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development and the GO/GROW response to induced myopia
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Purpose: Myopia, or nearsightedness, is the most common form of refractive error and is increasing in prevalence. While
significant efforts have been made to identify genetic variants that predispose individuals to myopia, these variants are
believed to account for only a small portion of the myopia prevalence, leading to a feedback theory of emmetropization,
which depends on the active perception of environmental visual cues. Consequently, there has been renewed interest
in studying myopia in the context of light perception, beginning with the opsin family of G-protein coupled receptors
(GPCRs). Refractive phenotypes have been characterized in every opsin signaling pathway studied, leaving only Opsin
3 (OPN3), the most widely expressed and blue-light sensing noncanonical opsin, to be investigated for function in the
eye and refraction.

Methods: Opn3 expression was assessed in various ocular tissues using an Opn3eGFP reporter. Weekly refractive
development in Opn3 retinal and germline mutants from 3 to 9 weeks of age was measured using an infrared photore-
fractor and spectral domain optical coherence tomography (SD-OCT). Susceptibility to lens-induced myopia was then
assessed using skull-mounted goggles with a —30 diopter experimental and a 0 diopter control lens. Mouse eye biometry
was similarly tracked from 3 to 6 weeks. A myopia gene expression signature was assessed 24 h after lens induction for
germline mutants to further assess myopia-induced changes.

Results: Opn3 was found to be expressed in a subset of retinal ganglion cells and a limited number of choroidal cells.
Based on an assessment of Opn3 mutants, the OPN3 germline, but not retina conditional Opn3 knockout, exhibits a
refractive myopia phenotype, which manifests in decreased lens thickness, shallower aqueous compartment depth, and
shorter axial length, atypical of traditional axial myopias. Despite the short axial length, Opn3 null eyes demonstrate
normal axial elongation in response to myopia induction and mild changes in choroidal thinning and myopic shift,
suggesting that susceptibility to lens-induced myopia is largely unchanged. Additionally, the Opn3 null retinal gene
expression signature in response to induced myopia after 24 h is distinct, with opposing Ctgf, Cx43, and Egrl polarity
compared to controls.

Conclusions: The data suggest that an OPN3 expression domain outside the retina can control lens shape and thus the
refractive performance of the eye. Prior to this study, the role of Opn3 in the eye had not been investigated. This work
adds OPN3 to the list of opsin family GPCRs that are implicated in emmetropization and myopia. Further, the work to
exclude retinal OPN3 as the contributing domain in this refractive phenotype is unique and suggests a distinct mechanism
when compared to other opsins.

© 2023 Molecular Vision

Myopia, or nearsightedness, is a disease in which images
are focused in front of the retina due to a mismatch between
eye size and refractive power [1]. The cause of myopia is
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poorly understood but of great importance [2]. Refractive
errors, including myopia, are the primary cause of visual
impairment worldwide and the second leading cause of blind-
ness [3]. “The Myopia Boom” is the term coined to describe
the rapid increase in myopia cases worldwide, predicted to
reach 50% of the world’s population—S5 billion people—by
2050 [4]. Further, although myopic refractive error can be
addressed with corrective lenses and laser eye surgery and its
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progression slowed with drug treatment, few new treatments
have been proposed in decades [5], and those that do exist are
expensive and not very effective [6].

While significant efforts have been made in myopia
research to identify potential myopia risk genes [7], these
gene variants account for only 18.4% of the variance in
refractive error, and many of the identified risk variants
are involved in responding to cues from the environment,
including phototransduction and circadian rhythms [8]. These
results concur with epidemiological studies showing that
while myopia varies by nationality, with east Asian countries
having the highest prevalence, it also increases dramatically
with urbanization (80%—90% in urban east Asian countries)
and educational attainment, again supporting environmental
causation [9]. Further supporting an environmental etiology,
outdoor light exposure has a dose-dependent protective
effect on myopia [10-12]. This has led to the development of
a theory of emmetropization, or perfect focus, which depends
on the active perception of visual cues during development to
provide feedback for eye growth [13].

As a result, and especially noting the preventative
effect of outdoor light, there has been renewed interest in
studying myopia from the perspective of visual perception
of light cues, beginning with the opsin family of G-protein
coupled receptors (GPCRs). These include the canonical cone
(OPN1SW, OPNIMW, OPNI1LW) and rod opsins (OPN2) as
well as the noncanonical opsins (OPN3, OPN4, and OPN5).
The canonical opsins are expressed in conventional photo-
receptors and are involved in visual perception, while the
noncanonical opsins have widespread light-sensing func-
tions in the retina [14,15], skin [16], adipose tissue [17], and
hypothalamus [18].

The investigation of the role of opsins in refractive devel-
opment has been dependent on recent technological advances,
including automated photorefraction [19] and spectral domain
optical coherence tomography (SD-OCT). These instruments
have made it possible to use the mouse as a myopia model
[20]. Mouse myopia has been shown to mirror that of other
myopia models, including primates, while providing access
to the unique genetic tools of the mouse model [21,22].
Through genetic manipulation made possible by the mouse
model, all opsins investigated have been proven to play a role
in refractive development, including the expected roles of
both rod [23,24] and cone opsins [25,26], and recently, the
noncanonical opsins OPN4 [27,28] and OPNS5 [29] as well.
Only OPN3, a blue-light-sensing noncanonical opsin, remains
to be investigated.

