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Abstract

Myopia, or nearsightedness, is the most common form of refractive abnormality and is 

characterized by excessive ocular elongation in relation to ocular power. Retinal neurotransmitter 

signaling, including dopamine, is implicated in myopic ocular growth, but the visual pathways 

that initiate and sustain myopia remain unclear. Melanopsin-expressing retinal ganglion cells 
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(mRGCs), which detect light, are important for visual function, and have connections with retinal 

dopamine cells. Here, we investigated how mRGCs influence normal and myopic refractive 

development using two mutant mouse models: Opn4−/− mice that lack functional melanopsin 

photopigments and intrinsic mRGC responses but still receive other photoreceptor-mediated input 

to these cells; and Opn4DTA/DTA mice that lack intrinsic and photoreceptor-mediated mRGC 

responses due to mRGC cell death. In mice with intact vision or form-deprivation, we measured 

refractive error, ocular properties including axial length and corneal curvature, and the levels of 

retinal dopamine and its primary metabolite, L-3,4-dihydroxyphenylalanine (DOPAC). Myopia 

was measured as a myopic shift, or the difference in refractive error between the form-deprived 

and contralateral eyes. We found that Opn4−/− mice had altered normal refractive development 

compared to Opn4+/+ wildtype mice, starting ~4D more myopic but developing ~2D greater 

hyperopia by 16 weeks of age. Consistent with hyperopia at older ages, 16 week-old Opn4−/− 

mice also had shorter eyes compared to Opn4+/+ mice (3.34 vs 3.42 mm). Opn4DTA/DTA mice, 

however, were more hyperopic than both Opn4+/+ and Opn4−/− mice across development ending 

with even shorter axial lengths. Despite these differences, both Opn4−/− and Opn4DTA/DTA mice 

had ~2D greater myopic shifts in response to form-deprivation compared to Opn4+/+ mice. 

Furthermore, when vision was intact, dopamine and DOPAC levels were similar between Opn4−/− 

and Opn4+/+ mice, but higher in Opn4DTA/DTA mice, which differed with age. However, form-

deprivation reduced retinal dopamine and DOAPC by ~20% in Opn4−/− compared to Opn4+/+ 

mice but did not affect retinal dopamine and DOPAC in Opn4DTA/DTA mice. Lastly, systemically 

treating Opn4−/− mice with the dopamine precursor L-DOPA reduced their form-deprivation 

myopia by half compared to non-treated mice. Collectively our findings show that disruption 

of retinal melanopsin signaling alters the rate and magnitude of normal refractive development, 

yields greater susceptibility to form-deprivation myopia, and changes dopamine signaling. Our 

results suggest that mRGCs participate in the eye’s response to myopigenic stimuli, acting 

partly through dopaminergic mechanisms, and provide a potential therapeutic target underling 

myopia progression. We conclude that proper mRGC function is necessary for correct refractive 

development and protection from myopia progression.
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Opn4; Melanopsin retinal ganglion cells (mRGCs); Dopamine; 3,4-dihydroxyphenylacetic acid 
(DOPAC); L-3,4-dihydroxyphenylalanine (L-DOPA)

1. Introduction

Melanopsin-expressing retinal ganglion cells (mRGCs) are subtypes of ganglion cells that 

act as photoreceptors (Berson et al., 2002; Hattar et al., 2002). mRGCs respond to light 

directly through melanopsin, a blue-light sensitive photopigment (Hattar et al., 2002), and 

indirectly through synaptically-mediated input from rod and cone photoreceptors (Sand et 

al., 2012; Schmidt et al., 2011a; Schmidt et al., 2011b). Though mRGCs comprise only 0.2 – 

2.5% of all retinal ganglion cells across species (Dacey et al., 2005; Hattar et al., 2002), they 

are involved in diverse functions including photoentrainment of circadian rhythms, pupillary 

light reflex, sleep, and alertness (Berson et al., 2002; Hatori et al., 2008; Hattar et al., 2006; 

Panda et al., 2002) as well as contrast and color detection (Schmidt et al., 2014; Zele et 
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al., 2018), and pattern vision (Ecker et al., 2010). In addition, impaired mRGC function is 

associated with multiple ocular diseases (Feigl and Zele, 2014). However, it is unknown if or 

how mRGC signaling influences refractive development of the eye.

Myopia is the most common refractive error and primarily results from excessive elongation 

of the eye relative to its optical power. Myopia is a leading cause of visual impairment 

because of its association with a number of eye diseases such as retinal tear and 

detachment, glaucoma, and cataracts (Sankaridurg et al., 2021; Saw, 2006). Although an 

extensive literature implicates genetic and environmental influences on myopia development 

(Morgan, 2003; Mutti et al., 2002; Rose et al., 2008), the underlying mechanisms remain 

elusive. Therefore, we investigated the role of melanopsin-mediated signaling in refractive 

development and myopia susceptibility in the mouse.

mRGCs represent a potential candidate for influencing refractive development and myopia 

due to their morphological and functional diversity, connectivity with other inner retinal 

neurons, and role in image and non-image forming functions. For example, retinal 

dopaminergic amacrine cell processes and mRGC dendrites colocalize (Dumitrescu et 

al., 2009; Vugler et al., 2007) and there is strong morphological and electrophysiological 

evidence for synaptic drive of dopaminergic amacrine cells by mRGCs (Dumitrescu et al., 

2009; Grunert et al., 2011; Hoshi et al., 2009; Prigge et al., 2016; Zhang et al., 2008; Zhao et 

al., 2017), although this input may not drive global retinal dopamine release (Cameron et al., 

2009; Munteanu et al., 2018). Retinal dopamine is critical in regulating ocular growth and 

myopia (Feldkaemper and Schaeffel, 2013; Troilo et al., 2019; Zhou et al., 2017). In chicks 

and mammals, including primates, development of experimentally induced form-deprivation 

(FD) myopia is associated with lower levels of retinal dopamine (DA), and its primary 

metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) (Iuvone et al., 1989; McBrien et al., 

2001; Stone et al., 1989). In addition, administration of DA receptor agonists (Ashby et al., 

2007; Dong et al., 2011; Iuvone et al., 1991; McCarthy et al., 2007; Rohrer et al., 1993; 

Stone et al., 1989), or the DA precursor, L-3,4-dihydroxyphenylalanine (L-DOPA) (Landis 

et al., 2020; Mao et al., 2010; Thomson et al., 2020), significantly inhibits the development 

of FD myopia in animals. mRGCs also contribute to visual detection and contrast processing 

(Schmidt et al., 2014; Zele et al., 2018) that could modulate the direction of eye growth 

and refractive development (Schmid and Wildsoet, 1997). Moreover, use of a melanopsin 

signaling antagonist in guinea pigs slightly inhibited lens-induced myopia (Zheng et al., 

2020). Furthermore, mRNA expression of the melanopsin encoding gene, Opn4, in the 

chick retina is altered after lens-induced experimental myopia (Stone et al., 2011a) and the 

diurnal oscillation of melanopsin mRNA is perturbed in experimental models of myopia and 

hyperopia (Stone et al., 2020). Together, these results suggest melanopsin signaling is likely 

important in ocular growth and development of myopia.

