Ohlendorf A, Schaeffel F. The effect of ambient
illuminance on the development of deprivation myopia in
chicks. Invest Ophthalmol Vis Sci. 2009;50:5348–5354.

IOVS | May 2020 | Vol. 61 | No. 5 | Article 13 | 13

Circadian Clock, Vision and Ametropia
68. Ashby RS, Schaeffel F. The effect of bright light on
lens compensation in chicks. Invest Ophthalmol Vis Sci.
2010;51:5247–5253.
69. Chen S, Zhi Z, Ruan Q, et al. Bright light supresses
form-deprivation myopia development with activation of
dopamine D1 receptor signaling in the ON pathway in
retina. Invest Ophthalmol Vis Sci. 2017;58:2306–2316.
70. Cohen Y, Belkin M, Yehezkel O, Avni I, Polat U. Light intensity modulated corneal power and refraction in the chick
eye exposed to continuous light. Vis Res. 2008;48:2329–
2335.
71. Cohen Y, Belkin M, Yehezkel O, Solomon AS, Polat U.
Dependency between light intensity and refractive development under light-dark cycles. Exp Eye Res. 2011;92:40–
46.
72. Smith EL, Hung L-F, Huang J. Protective effects of high ambient lighting on the development of form-deprivation myopia
in rhesus monkeys. Invest Ophthalmol Vis Sci. 2012;53:421–
428.
73. Tedja MS, Wojciechowski R, Hysi PG, et al. Genome-wide
association meta-analysis highlights light-induced signaling
as a driver for refractive error. Nat Genet. 2018;50:834–848.
74. Hysi PG, Choquet H, Khawaja AP, et al. Meta-analysis of
542,934 subjects of European ancestry identifies hundreds
of novel genes and genetic mechanisms predisposing to
refractive error and myopia [published online ahead of
print March 30, 2020]. Nat Genet. 2020;52:402–407, https:
//doi.org/10.1038/s41588-020-0599-0.
75. Riddell N, Crewther SG. Integrated comparison of GWAS,
transcriptome, and proteomics studies highlights similarities in the biological basis of animal and human myopia.
Invest Ophthalmol Vis Sci. 2017;58:660–669.
76. Tkatchenko TV, Troilo D, Benavente-Perez A, Tkatchenko
AV. Gene expression in response to optical defocus of oppo-

Downloaded from iovs.arvojournals.org on 04/18/2021

77.

78.

79.

80.
81.

82.

83.

84.

85.

site signs reveals bidirectional mechanism of visually guided
eye growth. PLoS Biol. 2018;16:e2006021.
Mure LS, Le HD, Benegiamo G, et al. Diurnal transcriptome
atlas of a primate across major neural and peripheral tissues.
Science. 2018;359:eaao0318.
Zhang R, Lahens NF, Ballance HI, Hughes ME, Hogenesch
JB. A circadian gene expression atlas in mammals: implications for biology and medicine. Proc Natl Acad Sci USA.
2014;111:16219–16224.
Cho Y, Ryu SH, Lee BR, Kim KH, Lee E, Choi J. Effects
of artificial light at night on human health: a literature
review of observational and experimental studies applied
to exposure assessment. Chronobiol Int. 2015;32:1294–
1310.
Fonken LK, Nelson RJ. The effects of light at night on circadian clocks and metabolism. Endocr Rev. 2014;35:648–670.
LeGates TA, Fernandez DC, Hattar S. Light as a central
modulator of circadian rhythms, sleep and affect. Nat Rev
Neurosci. 2014;15:443–454.
Stevens RG, Brainard GC, Blask DE, Lockley SW, Motta ME.
Adverse health effects of nighttime lighting: comments on
American Medical Association policy statement. Am J Prev
Med. 2013;45:343–346.
Zelinski EL, Deibel SH, McDonald RJ. The trouble with
circadian clock dysfunction: multiple deleterious effects on
the brain and body. Neurosci Biobehav Rev. 2014;40:80–
101.
Holden BA, Fricke TR, Wilson DA, et al. Global prevalence of myopia and high myopia and temporal trends
from 2000 through 2050. Ophthalmology. 2016;123:1036–
1042.
Nickla DL. Ocular diurnal rhythms and eye growth regulation: where we are 50 years after Lauber. Exp Eye Res.
2013;114:25–34.