OPN3 (also called encephaloopsin or panopsin) is a
noncanonical blue-light-sensitive opsin (A__ 470 nm in
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pufferfish, 500 nm in mosquito [30] and 465 nm in zebrafish
[31]). Opn3 expression was first described in 1999 in the
cortex, striatum, cerebellum, and lateral thalamus in mouse
[32]. Later, expression was also noted outside the nervous
system in the placenta, liver, and kidney [33]. Opn3 expres-
sion can also be detected in the preoptic area of the hypo-
thalamus, the periventricular nucleus, the optic nerve, the
iris—ciliary body complex [34], the trigeminal nerve, and in
the retina within retinal ganglion cells [35]. In fact, Opn3 is
the most widely expressed mammalian opsin. Despite this
wide expression, there has been less research on the func-
tional role of OPN3 compared with other opsins. To date, light
sensing has been reported to be OPN3-dependent in white
[17] and brown [36] adipose tissue, and this characteristic
has been proposed for the trachea [37] and uterus [38]. A
light-independent function has been described in skin [39].

Here, we utilize both the germ line and conditional loss-
of-function of Opn3 to assess the role of this opsin in refrac-
tive development and induced myopia in mice. These genetic
manipulations were combined with an induced myopia model
[29]. Our results suggest that an Opn3 expression domain
outside the retina is important for controlling normal lens
thickness and depth of the aqueous compartment as well as
promoting axial elongation, thus affecting the overall refrac-
tive performance of the eye. This finding also suggests that
communication between eye tissues may be important for
refractive development.

METHODS

Lead contact and materials availability: No new reagents
or mouse lines were generated for this study. Further infor-
mation and resource requests should be directed to the lead
contact, Richard A. Lang, Division of Pediatric Ophthal-
mology, Cincinnati Children’s Hospital Medical Center, 3333
Burnet Avenue, Cincinnati OH 45,229, Tel: 513—-636-2700
(Office), 513—803-2230 (Assistant), FAX: 513—-636-4317.
Email: richard.lang@cchmc.org.

Experimental model and subject details:

Mice—All animals were housed in a pathogen-
free vivarium according to institutional guidelines. The
genetically modified mice used in this study included the
following: Opn3™™ and Opn32E*? (generated as previously
described [17]), mRx-Cre [40], and Tg(Opn3-EGFP)JY3Gsat
(MMRRC stock number 030727-UCD). Opn3 mice have a
mixed C57BI6/6N, 12954/Sv, and B6;FVB background. All
mice were genotyped for a naturally occurring mutation in
Cp49 found in 129 mouse strain that leads to impaired lens
translucency in old age [41]. Age-matched male and female
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TABLE 1. GENOTYPING PRIMERS.

Allele Primers Pairs bp
Opn3 F1: ACCCAGGCTTCTTTTGGTCT FIR1 — Wild-type 1191
R1: AGAGTCGTTGGCATCCTTGG FIR1 — Opn3fl 1231
F2: ACTATCCCGACCGCCTTACT FIR2 — Opn3fl 1610
R2: GAACTGATGGCGAGCTCAGA F1R2 — Opn3cko 640
Opn32Ex2 F1: CTCAGAACCCACAAAGTGCTGG FIRI — Wild-type 307
R1: GTGGACTGCAATGTCCCATCTATC FIR2 — Opn3~Ex? 191
Opn3Te©pn3-EGER)IY3Gsat F1: CAGAGCGTGAGATCCACCCTGTT FIR1 — Opn3¢cf? 320

R1: TAGCGGCTGAAGCACTGCA

cohorts of multiple litters, each with their own littermate
control, were used for all experiments. Genotyping primers
for relevant mouse lines are included in Table 1. All mice
were fed standard chow and water ad libitum.

Lighting conditions: Animals were housed in standard
fluorescent lighting (photon flux 1.62 x 10" photons cm—2
s—1) on a 12L:12D light/dark cycle until weaning, when
they were transferred to full-spectrum lighting. For full-
spectrum lighting, LEDs were used to yield a comparable
total photon flux of 1.68 x 10'5 photons/cm?/sec. The spec-
tral and photon flux information for the LED lighting is as
follows: near-violet (A =380 nm, 4.23 x 10" photons/cm?*/
sec in the 370-400 nm range), blue (A, =480 nm, 5.36 x 10"
photons/cm?/sec in the 430-530 nm range), and red (A, =630
nm, 6.72 x 1014 photons/cm?/sec in the 600—700 nm range).
Photon fluxes were measured at approximately 61 cm from
the source through an empty standard mouse cage.

Tissue processing: Retinal tissue was processed as previ-
ously described [42]. Briefly, mice were anesthetized with
isofluorane, followed by cervical dislocation. Then, eyes were
enucleated and fixed for 30 min in 4% paraformaldehyde
(PFA) in phosphate buffered saline (PBS), rinsed, and stored
at 4°C until use. Whole-mount retinae were processed as
previously described, using the same method of marking the
orientation with a mark at the ventral pole before dissection
for topology studies. Sectioned eyes were processed similarly,
also as previously described [43].

Staining: Similarly, retinae for immunofluorescence (IHC)
were again incubated in 5% PBST and 50% acetone for
antigen retrieval and then washed, blocked, and incubated
for 3 to 5 days in primary antibody as previously described.
Primary antibodies included those against chicken anti-GFP
(1:1000, abcam ab290, RRID:AB_ 303395, Cambridge, UK,
abcam.com), rabbit anti-dsRed (1:1000, TakaraBio 632,496,
RRID:AB 10013483, Kusatsu, Shiga, Japan, takarabio.
com), rabbit anti-Rbpms (1:500, Abcam ab152101), mouse
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anti-calbindin (1:300, Abcam ab82812, RRID:AB_1658451),
rabbit anti-melanopsin (N15, a gift from Ignacio Provencio),
and mouse anti-Calretinin (1:300, Sigma Aldrich MAB1568,
St. Louis, MO) [43].