To investigate the role of mRGC-mediated pathways on refractive development and myopia 

susceptibility, we employed two different mouse models: 1. Opn4−/− mice that lack intrinsic 

mRGC light responses due to a null mutation in Opn4 (Panda et al., 2002) but still mediate 

rod and cone photoreceptor signaling through the mRGCs and 2. Opn4DTA/DTA mice that 

have genetically ablated mRGC cell bodies resulting in the absence of intrinsic mRGC 

responses and synaptic input from rod-cone networks to these cells (Guler et al., 2008). 
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We hypothesized that the absence of melanopsin photopigment in Opn4−/− mice would 

alter normal refractive development and increase susceptibility to FD myopia (Pardue et al., 

2013). We also hypothesized that Opn4DTA/DTA mice would exhibit a more severe refractive 

phenotype due to the total loss of signaling through mRGCs. Furthermore, we tested the 

potential interaction of DA and mRGCs by measuring retinal DA levels, hypothesizing 

that a lack of functional mRGCs will reduce levels of DA and DOPAC, and that treating 

Opn4−/− mice with L-DOPA will favorably affect myopia progression. Lastly, we evaluated 

morphological changes in mRGCs and dopaminergic amacrine cells in FD.

2. Materials and methods

2.1 Animals

All experiments were approved by the local Institutional Animal Care and Use Committee 

and adhered to the ARVO statement for the Use of Animals in Ophthalmic and Vision 

Research. Refractive development and myopia susceptibility were measured in two mutant 

mouse models: Opn4−/− and Opn4DTA/DTA mice (both gifts from Dr. Samer Hattar, Johns 

Hopkins University, Baltimore, United States). Opn4−/− mice have no melanopsin-mediated 

light response due to the absence of melanopsin photopigment (Panda et al., 2002; Ruby et 

al., 2002). Opn4−/− mice exhibit diminished pupillary light reflex (PLR) (Lucas et al., 2003) 

and deficits in circadian photoentrainment (Panda et al., 2002; Ruby et al., 2002), without 

any apparent anatomical or developmental ocular defects (Panda et al., 2002). A single 

nucleotide polymorphism (SNP) genome scanning analysis from the Jackson Laboratory 

(Bar Harbor, ME) revealed Opn4−/− mice to be approximately 60% 129S1/SvImJ (129J) and 

40% C57BL/6J (B6J). B6129SF1/J mice (Jackson Laboratory stock 101043), F1 offspring 

of a cross between B6J females and 129J males were used as wildtype controls (same SNP 

results as Opn4−/− mice). Additional Opn4+/− x Opn4+/− crosses were used to generate 

Opn4+/+ littermate controls to confirm that the B6129SF1/J mice had similar refractive 

measurements (Figure S1). Therefore, we used B6129SF1/J mice as wildtype controls 

(referred to as Opn4+/+) for the experiments using Opn4−/− and Opn4DTA/DTA mice.

In Opn4DTA/DTA mice, mRGCs are completely eliminated by introducing a gene encoding 

diphtheria toxin α subunit (aDTA) into the melanopsin gene locus (Guler et al., 2008). These 

mice lack both intrinsic and synaptic light input to mRGCs and show severe deficits in both 

PLR and circadian photoentrainment (Guler et al., 2008). SNP genome scanning analysis 

on Opn4DTA/DTA mice revealed similar genetic contribution from 129J and B6J as Opn4−/− 

mice, and hence B6129SF1/J mice were also used as wildtype controls for experiments 

involving these mice. An in-house breeding colony of male and female homozygous 

Opn4−/− and Opn4DTA/DTA mutant mice were maintained at the Atlanta Department of 

Veterans Affairs Health Care System. Mice were kept in 12:12 hour light/dark cycles (light 

phase: ~17 lux) with mouse chow and water accessible ad libitum.

2.2 Experimental design

Age-matched Opn4+/+ and Opn4−/− mice were tested under two different experimental 

paradigms: normal refractive development and form-deprivation (FD). For normal refractive 

development experiments (Opn4+/+, n=10; Opn4−/−, n=12; Opn4DTA/DTA, n=12 mice), 
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refractive error and ocular measurements were performed every two weeks from 4 to 16 

weeks of age. For FD experiments, Opn4+/+ mice (controls, n=8; FD, n=7 mice), Opn4−/− 

(controls, n=9; FD, n=12 mice), and Opn4DTA/DTA (controls, n=8; FD, n=8 mice) were fitted 

with a head-mounted diffuser goggle (Faulkner et al., 2007) over the right eye at 4 weeks 

of age, following baseline refractive error and ocular measurements. Weekly refractive 

measurements were performed on FD animals for 3 weeks (i.e. until 7 weeks of age). In 

some instances, weekly measurements were unable to be obtained for individual mice due to 

technical limitations and therefore, the sample sizes in the figure reflects the range of data 

points for each group.

Throughout the paper and figures we have compared between several different experimental 

groups of mice, defined below. Opn4+/+ (wildtype), Opn4−/−, and Opn4DTA/DTA refer to the 

three different genotypes used in the study. FD refers to mice that were fitted with a diffuser 

goggle over the right eye so they received blurred visual input to that eye. Opposite refers 

to the non-FD eye (i.e. the contralateral eye that had intact visual input) from the same mice 

that were fitted with a diffuser goggle over the right eye. Control refers to a separate group 

of mice of any of the three genotypes that were not fitted with a diffuser goggle over the 

right eye, so they received intact visual input. Lastly, naïve refers to the combination of 

‘control’ group data from all three genotypes to compare to FD groups.

2.3 Refractive state, corneal curvature and ocular biometrics

Refractive error and ocular biometric measurements in mice were obtained, as described 

previously (Chakraborty et al., 2014; Pardue et al., 2008; Park et al., 2012; Park et al., 2014). 

After dilating the eyes with 1% tropicamide, refractive error in mice were first measured 

with an automated photorefractor by gently restraining the mouse by their tail in a dark 

room (Schaeffel et al., 2004). The animals were then anesthetized based on their body 

weight (ketamine 80 mg/kg; xylazine 16 mg/kg). A second set of more stable refractive 

measurements (standard deviation (SD) less than 0.5 diopters (D)) were taken under 

anesthesia (Pardue et al., 2008) and were used as the final measurements reported in the 

results. After refractive measurements, the anterior corneal radius of curvature was measured 

using an automated keratometer (repeatability within a SD of ± 0.02 mm) (Schaeffel, 2008; 

Schmucker and Schaeffel, 2004b).

Finally, biometric measurements of the mouse eye were taken with a 1310 nm spectral 

domain optical coherence tomography (SD-OCT) system (Bioptigen, Durham, NC, USA) 

(Chakraborty et al., 2014; Park et al., 2012). Ocular biometric parameters included: corneal 

thickness (CT), anterior chamber depth (ACD), lens thickness (LT), vitreous chamber depth 

(VCD), retinal thickness (RT), and axial length (AL). Axial length was measured by a 

masked observer from the anterior surface of the cornea to the anterior retinal pigment 

epithelium (RPE) border using the OCT calipers, calibrated with a refractive index of 

1.43316 (Schmucker and Schaeffel, 2004a). During the experiments, the OCT system was 

upgraded to an Envisu R4300 SD-OCT (Bioptigen). Envisu SD-OCT has a better spatial 

resolution and lower intrasubject variability (0.004 ± 0.002 mm) (Bergen et al., 2016) for 

detecting the RPE border compared to the 1310 nm system (0.01 ± 0.01 mm) (Park et al., 

2012). We found the instruments to have a consistent difference of 0.0411 mm and thus, the 
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1,310 nm OCT values were adjusted accordingly (Bergen et al., 2016). After the completion 

of all measurements, the mice were given yohimbine (2.1 mg/kg) to reverse the effects of 

anesthesia and to avoid the development of corneal lesions (Turner and Albassam, 2005). 

The mice were kept warm on a heating pad during recovery from anesthesia and saline eye 

drops were provided as needed.