RGC overlap assessment: Flat-mount retinal preparations
from Opn5¢; Ail4; Opn3-eGFP mice were imaged using a
Nikon A1R confocal microscope. High-resolution large-tiled
images corresponding to the superior and inferior regions of
the retina were acquired from three animals. Tiles were subdi-
vided into multiple subfields for cell type analysis. Briefly,
images were imported into ImageJ (v1.53), and cells were
manually characterized into one of seven groups based on
the co-expression of tdTomato (reporting the Opn3-lineage),
GFP (reporting Opn3 expression), and OPN4 (melanopsin).
Cell type assignment was performed using the CellCounter
plugin in Imagel.

Refractive assessment: All mouse lines were tested for
normal refractive development and lens-induced myopia
(LIM) and measured weekly to quantify refraction and ocular
parameter changes. For our LIM model, mouse refraction
and ocular parameters were measured at 3 weeks, and then
a head pedestal was attached and goggles mounted the next
day. Each head pedestal fits one —30D lens over the right eye
and a 0D lens over the left eye and was generously provided
by Toshihide Kurihara of Keio University [29].

On the day of refractive assessment, five minutes before
assessment, the mice had their eyes dilated with 1% tropi-
camide and were anesthetized with either ketamine (60 mg/
kg)/xylazine (7 mg/kg; mixed background) or ketamine
(90 mg/kg)/xylazine (10 mg/kg; C57Bl1/6]) depending on the
strain background. To better preserve the essential tear layer
but reduce mouse movement, mice were scruffed, and their
refraction was quantified using infrared autorefractometry
(Photorefractor, Stria-Tech, Tubingen, Germany). This was
performed before full sedation but after the mice lost their
equilibrium to prevent disturbing the tear film.
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After the mice were fully anesthetized and no longer
responsive to a toe pinch, biometric measurements of the
mouse eye were taken using a spectral domain optical
coherence tomography (SD-OCT) imager (Envisu R-Class,
Bioptogen-Leica Microsystems, Wetzlar, Germany, leica-
microsystems.com). Eye drops were provided as needed
throughout imaging and during recovery, and the mice were
kept warm using a heating pad. Ocular parameters included
corneal thickness, depth of aqueous, lens thickness, vitreous
chamber depth, retinal thickness, axial length, and choroidal
thickness. After imaging, the anesthetic was reversed using
Smg/kg atipamezole.

The Opn3 germline and the mRx-cre; Opn3™™ lines had
slightly different backgrounds due to the method with which
they were generated (see “Mice” for more detail). Previous
studies have established line-dependent differences in refrac-
tive development [44]. This may explain the slight difference
in baseline refraction between Opn3™™ and Opn3** mice.

Head pedestal surgery: The mice were anesthetized with
ventilated isofluorane (induction: 3%, maintenance: 1%—-2%),
and the top of their heads were shaved. The exposed skin was
then cleaned with 3% hydrogen peroxide, anda 1 cm by 1 cm
region of skull was exposed. The region was again sterilized
with 3% hydrogen peroxide, and the exposed fascia and peri-
osteum were removed. The area was then dried, and dental
acrylic (Ortho-Jet, Lang Dental, Wheeling, IL) was used to
bond the head pedestal to the mouse to which lenses could be
attached. The mice were provided carprofen-medicated diet
gel water for three days for analgesia.

GO/GROW RT-qPCR Analysis: The animals were anesthe-
tized with isofluorane followed by cervical dislocation as a
secondary form of euthanasia at the same time of day and
within a two-hour period to minimize circadian variability.
The retina and RPE were then harvested and immediately
snap frozen and homogenized in TRI Reagent (Invitrogen,
Waltham, MA) using 2.0mm RNase-free zirconium oxide
beads in the TissueLyser II sample disrupter (Qiagen,
Hilden, Germany). Phase separation was achieved using
chloroform, and RNA in the aqueous phase was precipitated
using ethanol. The resultant product was then purified using a
modified GeneJET RNA purification column (ThermoFisher
Scientific #K0732) protocol and eluted into RNase-free water.
The RNA was then treated with RNase-free DNase I (Ther-
moFisher Scientific #EN0521), and cDNA was synthesized
using a Verso cDNA synthesis kit (ThermoFisher Scientific
AB1453/B). Quantitative RT-PCR was performed with
Radiant SYBR Green Lo-ROX qPCR mix (Alkali Scientific
Inc.) using a ThermoFisher QuantStudio 6 Flex Real-Time
PCR system.
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The GO/GROW genes list was adapted from a list devel-
oped by He et al. [45], which is a compilation of genes whose
expression is changed in a variety of myopia-induction animal
models. Validated primers for the relevant GO/GROW signa-
ture genes were then obtained from the Harvard PrimerBank
[46]. The primer sequences are listed in the Table 2.

Tissue processing, sectioning, and immunofluorescence: The
animals were anesthetized with isofluorane and cervically
dislocated as a secondary form of euthanasia

Data analysis: All data processing was performed using
GraphPad Prism v8 (San Diego, CA). Ocular measurements
were quantified using MouseSwimmerV2, a MatLab program
generously provided by Machelle Pardue of Georgia Tech/
Emory University. Then, a two-way ANOVA with Sidék
multiple comparisons was performed to compare Opn3
mutant animals to controls, with and without goggling, at
multiple time points. For the refractive development analysis,
the two eyes were averaged, as both eyes received the same
treatment. For the goggling experiments, the effect of —30
diopter lenses was calculated by determining the “shift”
in the difference in measurement between the —30 diopter
(right) and the 0 diopter (left) eye. To eliminate inter-subject
variability, all ocular and refractive measurements were
normalized to their initial baseline values before calculating
the shift.

For the RT-qPCR experiments, the relative expression
of GO/GROW signature genes was calculated using the 42Ct
method by first normalizing to a control gene (Tbp) run on
the same plate and then determining the relative expression of
the target gene versus the geometric mean of the control eyes.
Next, paired ¢ tests were used to assess differences between
goggled and non-goggled eyes. All data are expressed as an
average + standard error of the mean, with the significance
labeled in figure legends. A p-value <0.05 was considered
statistically significant.

RESULTS

Opn3 is expressed in retinal ganglion cells and overlaps with
OPN4 expression: We used the Opn3-eGFP reporter line to
assess the expression of the Opn3 gene in the mouse eye.
This reporter was validated by cross-referencing the expres-
sion pattern in neural tissue [35] with that of the Opn3:mCherry
knock-in reporter [47], in which mCherry is fused to the
C-terminus of OPN3. High correspondence indicates that
Opn3-eGFP faithfully reports Opn3 transcript expression.
Although the direct fluorescence of eGFP from this reporter
was detectable, we used an anti-eGFP antibody to increase
the signal strength.
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Retinal ganglion cells (RGCs) were observed to express
Opn3-eGFP (Figure 1A—C). At birth, Opn3 expression is
observed throughout the ganglion cell layer (identified with
the ganglion cell marker RBPMS; Figure 1A, P0.5). However,
by P8.5 and P12.5, the proportion of retinal ganglion cells
that express Opn3 had diminished and was restricted to a few
cells (Figure 1B,C). Labeling for eGFP at P28 in flat-mount
retinas showed a 98.1% overlap with the pan-RGC marker
RBPMS (Figure 1D,F). Calbindin and calretinin were found
in 42.2% and 20.3% of Opn3-eGFP expressing cells, respec-
tively (Figure 1E-G). Interestingly, a significant expression
overlap was observed between OPN4 (by antibody labeling)
and Opn3-eGFP (Figure 1F,G,H), with 23.9% of Opn3-
eGFP cells immunolabeling for OPN4. OPN4 RGCs have six
morphological subtypes with distinct electrophysiological
properties and functions [48-53]. Analysis of the morphology
of OPN4 immunoreactive cells and the overlapping expres-
sion of OPN4 and Opn3-eGFP revealed that the M1 subtype
that plays a primary role in circadian entrainment and the
pupillary light reflex [54] does not express Opn3 (Figure 11).
However, there is substantial overlap of Opn3 expression with
the M2 and the M4 subtypes of OPN4 RGCs (Figure 1I).
The population of OPN4 RGCs, and the M2 subtype specifi-
cally (as well as M1 and M3 populations where Opn3 is not
expressed), have been implicated in refractive development
and induced myopia responses [27,28]. Outside of the RGCs,
Opn3-eGFP also showed that Opn3 is expressed in a distinct
layer of cells just outside the retinal pigmented epithelium
(RPE, Figure 1A,B,J). These cells are within the choriocapil-
laris, a vascular component of the choroid that supports the
RPE and photoreceptors. Opn3 choriocapillaris expression
increases with development from PO to P8.5.

Opn3 expression in RGCs does not significantly overlap with
expression of neuropsin/Opn5: It has been shown previously
that neuropsin/Opn) is expressed in retinal ganglion cells [14]
and, like OPN4, is involved in the induced myopia response
in mice [55]. For this reason, we assessed the relationship
between the expression of Opn3 and Opn) in the retina. OpnS
is expressed at low levels but has been detected successfully
using an Opn5°© allele to convert a cre recombinase reporter.
Here, we used mice of the genotype Opn5°e; Rosa26*™;
Opn3-eGFP and labeled flat-mount retinas for eGFP and
OPN4 (Figure 2A-J). We then assessed 3306 RGCs (n=3
animals) for expression overlap between the three opsins at
P28 (Figure 2K,L). This revealed that, of the opsin-expressing
RGCs, Opn)5 cells were the most abundant (Figure 2K, L).
Opn5 RGCs rarely showed expression overlap with Opn3 or
OPN4 (Figure 2K,L). However, the significant expression
overlap between Opn3 and OPN4 was confirmed (Figure
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2K,L). These data suggested that Opn5 RGCs were likely to
function as a distinct population but that we would need to
consider whether the co-expression of Opn3 and OPN4 might
have functional consequences.

Deletion of retinal Opn3 does not influence the number of
ipRGCs or OPN4 expression: Our goal of assessing the func-
tion of OPN3 in refractive development and induced myopia
could be confounded if deletion of Opn3 in RGCs had an
impact on the number of intrinsically photosensitive retinal
ganglion cells (ipRGCs) or their expression of OPN4. To
assess this, we first confirmed that mRx-cre was an effective
retinal cre driver by crossing it with the cre reporter Ail4
and assessing the distribution of tdTomato expressing cells.
This showed the expected broad, cre-dependent conversion
in retinal neurons (Appendix 1). We then analyzed OPN4
expression in mice with a retina-specific knockout of Opn3
(Opn3"1; mRx-cre). In retinae from these animals, we quanti-
fied the ipRGC number based on OPN4 immunolabeling in
the ganglion cell layer as well as displaced cells in the inner
nuclear layer (Appendix 1). A comparison between control
and Opn3 conditional deletion retinae revealed no difference
in OPN4 immunoreactivity (Appendix 1) or in the numbers
of ipRGCs (Appendix 1). This indicated that despite the exis-
tence of Opn3/Opn4 double-positive RGCs, Opn3 could be
studied independently of Opn4.