2.4 Retinal dopamine (DA) quantification

To determine the levels of retinal DA and 3,4-Dihydroxyphenylacetic acid (DOPAC, the 

primary metabolic by-product of DA) (Witkovsky, 2004) during normal visual development 

in mice, the retinas were harvested between 10am and noon under controlled lighting 

conditions (fluorescent lighting, 600 lux) at different ages: 4 weeks of age (Opn4+/+, n=10; 

Opn4−/ −, n=10; Opn4DTA/DTA, n=10 mice), 8 weeks of age (Opn4+/+, n=9; Opn4−/ −, 

n=11; Opn4DTA/DTA, n=11 mice) and 12 weeks of age (Opn4+/+, n=10; Opn4−/ −, n=6; 

Opn4DTA/DTA, n=15 mice). For FD experiments, retinal DA and DOPAC levels were 

measured at 3 weeks of FD for Opn4+/+ (control: n=7, FD: n=5 mice), Opn4−/− (control: 

n=5, FD, n=6 mice), and Opn4+/+ mice (control: n=7, FD: n=3 mice). Experimental mouse 

retinas were collected 48 hours after the final measurements to minimize any residual effect 

of anesthesia, immediately frozen on dry ice, and stored at −80 °C. The frozen retinas were 

processed as previously described (Nir et al., 2000). Briefly, retinas were homogenized in a 

buffer solution containing 0.1 N HClO4, 0.01% sodium metabisulfite and 50 ng/ml internal 

standard 3, 4-dihydroxybenzylamine and centrifuged. Supernatant fractions were separated 

with high-performance liquid chromatography (HPLC) using a mobile phase of 0.1 M 

sodium phosphate, 0.1 mM EDTA, 0.35 mM sodium octyl sulfate, and 6% acetonitrile (pH 

3.0) to quantify the DA and DOPAC levels with coulometric detection. The DA and DOPAC 

levels were then calculated using a standard curve generated with 0.1–1 ng DA and DOPAC 

standard and normalized to aggregate protein concentration (ng/mg). For normal refractive 

development experiments, only retinas from the right eyes were used for analysis, while eyes 

of FD mice were analyzed individually. In addition, for both normal refractive development 

and FD experiments, a ratio of DOPAC by DA (DOPAC/DA ratio) was calculated as a 

measure of dopamine turnover.

2.5 Treatment with L-DOPA

We also examined the protective effects of dopamine treatment on spontaneous and FD-

induced myopia in Opn4−/− mice. L-DOPA was administered from before birth by giving 

L-DOPA (1 mg/ml L-DOPA with 1 mg/ml ascorbic acid) ad libitum in drinking water to 

pregnant and nursing dams. After weaning at 3 weeks, pups continued to receive L-DOPA 

(1 mg/ml L-DOPA with 1 mg/ml ascorbic acid) through intraperitoneal daily injections 

(1 μl per gram body weight) until the end of the study. Solutions were freshly prepared 

3 times a week and were protected from light. Control mice were not subjected to daily 

vehicle injections because vehicle injection had no significant effect on refractive error 

measurements or the response to form-deprivation in previous work (Landis et al., 2020; 

Mao et al., 2010). The effects of L-DOPA on refractive and ocular development of Opn4−/− 

mice were measured under both normal refractive development and FD visual paradigms. 

For normal refractive development experiments, refractive measurements were obtained at 

4 and 6 weeks of age to study protective effects of dopamine against naturally occurring 

Chakraborty et al. Page 6

Exp Eye Res. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



myopia in juvenile Opn4−/− animals (n=6). For the FD paradigm, baseline refractive and 

ocular measurements were taken on a group of Opn4−/− mice (naïve controls, n=5; FD, n=7 

mice) at 4 weeks of age. Mice were then form-deprived for 2 weeks and were measured 

weekly. Finally, retinas from both non-FD and FD experiments were harvested at 6 weeks of 

age (as described earlier) for examining the changes in retinal DA and DOPAC levels with 

L-DOPA treatment.

2.6 Data analysis

Two-way repeated-measures mixed-effects analysis (fully abbreviated as ‘MEA’), or 

ANOVA where applicable, with Holm-Sidak multiple comparisons (fully abbreviated as 

‘HSK’) (GraphPad Prism, San Diego, CA) was performed to examine the differences 

between the Opn4+/+ and Opn4−/− (or Opn4DTA/DTA) animals and between control animals 

and those treated with L-DOPA with intact and FD visual conditions, across age. Given 

the similar genetic composition of Opn4−/− and Opn4DTA/DTA animals, the same cohort of 

B6129SF1/J wildtype mice was used for comparison against both mouse genotypes. All the 

results are reported as an interaction effect unless stated otherwise. For normal refractive 

development experiments, refractive and biometric measurements from the two eyes were 

averaged as both eyes received the same treatment. If a measurement could not be obtained 

on a single eye on a particular day due to technical considerations, then the available 

single eye measurement was used. For FD experiments, the effect of FD on refraction was 

calculated as a “shift” (i.e. the difference in the measured value between the FD (right, 

OD) and contralateral (left, OS) eyes). To eliminate any inter-subject variability, the axial 

length, corneal radii, and other ocular measurements of the FD cohorts were normalized to 

their 4-week-old baseline values (by dividing by the 4-week-old baseline) before calculating 

“shifts”. For normal refractive development cohorts, the differences in DA and DOPAC 

values between the two genotypes across different ages were calculated using a MEA, or 

ANOVA where applicable, with HSK. A one-way ANOVA with HSK was used to analyze 

the DA data from FD experiments. Changes in retinal DA parameters between the L-DOPA 

and controls were analyzed with Welch’s t-test. DA L-DOPA experiment parameters with 

FD were analyzed with one-way ANOVA with HSK. Cell counts were analyzed using 

one-way ANOVA with HSK. All data are expressed as mean ± standard error of mean 

(SEM) with significance labeled in the figure legends.

3. Results

3.1 Abnormal refractive development and axial eye growth in mRGC mutant mice

In this study, we measured refractive and ocular development, as well as dopaminergic 

activity, in mice that had either a null mutation in the Opn4 gene encoding melanopsin 

(Opn4−/−) or genetically ablated mRGCs (Opn4DTA/DTA). With intact visual input, Opn4−/− 

mice were significantly more myopic at younger ages than Opn4+/+ mice (refractive error 

at 4 weeks, −3.56 ± 0.35 vs +0.73 ± 0.51 diopters (D), MEA with HSK, p<0.001, Figure 

1A). Additionally, the refractions of Opn4−/− mice shifted towards hyperopia at a 3 times 

greater rate than wild-type mice (Opn4−/−, 0.9 D / week, R2 = 0.90; Opn4+/+, 0.3 D / week, 

R2 = 0.92; linear regression analysis, p<0.001) leading to an overall difference in refractive 

development (MEA; age by genotype interaction, F (6,117) = 25.40, p<0.001). As a result, 
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adult Opn4−/− mice tended to be hyperopic relative to Opn4+/+ mice at 16 weeks (+6.53 ± 

0.33 vs +4.52 ± 0.88 D).

To compare the absence of melanopsin to the lack of mRGCs on ocular growth in rodents 

we also compared refractive development in Opn4DTA/DTA mice to the other genotypes. 