Opn3 null mice have abnormal eye growth that leads to mild
myopia: To assess whether Opn3 might play a role in refrac-
tive development of the eye, we performed ocular biometry
and refractive assessment on mice that were Opn3 germline
null (Opn3*B22Ex2) This was performed over a time course
between postnatal weeks 3 and 9. Using spectral domain
optical coherence tomography (SD-OCT), we measured the
depth of the aqueous (Figure 3A), pole-to-pole lens thickness
(Figure 3B), corneal thickness (Appendix 2), retinal depth
(Appendix 2), choroidal thickness (Appendix 2), vitreous
chamber depth (Appendix 2), and the axial length from the
outer corneal surface to the RPE—choroid boundary (Figure
3C) [55]. The eyes of both control and Opn3 null mice are
increasing in size over this period, commensurate with post-
natal growth.

Biometry assessments showed that the Opn3 germline
null mice had both a reduced aqueous depth (Figure 3A)
and a thinner lens (Figure 3B). These dimensional changes
accounted completely for the reduced axial length that was
also apparent in the Opn3 null (Figure 3C). Consistent with
this, the Opn3 null did not show any significant change in the
thickness of the cornea (Appendix 2), retina (Appendix 2), or
choroid (Appendix 3) or in the depth of the vitreous chamber
(Appendix 2). The changes to the Opn3 null are summarized
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Figure 1. Opn3 is expressed in retinal ganglion cells. A—C: Retinal expression of eGFP (green) in Opn3-eGFP™™ mice at P0.5 (A), P8.5
(B), and P12.5 (C; 50 uM scale bars), showing expression within RBPMS-labeled (red) retinal ganglion cells (RGCs) in the ganglion cell
layer (GCL). Nuclei are DAPI labeled (blue). The proportion of ganglion cells that express Opn3-eGFP is high at P0.5 (A) and reduced by
P8.5 (B). Opn3-eGFP is also expressed in cells of the choriocapillaris (CC; A, B). D, E: Whole-mount retina from Opn3-eGFP™" mice at
P16 labeled for GFP (green) and melanopsin (red; D) or GFP (green) calbindin (blue) and calretinin (magenta; 25 uM scale bars). F: Chart
showing the proportion of Opn3-eGFP"¥" cells that are positive for RBPMS (D), calretinin (E), calbindin (G, scale bar 25 uM), and OPN4
(H, scale bar 50 uM). I: Along with the morphological assessment of dendritic arbors, this analysis identified populations of Opn3-eGFP
RGCs that did not express OPN4 (nRGC: gray), the M1 subtype of OPN4 RGC, which did not express Opn3-eGFP (M1-ipRGC: green),
and two subtypes of OPN4 RGC, the M2 (M2-ipRGC: blue) and M4 (M4-ipRGC: red), which expressed both OPN4 and Opn3-eGFP. This
is represented in the chart showing the relative expression levels of Opn3-eGFP in RGCs that do not express OPN4 (nRGCs) as well as the
M1, M2, and M4 OPN4 RGCs. (J) Higher magnification image of the Opn3-eGFP labeling in the choriocapillaris (CC). NbL: neuroblastic
layer. ONL: outer nuclear layer. INL: inner nuclear layer (50 uM scale bar). RPE: retinal pigment epithelium.
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Figure 2. Opn3/OPN4 RGCs constitute the largest proportion of multi-opsin RGCs (A—J). Whole-mount retinae from P28 Opn3-eGFP;
Opn5°; Ail4 mice imaged for GFP (green), OPN4 (blue), and tdTomato (red). Both low (A, F, 50 uM scale bars) and high (B, G) magnifica-
tions are shown as are the channel separations (C—E and H-J). K: Venn diagram showing the amount of RGCs, out of 3306 assessed, that
express, single, double, or triple combinations of Opn3, OPN4, and Opn35. These data are also represented in the chart (L) showing the opsin
expression combinations as a proportion of a single class of opsin-expressing RGCs.

in the chart. These measurements document a role for OPN3
in the development of the anterior eye.

Assessment of the refractive performance of the Opn3
germline null eye revealed mild myopia (Figure 3D). From 3
to 4 weeks of the time course, the refraction of control eyes
increased from —5 to +13 diopters (Figure 3D). In contrast,
the refraction of Opn3 germline null mice increased only
slightly from 3 to 5 weeks and then became more negative
thereafter. Over the length of the time course, on average,
the Opn3 null showed a reduction in refraction of about —10

47

diopters by weeks 5—8 (Figure 3D). The mild myopia of the
Opn3 null eye was unexpected because a reduced axial length
would normally lead to hyperopia.