When visual input was intact, the absence of mRGCs led to significant differences in 

the refractive development of Opn4DTA/DTA mice compared to both Opn4+/+ and Opn4−/− 

mice (MEA; age by genotype interaction, F (12,179) = 15.10, p<0.001, Figure 1A). Both 

Opn4+/+ and Opn4DTA/DTA mice started with similar, near emmetropic refractive errors at 

4 weeks. However, starting from 6 weeks, Opn4DTA/DTA animals showed a significantly 

greater shift toward hyperopic refractions, with a rate of ~0.5 D / week (R2=0.70, linear 

regression analysis, p=0.009; average change in refraction after 10 weeks: +7.42 ± 0.58 

D), than their Opn4+/+ counterparts (0.3 D / week, R2 = 0.90; +2.92 ± 0.82 D; HSK at all 

ages starting from 6 weeks, p<0.05). In comparison with Opn4−/− mice, Opn4DTA/DTA mice 

on average were ~3 – 4 D more hyperopic at all but the oldest ages (mean refraction at 

10 weeks: Opn4−/−, +3.98 ± 0.36 D; Opn4DTA/DTA, +7.72 ± 0.34 D, HSK at 4–12 weeks: 

p<0.001, 14 weeks: p<0.01, 16 weeks: p<0.05). Therefore, both Opn4−/− (0.9 D / week) 

and Opn4DTA/DTA mice have steeper refractive development curves compared to Opn4+/+ 

mice. These data suggest that the absence of mRGC signaling accelerates the shift toward 

hyperopic refraction in mice.

Consistent with greater hyperopic refractions in older ages, Opn4−/− mice exhibited 

significantly shorter axial lengths than wild-type mice from 10 to 16 weeks (16 weeks: 

Opn4+/+, 3.42 ± 0.01 mm; Opn4−/−, 3.34 ± 0.01 mm, MEA; age by genotype interaction, F 

(6,87) = 8.935, p<0.001, Figure 1B). Likewise, Opn4DTA/DTA mice had significantly shorter 

axial lengths at all measurement ages compared with Opn4+/+ mice (MEA; main effect of 

genotype, F (6,86) = 10.12, p<0.001). Axial lengths of adult Opn4DTA/DTA animals were 

also significantly shorter than Opn4−/− mice (mean at 10 weeks: Opn4−/−, 3.26 ± 0.01 mm; 

Opn4DTA/DTA, 3.22 ± 0.01 mm, HSK at weeks 4, 10, 12, and 16, p<0.05).

Corneal curvature between Opn4+/+ and Opn4−/− mice was not significantly different 

(MEA), however both showed significant corneal flattening with age (change in corneal 

radii from 4–14 weeks: Opn4+/+, 0.19 ± 0.01 mm; Opn4−/−, 0.16 ± 0.01 mm, MEA; main 

effect of age, F (3.1,60.3) = 500.2, p<0.001, Figure 1C). Similarly, Opn4DTA/DTA mice 

exhibited a significant age-related flattening of the cornea throughout development (total 

change in corneal radii across development: Opn4+/+, 0.20 ± 0.01; Opn4−/−, 0.18 ± 0.01; 
Opn4DTA/DTA, 0.18 ± 0.01 mm, MEA; main effect of age, F (3.8,115.4) = 594.4, p<0.001) 

but was not different than the other two groups (MEA; main effect of genotype, F (2, 31) = 

0.02, p=0.98).

Opn4−/− mice also had significant changes in other ocular parameters, some of which 

could contribute to the altered refractive development and hyperopic refractions (Table S1). 

Among these, anterior chamber depth (ACD) was shorter (average across all ages: Opn4+/+, 

0.37 ± 0.004 mm; Opn4−/−, 0.35 ± 0.002 mm, MEA; main effect of genotype, F (1,18) = 

25.18, p<0.001, Figure S2A) and vitreous chamber depth (VCD) was longer (MEA; main 

effect of genotype, F (1,18) = 5.86, p=0.026, Figure S2B). However, since there was no 
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change in the crystalline lens thickness between Opn4+/+ and Opn4−/− mice (LT, Figure 

S2C), our results suggest a slight anterior displacement of the lens of Opn4−/− mice causing 

myopic refractions in younger mice, and a gradual reduction in axial length with age causing 

hyperopic refractions in older mice (Figure S2D–E). Likewise, Opn4DTA/DTA mice had 

significantly shallower ACD (mean length across all ages, 0.327 ± 0.003 mm, MEA; main 

effect of genotype), suggesting a similar lens displacement as in Opn4−/− mice (0.35 ± 0.002 

mm). Opn4DTA/DTA mice also had thinner retinas (mean thickness across all ages; 0.195 

± 0.003 mm) compared to both Opn4+/+ (0.232 ± 0.002 mm, p<0.001) and Opn4−/− mice 

(0.220 ± 0.002 mm, p<0.001, MEA; main effect of genotype, Table S2). Opn4DTA/DTA mice 

were not different in VCD, LT, or CT (MEA; main effect of genotype, all p>0.05).

3.2 Enhanced susceptibility to FD myopia with the loss of melanopsin signaling

Since we found significant differences in refractive development between Opn4+/+, Opn4−/−, 

and Opn4DTA/DTA mice, we next investigated if these differences translated into different 

responses to FD myopia. Opn4+/+ mice developed FD myopia after 3 weeks of goggle wear, 

leading to a significantly greater myopic shift (difference between the FD eye, fitted with 

a diffuser goggle, and the opposite contralateral eye, not fitted with a diffuser goggle, see 

Methods). Importantly, non-FD, control mice that were not fitted with a diffuser goggle over 

either eye, developed no myopic shift between eyes and the refractive difference remained 

close to 0 D. FD Opn4+/+ mice became myopic (ANOVA; age by treatment interaction, F 

(3,36) = 3.13, p=0.037) and had ~1 D of myopic shift compared to controls after 3 weeks 

of FD (−1.11 ± 0.31 vs +0.14 ± 0.28 D, HSK, p=0.047, Figure 2A). However, there was 

no change in axial length (Figure 2B) or corneal curvature shifts (Figure 2C) normalized to 

their 4-week baseline. After 3 weeks of FD, Opn4−/− FD mice, however, had almost 4 times 

greater myopic refractive shift than control mice (−3.52 ± 0.52 vs +0.23 ± 0.36 D, MEA; 

age by treatment interaction, F (3,53) = 9.57, p<0.001, Figure 2D). As with Opn4+/+ mice, 

FD in Opn4−/− mice did not significantly affect axial length shifts (Figure 2E). Yet, Opn4−/− 

mice did develop significantly steeper corneal curvatures with FD compared to controls 

(after 3 weeks of FD: FD, −0.02 ± 0.01 mm; control, +0.01 ± 0.01 mm, MEA; main effect 

of treatment, F (1,14) = 6.22, p=0.026, Figure 2F). Lastly, the differences between control 

and FD Opn4DTA/DTA mice closely resembled those of Opn4−/− mice. FD caused a large 

myopic shift in Opn4DTA/DTA mice after 3 weeks (−3.16 ± 1.09 vs +0.10 ± 0.40 D, MEA; 

main effect of treatment p=0.004, Figure 2G). There were no major differences between FD 

and control Opn4DTA/DTA mice in axial length (Figure 2H) or corneal curvature (Figure 2I). 

Additionally, FD did not cause significant changes in any other ocular biometric parameter 

for any genotype (Table S3).

To compare across mice, the refractive shift in the control animals from all three genotypes 

were averaged together as one group, since there was no difference between them (naïve 

group, n=25, MEA; main effect of genotype, F (2,22) = 0.1384, p=0.87, see Methods). 

Compared to naïve animals (mean refractive shift after 3 weeks, 0.16 ± 0.20 D), FD mice 

from all three groups developed significant myopia after 3 weeks of FD (MEA; age by 

genotype interaction, F (9,132) = 4.60, p<0.001, Figure 2J). Opn4−/− mice had significantly 

greater myopic shifts compared to Opn4+/+ mice (MEA; main effect of genotype, F (1,16) = 

7.79, p=0.013). This difference was a result of ~3 times greater rate of myopia development 
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in Opn4−/− mice (Opn4+/+, −0.34 D / week, R2 = −0.98; Opn4−/−, −0.96 D / week, R2 

= 0.99; linear regression analysis, p<0.001). Furthermore, Opn4DTA/DTA mice developed 

myopia at a similar rate as Opn4−/− mice (−0.96 vs −1.03 D / week, linear regression 

analysis, p=0.55) and were not significantly different than Opn4−/− mice (MEA; main effect 

of genotype, F (1,18) = 0.97, p=0.34). The myopic shift in FD Opn4DTA/DTA mice was 

on average larger than naïve and FD Opn4+/+ mice by ~3 D at 3 weeks post-FD (MEA; 

age by genotype interaction, F (9,132) = 4.60, p<0.001). Three weeks of FD did not cause 

significant changes in axial length compared across genotype (MEA with HSK, main effect 

of genotype, F (3,41) = 1.09, p=0.36, Figure 2K). However, Opn4DTA/DTA mice had steeper 

corneal radii after FD when directly compared to Opn4+/+ mice after FD (MEA, main 

effect of genotype, F (1,9) = 7.16, p<0.05) but there were no other differences between 

groups (Figure 2L). Lastly, there were no differences between genotypes of any other ocular 

parameter (Table S4).

3.3 Absence of melanopsin alters retinal dopamine (DA) and DOPAC levels in normal and 
FD mice

Under intact visual conditions, DOPAC levels were similar between Opn4+/+ and Opn4−/− 

retinas (MEA; main effect of genotype, F (1,20) = 0.161, p=0.69, Figure 3A). However, 

mRGC absence significantly elevated DOPAC levels in the retinas of 4-week old 

Opn4DTA/DTA mice (0.63 ± 0.03 ng/mg retina vs 0.30 ± 0.03 and 0.26 ± 0.01 ng/mg retina in 

Opn4+/+ and Opn4−/− respectively), but not 8 and 12 week-old mice (MEA; age by genotype 

interaction, F (4,49) = 8.143, p<0.001). Furthermore, DA levels were significantly higher in 

Opn4DTA/DTA retinas compared to Opn4+/+ and Opn4−/− retinas at 8 (1.50 ± 0.04 vs 1.18 ± 

0.06 and 1.17 ± 0.04 ng/mg, respectively, HSK) and 12 (1.64 ± 0.06 vs 1.38 ± 0.05 and 1.22 

± 0.07 ng/mg retina, respectively, HSK) weeks of age (MEA; age by genotype interaction, 

F (4,83) = 2.52, p=0.05, Figure 3B). However, there were no significant differences between 

Opn4−/− and Opn4+/+ mice across all ages (HSK). The DOPAC/DA ratio did not change 

between Opn4+/+ and Opn4−/− genotypes (MEA; main effect of genotype, F (1,20) = 0.297, 

p=0.59, Figure 3C). However, the DOPAC/DA ratio in young Opn4DTA/DTA mice was 

significantly greater (average at 4 weeks: 0.40 ± 0.03 ng/mg retina) than both Opn4+/+ (0.19 

± 0.03) and Opn4−/− mice (0.19 ± 0.01) (MEA; age by genotype interaction, F (4,83) = 

8.98, p<0.001). In addition to changes between genotypes, age also affected retinal DA and 

DOPAC levels. Both DOPAC and the DOPAC/DA ratio significantly increased after 4 weeks 

of age in Opn4+/+ and Opn4−/− mice while they decreased in Opn4DTA/DTA mice (MEA; age 

by genotype interaction: DOPAC: F (4,49) = 8.143, p<0.001; DOPAC/DA: F (4,83) = 8.975, 

p<0.001).

After 3 weeks of FD, Opn4+/+ mice showed no significant differences in retinal DOPAC, 

DA, or DOPAC/DA ratios between different treatment groups (one-way ANOVA, all p>0.05, 

Figure 3D–F). In contrast, FD Opn4−/− retinas had significantly lower DOPAC levels (0.21 

± 0.01 ng/mg retina) than opposite (0.30 ± 0.02 ng/mg retina) retinas (one-way ANOVA 

F (2,12) = 5.20, p= 0.023; Figure 3G). FD Opn4−/− retinas also had on average lower DA 

levels (1.06 ± 0.02 ng/mg) compared to opposite (1.28 ± 0.08 ng/mg) retinas (one-way 

ANOVA F (2,12) = 2.89, p=0.094; Figure 3H). However, DOPAC/DA ratios were similar 

between the three groups (one-way ANOVA, F (2,12) = 1.59, p=0.244, Figure 3I). Finally, 
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there were no differences between Opn4DTA/DTA control and FD eyes in DOPAC, DA, or the 

DOPAC/DA ratio (one way ANOVA genotype interactions: F (2,10) = 0.32, p=0.74, F (2,10) 

= 2.13 p=0.17, and F (2,10) = 0.11, p=0.89, respectively, Figure 3J–L).

3.4 L-DOPA treatment prevents FD myopia but not spontaneous myopia in young Opn4−/− 

mice

We found that Opn4−/− mice had reduced levels of DOPAC, and likely DA (Figure 3), in FD 

eyes suggesting a deficiency related to melanopsin-mediated mRGC signaling. Interestingly, 

when mRGCs were ablated, there was no change in DOPAC or DA levels in FD eyes, 

despite elevated levels in normal refractive development. Therefore, we examined the 

protective effects of chronic L-DOPA treatment on myopic refraction only in Opn4−/− mice 

to determine whether supplementation could attenuate refractive and ocular changes with 

FD. L-DOPA treatment started before birth did not prevent spontaneous myopia in 4 and 6 

week-old juvenile Opn4−/− mice (at 6 weeks: Opn4−/−, −1.78 ± 0.40 D; +L-DOPA, −1.80 

± 0.65 D, MEA; main effect of treatment, F (1,16) = 0.095, p=0.76; main effect of age, 

F(1,14) = 66.18, p<0.001, Figure 4A). With intact vision, L-DOPA treatment did not cause 

significant changes between groups in axial length (MEA, p=0.48, Figure 4B) or almost all 

other ocular parameters (data not shown). However, L-DOPA treated Opn4−/− mice showed 

a significant steepening of the corneal radii compared to un-treated Opn4−/− mice (mean 

across 4 and 6 weeks: Opn4−/− vs +L-DOPA, 1.40 ± 0.01 vs 1.37 ± 0.004 mm, ANOVA; 

main effect of treatment, F (1,16) =22.47, p<0.001, Figure 4C). L-DOPA treatment started 

before birth and FD started at 4 weeks of age caused a significant reduction of FD myopia 

in Opn4−/− mice compared to control animals (MEA; age by treatment interaction, F (4,55) 

= 3.50, p=0.013, Figure 4D). Since there were no significant differences in refraction of 

Opn4−/− naïve control animals and L-DOPA treated control groups (MEA, p=0.82), they 

were averaged together as the “control” group for this analysis. Compared to control animals 

(0.12 ± 0.25 D), 2 weeks of FD produced a significant myopic shift of −2.74 ± 0.54 D 

in Opn4−/− mice (HSK after two weeks of FD, p<0.001; Figure 4D). Although L-DOPA 

treated FD Opn4−/− animals exhibited a myopic shift (−1.34 ± 0.41 D), it was half the 

magnitude seen in Opn4−/− mice that did not receive L-DOPA (HSK, p=0.055) due to slower 

development (−0.42 vs −1.02 D / week, linear regression). L-DOPA treatment did not lead 

to significant changes in axial length or corneal radii of FD animals (MEA, p>0.05, Figure 

4E–F).