The myopia of Opn3 null mice cannot be attributed to retinal
OPN3: The process of emmetropization that drives refractive
development in the eye is known to be dependent on light
detection by photoreceptors [56]. In all cases assessed so
far, it is the retinal photoreceptors that mediate light sensing
[24,26,27,55,57]. To determine whether the retina was
the domain of Opn3 expression crucial for the phenotype
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Figure 3. Opn3 null mice myopic ocular biometry for mice of the Opn3®*E*2 (top row) and Opn3¥%; mRx-cre genotypes (bottom row),
including depth of the aqueous compartment (A, E), lens thickness (B, F), axial length (C, G), and refraction (D, H). In Opn3®*®*2 mice
(n=5), the depth of the aqueous is shallower (A, blue trace), the lens is thinner (B, blue trace), and the axial length is shorter (C, blue trace)
than in the control Opn3™* cohort (A—C, black traces, n=4). In addition, Opn3¥?E2 mice exhibit significantly reduced refraction (D, blue
trace) compared with the control Opn3** cohort (D, black trace). In contrast, no significant changes were observed in these parameters in
mice of the Opn3%8; mRx-cre genotype (E—H, blue traces, n=10) when compared with the Opn3%® control cohort (E—H, black traces, n=11).
Statistical significance was assessed using a two-way ANOVA. The p-values in the charts refer to main effect of genotype comparisons.

NS: Not significant.

described in the Opn3 germline null, we generated retinal
conditional null mice by combining the mRx-cre driver with
the Opn3™ allele. These generated cohorts of control (Opn3™
M) and experimental (mRx-cre; Opn3™'™) mice were subjected
to biometry and refraction as described above. None of the
measured features showed any statistically significant change
(Figure 3E-H, Appendix 2). This suggests that RGC Opn3 is
not the expression domain that explains the phenotype of the
Opn3 germline null.

Both germline and retina conditional Opn3 null mice are
susceptible to induced myopia: The mechanisms underlying
myopia pathways can be assessed using induced myopia.
Given the refractive development changes observed in Opn3
null mice, it was interesting to assess their susceptibility
to LIM. This analysis was performed using external lenses
mounted on a head post according to an established method
[21,55,58]. For each mouse, a zero-diopter lens was mounted
in front of the control eye (left) and a —30-diopter lens in
front of the experimental (right) eye. Lenses were mounted
at 3 weeks of age, and biometry and refraction measurements
were subsequently taken over a 3-week time course. The
analysis was performed for control and experimental cohorts
of both germline null (Opn32Ex2Ex2) and retina conditional
null mRx-cre; Opn3™'™) mice. Data were normalized to the 3
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weeks of age time point (t=0) so that the control eye growth
response and the experimental eye response to refractive
mismatch could be compared.

This analysis showed that Opn3 germline and conditional
mutant mice both responded to the myopiagenic stimulus,
albeit with subtle differences. The axial length (Figure 4A,
D), corneal thickness (Appendix 3), aqueous depth (Appendix
3), lens thickness (Appendix 3), retinal thickness (Appendix
3), refraction (Figure 4B,E), and choroidal thickness (Figure
3C,F) in cohorts of both Opn3 mutant genotypes were statis-
tically indistinguishable from control cohorts according to
a two-way ANOVA analysis. However, there were notable
deviations from controls in some parameters, including a
less robust refractive shift and reduced choroidal thinning
in Opn32B22Ex2 mice (Figure 4B,C, compare blue and black
dashed lines) and retinal change that was thinner in Opn3t*%
AEx2 mice but thicker in mRx-cre; Opn3™! mice (Appendix
3 compare blue dashed in D with blue dashed line in H).
In summary, loss of function in Opn3 does not prevent an
induced myopia response but appears to subtly change some
features of the response.

The myopia GO/GROW myopia gene signature is partly
OPN3 dependent: Multiple studies with a variety of animal
models have identified a gene signature associated with
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Figure 4. The susceptibility of Opn3 null mice to LIM is largely unchanged. Relative change in ocular biometry in mice of the Opn3t*¥Ex2
(top row) and Opn3": mRx-cre genotypes (bottom row) in the LIM model. The data show the change in axial length (A, D) and refraction
(C, F) when comparing a left eye treated with a 0 diopter lens and a right eye treated with a =30 diopter lens. For choroidal thickness (C,
F), the charts show only the 3-week (t=0) time point compared with the 6-week time point for the right eye, —30 diopter lens. Although the
Opn352Ex2 mice showed an apparent reduced susceptibility to choroidal thinning (B, blue and black dashed traces) and refractive shift (D,
compare blue and black dashed traces), these changes did not reach statistical significance (goggled Opn3®*Ex> n=8, goggled control n=8;
ungoggled Opn3®¥®2 n=5_ungoggled control n=4; goggled Opn3": mRx-cre n=10, goggled control n=7; ungoggled Opn3""; mRx-cre

n=10; ungoggled control n=11).

both form-deprivation myopia [59] and LIM [60]. The gene
signature, referred to as GO/GROW, is evident in genes that
are expressed in the retina [61], RPE [45,62], choroid [63],
and sclera [64] and is thought to correspond to the cellular
recognition of refractive mismatch and the response in ocular
growth. Despite extensive characterization of this gene
expression signature in chicks [65-67] and to a lesser degree
in guinea pigs [68], tree shrews [69,70], and monkeys [71,72],
GO/GROW has not been explored in mice or in the context
of genetic models of myopia.

In evaluating the GO/GROW gene signature in this
study, we had the dual goals of assessing whether this gene
signature was useful in mice and whether any of the genes
were Opn3 dependent. We chose to evaluate a selection of
GO/GROW signature genes with a range of functions (tran-
scription factors, secreted factors, membrane proteins; Table
2) at 24 h after myopia induction, a common time point in
previous studies using other animal models. We performed
this analysis comparing the GO/GROW gene signature in

wild-type and Opn3 null mice, as this was the mutant that
demonstrated a unique myopia phenotype and reduced

myopic shift in response to LIM.