Six week-old L-DOPA treated eyes had significantly elevated levels of retinal DOPAC (0.46 

± 0.03 ng/mg retina) and DA (1.67 ± 0.15 ng/mg retina) compared to non-treated Opn4−/− 

eyes (DOPAC, 0.31 ± 0.02, p=0.002; DA, 1.27 ± 0.03 ng/mg retina, p=0.044, Welch’s 

t-tests, Figure S3A–B). However, this increase did not alter the myopic refractive error 

compared to non-L-DOPA treated mice, suggesting that DA may not be associated with 

the myopic phenotype seen in young Opn4−/− animals. DA turnover (DOPAC/DA ratio) 

did not differ with L-DOPA treatment (L-DOPA treated, 0.28 ± 0.02 ng/mg retina; control, 

0.25 ± 0.01 ng/mg retina, Welch’s t-test, p=0.22, Figure S3C). Consistent with inhibitory 

effects of DA on FD myopia, L-DOPA treated Opn4−/− animals showed no difference in 

DA or DOPAC levels between FD and opposite or control eyes, (all one-way ANOVA 

comparisons, p>0.05, Figure S3D–F) unlike non-L-DOPA treated Opn4−/− mice (Figure 
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3G–H). Furthermore, DOPAC and DA were significantly higher in L-DOPA treated FD eyes 

than non-treated FD eyes (DOPAC, 0.35 ± 0.09 vs 0.21 ± 0.02 ng/mg retina, p=0.004; DA, 

1.51 ± 0.22 vs 1.02 ± 0.04 ng/mg retina, p=0.001; Welch’s t-tests). Overall, these findings 

suggest that DA insufficiency in melanopsin deficient retinas at least partly underlies high 

susceptibility to FD myopia in Opn4−/− mice.

4. Discussion

mRGCs are environmental irradiance detectors that project to the brain centers controlling 

circadian rhythms and pupil size (Berson et al., 2002; Hattar et al., 2002; Panda et 

al., 2002). These cells also regulate endogenous retinal circadian rhythms through their 

intrinsic photoreception and by modulating the diurnal activity of DA in the retina 

(Storch et al., 2007; Tosini et al., 2008). Using two mutant mouse models, we found 

that signaling through mRGC pathways is critical for normal pre-natal and post-natal 

refractive development, for regulating the response to FD, and for maintaining correct 

dopaminergic signaling (Figure 5A). In the first set of experiments, the absence of the 

melanopsin photopigments and intrinsic melanopsin light responses of mRGCs in Opn4−/− 

mice resulted in abnormal refractive development and greater susceptibility to FD myopia 

(Figure 5B). The increased susceptibility to myopia in Opn4−/− mice was found to be 

associated with lower dopaminergic activity in the retina and was partly attenuated with 

L-DOPA treatment. In the second set of experiments, we found that a complete loss of 

mRGCs led to significantly more hyperopic refractions in Opn4DTA/ DTA mice than Opn4−/− 

mice, but a similar myopic response to FD compared to Opn4−/− mice. Overall, these results 

show strong and complex interactions between mRGCs and refractive control in mouse eyes.

4.1 Intact retinal melanopsin pathways are critical for normal refractive development

With intact vision, 4 and 6 week-old Opn4−/− mice were ~4 – 5 D more myopic than 

Opn4+/+ mice, but then became significantly more hyperopic than their Opn4+/+ counterparts 

at older ages (Figure 1). The pattern of refractive development in Opn4−/− mice could be 

explained by ocular biometric changes in these eyes. At the youngest ages, Opn4−/− mice 

on average had significantly shallower anterior chamber and longer vitreous chamber than 

Opn4+/+ mice, without any significant differences in the crystalline lens thickness between 

the two genotypes (Figure S2, Table S1). This suggests a slight anterior positioning of the 

lens in Opn4−/− mice compared to Opn4+/+ animals. With the axial length similar to Opn4+/+ 

mice at 4 and 6 weeks, the positioning of the lens away from the retina would induce a 

myopic refractive error in Opn4−/− mice due to the change in the eye’s effective power 

(Collins et al., 1995; Erickson, 1990). In older mice between 8 and 16 weeks of age, the 

hyperopic refractions are likely caused by reduced lengthening of the axial length with age 

in Opn4−/− vs. Opn4+/+ mice, a response that may counteract the refractive shift produced by 

the displacement of the lens.

When mRGCs are ablated in Opn4DTA/DTA mice and their refractive development is 

compared to Opn4−/−, we can determine the contribution of intrinsic mRGC signaling 

via rod/cone photoreceptor pathways to refractive development (Figure 1) independent 

of melanopsin activity. We confirmed our hypothesis that Opn4DTA/DTA mice would 
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have a more severe refractive phenotype: Opn4DTA/DTA mice were significantly more 

hyperopic across development than Opn4−/− as well as Opn4+/+ mice. While absence of 

intrinsic signaling from otherwise intact mRGCs contributes more to the rate of refractive 

development, photoreceptor-mediated synaptic input appears to influence the end-point 

and rate of refractive change. As wildtype refractive development reaches the typical +3 

−4 D refractive error at 12 weeks, the lack of mRGC signaling recalibrates the setpoint 

of refractive development and accelerates attaining the target refraction to just 6 weeks. 

The differences in refractive development between Opn4−/− and Opn4DTA/DTA might be 

related to different mRGC subtypes, such as M1 that are primarily intrinsic photoreceptors 

whereas M2 and M3 primarily receive their input from rods and cones (Schmidt and Kofuji, 

2011). Additionally, both Opn4−/− and Opn4DTA/DTA had shorter axial lengths with reduced 

anterior chamber depths and thinner retinas (Figures 1 and S2, Tables S1 and S2), resulting 

in hyperopia in eyes with intact visual input. Overall, these results suggest that signaling 

from mRGCs plays an important role in normal refractive development of the eye.

4.2 Altered mRGC signaling impacts FD myopia in mice

We found that both Opn4−/− and Opn4+/+ mice developed significant myopia after 3 weeks 

of FD. However, the magnitude of the myopic shift in Opn4−/− mice was 3 times larger 

than the myopic shift in Opn4+/+ animals (Figure 2). Interestingly, Opn4DTA/DTA mice had 

a comparable myopic shift to Opn4−/− mice suggesting that ablating mRGCs exerts the 

same effect on myopia progression as removing melanopsin from these cells. Mirroring the 

large difference in myopic shifts between genotypes, myopia development of Opn4DTA/DTA 

(and Opn4−/−) mice progressed significantly faster than naïve and Opn4+/+ FD mice 

(Opn4DTA/DTA vs Opn4−/− vs Opn4+/+ vs naïve: −1.03 vs −0.96 vs −0.34 vs 0.11 D / week, 

linear regression analysis, p<0.001). These results indicate that intact mRGC signaling 

slows the development of FD myopia. Previously, molecular analyses of the chick retina 

following 6 hours of experimentally induced myopia or hyperopia identified differentially 

expressed intrinsic circadian clock genes, including the melanopsin gene (Stone et al., 

2011b; Stone et al., 2020). In another recent study, retinal-specific knockout of the clock 

gene Bmal1 induced myopia in mice, whereas knockouts of clock genes cycle or period 
induced elongation of the pseudocones (the optical component that separates the facet lens 

from the photoreceptors in the fly eye) in Drosophila melanogaster, suggesting that the 

effects of circadian disruption on ocular development and myopia can be seen in widely 

separated species (Stone et al., 2019). The present results reinforce a potential association 

between retinal circadian clocks, refractive development, and myopia (Chakraborty et al., 

2018) by highlighting a role for mRGCs.