The analysis showed that some of the GO/GROW signa-
ture genes had a distinct response in the Opn3 null germ-
line (Figure 5A). When compared to the zero-diopter eye,
the retina from the —30-diopter eye of Opn3 null showed a
significant downregulation of Ctgf/Ccn2 (Connective Tissue
Growth Factor/Cellular Communication Network Factor 2),
Cx43/Gjal (Connexin 43/Gap Junction Al), and Egr! (Early
Growth Response 1), with the latter two genes showing a
reversed polarity of gene expression change compared
with controls (Figure 5A, compare blue and gray bars). An
additional group of genes (Rarb, Penk and Fgf10) showed a
statistical trend in expression change. This analysis indicates
that a subset of GO/GROW signature genes are dependent
on OPN3 activity for their expression change in response to

refractive mismatch.
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Figure 5. The induced myopia expression of some GO/GROW signature genes is OPN3 dependent. A: Chart quantifying changes in the
expression of a selection of GO/GROW signature genes in response to a —30-diopter lens in control Opn3™* (gray bars) and experimental
Opn3™2™2 (blue bars) mice. Gene expression is shown as log, fold change; negative values mean decreased expression, and positive values
mean increased expression. B: Schematic explaining the changes in eye shape that occur in the Opn3 germline null mice. These include
reduced aqueous depth and reduced lens thickness. n=4 for all biologic replicates.

DISCUSSION

Refractive development and induced myopia: The minor role
of GWAS-associated genetic variants [73] in the myopia boom
[4] and documented environmental risk factors, including
outdoor light exposure [74] and focus [75], in myopia
development make opsins a prime candidate for the sensors
of environmental lighting cues that mediate emmetropiza-
tion. It is therefore unsurprising that refractive phenotypes
have been documented in every opsin signaling pathway
studied [23-25], including the non-canonical opsins. Loss
of melanopsin/Opn4 function or of the ipRGCs that express
Opn4 can result in early myopia and late hyperopia [27] or
persistent hyperopia [28]. Neuropsin/Opn5-dependent violet
light stimulation is protective against induced myopia [55]
and can explain why sunlight is protective against myopia
[74]. Encephalopsin/Opn3 is widely expressed [32,33,35] but
only has a confirmed light-sensing function in adipocytes
[17,27,76], with light responses in the colon [77], airway [37],
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and uterus [38] suggested to be OPN3 dependent. Until this
study, the role of Opn3 in the eye had not been investigated.

We document a myopic phenotype in the germline Opn3
null that is not present in the retinal conditional null. This
phenotype was characterized by short axial length, reduced
aqueous compartment depth, and a thinner lens, but preserved
vitreous depth, with a reduced axial length resulting from the
anterior eye changes. Despite this short axial length, Opn3
null eyes demonstrate axial elongation in response to the
refractive mismatch of LIM, although the resultant myopic
shift is less robust than that of the control. The pattern of
refractive development and response to LIM in the Opn3
germline null prompts comparison to refractive development
of the Opn4 null. This been reported by Chakraborty et al.
[27] to have a reduced anterior chamber depth abnormal
lens placement and, in a Cre/Cre null, to have a shorter axial
length [28]. Further, Liu et al. reported that their null had a
reduced myopic shift, like the Opn3 germline null, but with
impaired axial elongation.
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However, there are also distinct differences between
these opsin mutants. Chakraborty et al. [27] reported that the
Opn4 null exhibits slowed axial growth (rather than stable
axial length differences) and no differences in lens thickness,
resulting in a different refractive phenotype of early myopia
and subsequent hyperopia, while Liu’s [28] Cre/Cre null is
hyperopic throughout development, neither of which match
the pattern of the Opn3 germline null. Further, despite the
overlapping expression of Opn3 and Opn4 in a proportion of
M2 and M4 ipRGCs, the failure of the retina-specific dele-
tion of Opn3 results in any refractive development phenotype
indicates that the crucial domain of Opn3 expression for this
response is not a retinal neuron. Many other domains of Opn3
expression can be assessed [32,33,35], including the chorio-
capillaris domain documented here.

Myopia has different classifications based on the source
of refractive error. Refractive myopia results from changes
in anterior power, while axial myopia results from axial
elongation [1]. Many human myopes, however, manifest
characteristics of both types [78]. The Reykjavik Eye Study
[79] was one of the first studies to report that corneal and lens
power characteristics as well as axial length constitute total
refractive error, thus underlining the importance of exam-
ining myopic progression in its totality. Much of the animal
model research on myopia has focused on genetic models or
myopia induction models that result in eye elongation, and
thus much attention has been focused on axial length. The
Opn3 myopia model highlights the importance of examining
ocular dimensions as a whole and provides an animal model
for myopia where elongation is not the predominant source of
myopic refractive error.

Opn3 germline null animals have a thinner lens, a change
that can be associated with myopia development [79-82].
However, when the lens—myopia relationship is explored,
an inverse relationship is often found between lens power
(correlated with lens thickness) and refractive error/axial
length changes in individuals who become myopic earlier
in life [83]. For those who develop refractive error later in
life, refractive changes are more often a result of changes
in anterior focusing, and thus the relationship between lens
power and refraction is usually direct [84]. This phenomenon
of anterior hyperopia in young myopes is thought to be a
counter to myopic axial elongation and has alternatively been
explained as an active response to increasing axial length or
as a passive mechanical stretching [85], which results in a
compensatory reduction in lens power until the lens can no
longer compensate [86,87].