The myopic shifts in form-deprived Opn4−/− mice were not associated with changes in any 

of the ocular biometric parameters, including axial length. Melanopsin deficient Opn4−/− 

mice also showed a significant steepening of the cornea with FD. Previous studies have 

found melanopsin expression in corneal sensory nerves, and a potential role of melanopsin 

in corneal function (Delwig et al., 2018; Matynia et al., 2015) might be involved in 

mediating these corneal changes with FD. Furthermore, it may be that environments 

associated with myopia progression (e.g. blurred, defocused, or indoor conditions) (Flitcroft 

et al., 2020; Lingham et al., 2020), which contain lower spatial frequency information 
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similar to FD, reduce signaling of mRGCs and increase the susceptibility to FD myopia 

in Opn4−/− mice (Figure 2). Together, these results suggest that mRGCs are important for 

modulating the susceptibility to FD myopia in mice, but this susceptibility does not depend 

on intrinsic versus synaptic mRGC signaling.

4.3 Altered dopaminergic activity underlies increased susceptibility to FD in Opn4+/+, but 
not abnormal refractive development in Opn4−/− mice

In the absence of melanopsin, Opn4−/− mice experiencing normal vision did not have 

lower retinal DA across all ages (Figure 3b). While it has been demonstrated that mRGC 

signaling can alter retinal dopaminergic signals (Zhang et al., 2012; Zhang et al., 2008), 

notably however, a study by Cameron et al. found that melanopsin is neither necessary 

nor sufficient for light-regulated release of retinal DA (Cameron et al., 2009). Importantly, 

Opn4−/− mice had similar DOPAC levels and DOPAC/DA ratios as Opn4+/+ mice across all 

ages, indicating that reduced input to mRCGs does not necessarily alter DA metabolism, 

signaling, and turnover in Opn4−/− retinas (Figure 3). However, since Opn4DTA/DTA mice 

had increased DA and DOPAC levels, and thus increased DA turnover, especially at young 

ages, our data suggest that the complete absence of mRGCs, and potentially less drive to 

dopaminergic amacrine cells, causes significant dysregulation of the dopaminergic system 

and may explain their hyperopic refractions and shorter axial lengths. Unlike in Opn4−/− 

mice, DA appears to play an important role in regulation of normal refractive development 

in Opn4DTA/DTA mice. Therefore, synaptic input to mRGCs through photoreceptor pathways 

in Opn4−/− mice is likely sufficient for normal DA metabolism and turnover. Given that 

endogenous levels of retinal DOPAC and the DOPAC/DA ratio are more important than 

DA levels for determining the myopia susceptibility in the mouse eye (Chakraborty and 

Pardue, 2015; Chakraborty et al., 2014; Chakraborty et al., 2015), these findings suggest that 

juvenile myopia and abnormal refractive development in mice lacking melanopsin (Opn4−/−) 

are independent of dopaminergic mechanisms, but that photoreceptor input is necessary. 

This is further supported by the fact that chronic treatment with L-DOPA from before 

birth could not prevent spontaneous myopia in young 4 and 6 week-old Opn4−/− mice, 

despite elevated levels of retinal DOPAC and DA with the treatment (Figure 4, Figure S3). 

Interestingly, L-DOPA treated Opn4−/− mice showed steepening of the cornea in comparison 

with non-treated mice, which could be a result of changes in the corneal dopamine receptor 

activity with DA treatment (Cavallotti et al., 1999; Crosson et al., 1984).

As shown in Figure 3, Opn4−/− mice that developed significant myopia with FD also had 

significantly lower levels of retinal DOPAC (and DA although statistically insignificant) in 

their FD eyes, suggesting an important role of DA metabolism in FD in these mice. This 

was consistent with previous reports of lower DOPAC and DA levels in chicken (Stone 

et al., 1989) and primate (Iuvone et al., 1989) eyes with FD myopia. In contrast, DA is 

unlikely to play a role in FD myopia in Opn4DTA/DTA mice, due to a lack of DA differences, 

suggesting that DA regulation of FD myopia requires intact photoreceptor signals through 

mRGCs. Furthermore, systemic administration of L-DOPA has been shown to prevent the 

development of FD myopia in mammalian eyes (Landis et al., 2020; Mao et al., 2010) 

and L-DOPA supplementation in FD Opn4−/− mice reduced the myopic shift magnitude to 

almost half compared to FD mice that did not receive the treatment (p=0.055, Figure 4). 
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This is consistent with evidence of dopamine acting as a “stop signal” for experimental 

myopia in animals (Dong et al., 2011; Iuvone et al., 1989; Stone et al., 1989). Additionally, 

the protective effects of L-DOPA treatment in myopic Opn4−/− eyes were associated with 

elevated levels of retinal DOPAC and DA when compared to non-treated Opn4−/− eyes 

(Figures 4 and S2). This supports previous work showing that systemic L-DOPA treatment 

can pass the blood-retinal barrier to accumulate in the retina as well as increase levels of 

retinal DA and DOPAC (Chesler et al., 2021; Mao et al., 2010). Note that we only tested the 

effects of a single L-DOPA concentration (1 mg/mL) on FD myopia, which may not have 

been sufficient to elicit complete suppression of myopia or affect DA and DOPAC levels 

during FD. Therefore, future studies examining the efficacy of higher doses of L-DOPA 

on FD myopia in Opn4−/− mice are warranted because L-DOPA inhibited the development 

of experimental myopia in a dose-dependent manner in chickens (Thomson et al., 2019; 

Thomson et al., 2020). Interestingly, while FD and L-DOPA treatments individually caused 

corneal steeping in Opn4−/− mice, FD treated with L-DOPA did not affect corneal curvature 

(Figure 4), suggesting complex interactions between corneal melanopsin and DA receptors 

under different visual conditions.

4.5 Conclusions: mRGCs impact refractive development and myopia progression in mice

The prevalence of myopia worldwide is increasing at an alarming rate, especially in some 

regions of Asia (Dolgin, 2015; Wu et al., 2016), and affects around 30% of the population 

globally (Holden et al., 2016; Morgan et al., 2017). Importantly, as myopia increases, so 

do the rates of many blinding conditions in adulthood (Morgan et al., 2012). However, 

the underlying mechanisms responsible for myopia are unknown and novel mechanistic 

approaches are needed to identify more effective preventative and therapeutic methods. Our 

results add to the growing evidence of a potential underlying link between melanopsin, 

circadian rhythms, visual signaling, and the hypothesis of circadian dysregulation as a 

mechanism for myopia development (Chakraborty et al., 2020; Chakraborty et al., 2018; 

Stone et al., 2013). Melanopsin signaling has been the target of intense research in the 

past decade and plays a role in many important visual functions. We found that melanopsin 

signaling has pronounced effects on both normal refractive development and the eye’s 

response to FD, a widely studied myopia model in experimental animals. Additionally, 

we have found that these changes are associated with changes in axial length and other 

ocular parameters in the mouse eye. Lastly, our work adds further support to the widely-

reported involvement of the retinal dopamine system in myopia by providing evidence 

to link of dopaminergic activity with mRGCs. Taken together, we conclude that proper 

mRGC function can protect against myopia and myopia progression and suggest that mRGC 

function could be a potential target for myopia intervention.
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Highlights

• Dysfunction in retinal melanopsin signaling alters refractive development in 

mice

• Form-deprivation (FD) myopia is enhanced with disrupted melanopsin 

signaling

• Retinal dopamine signaling is reduced in form-deprived mice lacking 

melanopsin

• Systemic L-DOPA treatment attenuates FD myopia in melanopsin knockout 

mice

• Melanopsin is vital for refractive development and slowing myopia 

progression

Chakraborty et al. Page 21

Exp Eye Res. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Loss of melanopsin alters refractive development and ocular growth. A) Refractive error 

measurements in Opn4+/+ (black), Opn4−/− (red), and Opn4DTA/DTA (blue) mice. Opn4−/− 

mice had a steeper refractive development curve (p<0.001) that led to hyperopia compared 

to Opn4+/+ mice, with significantly more myopic refractions at earlier ages (p<0.001) and 

hyperopic refractions at older ages. Opn4DTA/DTA showed significantly more hyperopic 

refractions than the other two genotypes (p<0.001). B) Shorter axial length (p<0.001) in 

Opn4−/− mice compared to Opn4+/+ at later ages. Opn4DTA/DTA mice also had significantly 

shorter axial lengths than Opn4+/+ or Opn4−/− mice across most ages (p<0.001). C) Corneal 

curvature was not different between Opn4+/+, Opn4−/−, and Opn4DTA/DTA mice (p=0.98) 

but increased with age (p<0.001). Data are presented as mean ± SEM. Comparisons were 

performed with RM two-way mixed-effects analysis (MEA) with Holm-Sidak multiple 

comparisons tests (HSK) where *p<0.05, **p<0.01, and ***p<0.001. Black and red 

asterisks = significant differences compared to Opn4+/+ and Opn4−/− mice, respectively.
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Figure 2. 
Larger response to form-deprivation (FD) in melanopsin deficient mice. A) FD caused a 

myopic shift in Opn4+/+ (solid line) mice after 3 weeks (dashed line, p<0.05). B) There was 

no effect of FD on axial length in Opn4+/+ mice, but the axial length shift changed with age 

(p<0.05) C). Corneal curvature did not significantly change with FD. D-F) Same as in A-B 

but for Opn4−/− mice. There was a significant myopic shift with FD (p<0.001) but no change 

in axial length. However, cornea radii became shorter in the FD eye (p<0.05), developing 

a steeper corneal curvature. G-I) Same as in A-B but for Opn4DTA/DTA mice. FD led to 

a significant myopic shift (p<0.01) but no change in axial length or corneal curvature. J) 

Myopic shifts compared between naïve (solid black), Opn4+/+ FD (dashed black), Opn4−/− 
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FD (dashed red), and Opn4DTA/DTA FD (dashed blue) mice. Opn4+/+ (black), Opn4−/− (red), 

and Opn4DTA/DTA (blue) mice. Opn4−/− mice show significantly greater susceptibility to FD 

than Opn4+/+ mice (p<0.001) and both Opn4−/− and Opn4DTA/DTA mice responded similarly 

to FD (p=0.34). Black and red asterisks denote significance between naïve compared to 

Opn4+/+ and Opn4−/− mice, respectively. K) There was no difference in axial length shift 

across genotypes. L) Corneal curvature after FD was only significantly different between 

Opn4+/+ and Opn4DTA/DTA mice (p=0.03). Axial length and corneal curvature values were 

normalized to 4 weeks of age. Data are presented as mean ± SEM. Comparisons between 

treatment (FD vs control) and genotypes were performed with MEA (or ANOVA) with HSK 

where *p<0.05, **p<0.01, and ***p<0.001.
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Figure 3. 
Altered retinal DA and DOPAC levels in normal and FD eyes in the absence of melanopsin. 

A-C) DOPAC (A), DA (B), and the DOPAC/DA ratio (C) values for Opn4+/+ (black), 

Opn4−/− (red), and Opn4DTA/DTA mice (blue) across age. For Opn4+/+ and Opn4−/− mice, 

DOPAC levels increased (A, p<0.05) and DA levels decreased (B, p<0.001) from 4 to 

12 weeks, which was also reflected in the increased DOPAC/DA ratio after 4 weeks (C, 

p<0.001). In Opn4DTA/DTA mice, DOPAC levels were significantly higher at 4 weeks (A) 

and DA levels were significantly higher at 8 and 12 weeks (B) than in the other mice. 

However, the DOPAC/DA ratio was only higher in Opn4DTA/DTA mice at 4 weeks (C). D-E) 

In Opn4+/+ mice, 3 weeks of FD did not alter DOPAC (D), DA (E), or the DOPAC/DA 

ratio (F) between control (solid dark symbols, n=5), opposite (open light symbols, n=6), or 

FD eyes (open dark symbols, n=4). G-I) In Opn4−/− mice, FD eyes (n=5) had significantly 
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lower DOPAC levels than the opposite eyes (n=5, p<0.05, G) but not the control eyes 

(n=7). A similar trend was seen with DA (H) but not with the DOPAC/DA ratio (I). J-L) In 

Opn4DTA/DTA mice, there was no difference in DOPAC (J), DA (K), or the DOPAC/DA ratio 

(L) between control (n=7), opposite (n=3), or FD (n=3) mice. Data are presented as mean 

± SEM. Comparisons were performed with MEA (A-C) and one-way ANOVA (D-L), both 

with HSK where *p<0.05 and ***p<0.001.
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Figure 4. 
L-DOPA attenuates FD myopia. A) L-DOPA treatment (purple) did not prevent spontaneous 

myopia in Opn4−/− mice compared to control (red). L-DOPA treatment caused significantly 

steeper corneal curvature than control mice (C) but no change in axial length (B). D) Myopic 

shifts in FD Opn4−/− mice treated with L-DOPA (purple dashed lines) were less myopic 

compared to FD Opn4−/− (red dashed lines, p=0.055) but still had greater myopic shifts 

than Opn4−/− controls. E-F) L-DOPA treatment with FD did not cause significant changes 

in axial length or corneal curvature in Opn4−/− mice. Data are presented as mean ± SEM. 

Comparisons were performed in A-B, D-F with MEA and C with ANOVA, both with HSK 

where *p<0.05 and ***p<0.001.
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Figure 5. 
Major development and signaling changes in the absence of melanopsin. A) Schematic of 

the mouse eye showing the major ocular development parameters (left, ACD = anterior 

chamber depth, VCD = vitreous chamber depth) and the major retinal pathways associated 

with melanopsin-mediated signaling (right). In Opn4+/+ mice, both photoreceptors (P, green) 

and mRGCs (light blue) directly detect light. mRGCs also receive photoreceptor-mediated 

synaptic input through bipolar cells (BC) and have interactions with dopaminergic pathways 

(DAC). In Opn4−/− mice (red), mRGCs still respond to light through photoreceptor-mediated 

synaptic signaling but no longer have intrinsic melanopsin light responses. In Opn4DTA/DTA 

mice (blue), mRGCs are not present and the retina loses both intrinsic mRGC and synaptic 

melanopsin responses. B) Summary table of the effects of melanopsin signaling disruption 

on refractive development, ocular development, and dopamine signaling. RE = refractive 

error. FD = form-deprivation. DA = dopamine. All parameters are in comparison to Opn4+/+ 

or the un-treated condition. + indicates p<0.10. ++ indicates p<0.10 in comparison to 

Opn4−/− mice without L-DOPA treatment.
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