However, there is not always a connection between lens
thickness and power, as demonstrated by the “lens paradox”
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of increasing lens thickness over the human lifetime with
no corresponding increase in lens power, underlining how
changes to both the external structure of the lens (curvature
and thickness) and internal refractive gradient influence
lens power [84]. As a result, the refraction of a lens is more
complicated than its thickness. Some ocular modeling studies
have found that both a short anterior chamber [87] as well
as, counterintuitively, a thinner, but not posteriorly displaced
lens, are both predictive of myopic refraction in the anterior
segment [88]. Nonetheless, it is important to consider that
most of this research and modeling has been done assuming
human eye optics, which may not be generalizable to mice.
Further, corneal curvature was not assessed in this study and
could be contributing to the overall myopic refraction of the
eye.

It is perhaps significant that the features of the Opn3
germline eye share similarities to myopia of prematurity.
Myopia of prematurity results in a shallower anterior eye, a
more anteriorly situated lens, and, depending on the study,
a shorter axial length. However, myopia of prematurity also
involves increased corneal curvature (which we did not
assess) and a thicker lens, in contrast to the Opn3 germline’s
thinner lens. It is believed that this congenital form of myopia
may result from inhibition of anterior eye growth [89-91].
These similarities may suggest that the Opn3 pathway could
be modified in myopia of prematurity.

The GO/GROW gene signature. The GO/GROW gene signa-
ture was identified as a response to both form deprivation and
LIM in multiple species. In this study, we examined whether
GO/GROW gene expression changes could be documented
in mice and whether any changes might be dependent on the
activity of OPN3. Notably, several the GO/GROW genes,
Ctgf, Cx43, and Egrl, all showed significant OPN3-dependent
changes in expression 24 h after initiation of a refractive
mismatch. Identification of OPN3-dependent GO/GROW
gene expression changes will ultimately allow us to better
understand the mechanism of action of OPN3 in refractive
development.

Ctgf is known to be expressed in the mouse retinal
vasculature, specifically vascular endothelial cells, where it
works as part of a Hippo pathway regulatory loop to maintain
vascular development and blood—retinal barrier function [92]
Further, Ctgfhas also been investigated for its role in binding
and inhibition of VEGF, forming what has been called the
“fibro-angiogenic switch,” which regulates neovasculariza-
tion after retinal injury [93]. Ctgf has been studied in the
context of myopia and glaucoma in relation to choroidal
neovascularization and the myofibroblastic phenotype with
increased ECM deposition seen in severe disease [94,95].
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In a previously published study on the retinal GO-GROW
signature in tree shrews, Ctgf expression was found to be
significantly downregulated in response to myopia induction
after 6 h, following the trend of our Opn3 mutants [96].

The connection of CX43 to myopia has also been
documented, particularly in a clinical context, as missense
mutations in the gap junction gene are known to cause
oculodentaldigital displaysia, which results in a spectrum
of disease affecting the teeth, limbs, eye, and ocular adnexa
[97]. Various ocular phenotypes have been reported with
these mutations, including syndromic myopia with a short
axial length, a shallow anterior chamber, and glaucoma [98].
Cx43 has also been a candidate gap junction in studies on
the transmission of epigenetic signals through siRNA as a
mediator of neuronal regeneration and modulation, and it was
found to have a unique ability to transmit 12—24 nucleotide-
long sequences when compared to Cx32 and Cx26 [99]. This
has been suggested as a potential mode of transmission for
cellular response to myopia development as well as other
diseases, including retinal vascular disease, macular degen-
eration, and retinal damage in traumatic brain injury (TBI),
the last of which is characterized by Cx43 downregulation
[100].

Egrl/Zenk has long been the subject of interest in myopia
research since it was first identified in chicks [101] as an
immediate early gene response to goggling. Egrl/Zenk is
upregulated under induced hyperopia and downregulated
under induced myopia [102]. Later, along with the nob (Nyx
null) mouse model [103], the Egrl null became one of the first
genetic models of mouse myopia [104]. Opr3 null downregu-
lation of Egrl therefore follows the induced myopia pattern
seen in these previous studies as well as that reported after 6
h in the study by He et al. [45]

Conclusions: This analysis shows that the opsin family
GPCR encephalopsin/OPN3 is required for normal refrac-
tive development of the eye and that a non-retinal domain of
expression is involved. The analysis also shows that several
of the GO/GROW refractive mismatch signature genes are
changed in an OPN3-dependent manner. Thus, this work
identifies the role of opsin family GPCR encephalopsin/
OPN3 in refractive development and the response to refrac-
tive mismatch. This work adds OPN3 to the list of opsin
family GPCRs (in the mouse, OPN4 [27,28], OPNS5 [55], the
cone opsin (OPNISW/OPNIMW) pathways [26], and OPN2
[24]) that are implicated in emmetropization and myopia. The
exclusion of retinal Opn3, a domain crucial for the refractive
development phenotype, suggests a distinct mechanism of
involvement of the other opsins. Future work could address
this question as well as the molecular mechanism of action
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of OPN3, including an investigation of the light dependence
of this phenotype and the developmental periods of refractive
development that require OPN3.

APPENDIX 1. CONDITIONAL DELETION OF
RETINAL OPN3 DOES NOT ALTER OPN4 RGCS
NUMBERS.

To access the data, click or select the words “Appendix 1.”

APPENDIX 2. SHORTENED OPN3EX?EX2 AXTAL
LENGTH IS NOT PROGRESSIVE.

To access the data, click or select the words “Appendix 2.”

APPENDIX 3. LENS INDUCED MYOPIA FOR
OPN3EXVEX2 AND MRX-CRE; OPN3/FL INDUCES
NO CHANGES IN THE CORNEA, DEPTH OF THE
AQUEOUS COMPARTMENT, LENS, AND RETINA.

To access the data, click or select the words “Appendix 3.”
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