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Dopamine is a key neurotransmitter in the signaling cascade controlling ocular refractive development, but the exact role and site of
action of dopamine D1 receptors (D1Rs) involved in myopia remains unclear. Here, we determine whether retinal D1Rs exclusively
mediate the effects of endogenous dopamine and systemically delivered D1R agonist or antagonist in the mouse form deprivation my-
opia (FDM) model. Male C57BL/6 mice subjected to unilateral FDM or unobstructed vision were divided into the following four
groups: one noninjected and three groups that received intraperitoneal injections of a vehicle, DIR agonist SKF38393 (18 and
59 nmol/g), or DIR antagonist SCH39166 (0.1 and 1nmol/g). The effects of these drugs on FDM were further assessed in DrdI-
knock-out (Drd1-KO), retina-specific conditional Drd1-KO (Drd1-CKO) mice, and corresponding wild-type littermates. In the visually
unobstructed group, neither SKF38393 nor SCH39166 affected normal refractive development, whereas myopia development was atte-
nuated by SKF38393 and enhanced by SCH39166 injections. In Drd1-KO or Drd1-CKO mice, however, these drugs had no effect on
FDM development, suggesting that activation of retinal DIRs is pertinent to myopia suppression by the DIR agonist. Interestingly,
the development of myopia was unchanged by either Drd1-KO or DrdI1-CKO, and neither SKF38393 nor SCH39166 injections, nor
Drd1-KO, affected the retinal or vitreal dopamine and the dopamine metabolite DOPAC levels. Effects on axial length were less
marked than effects on refraction. Therefore, activation of DIRs, specifically retinal D1Rs, inhibits myopia development in mice.
These results also suggest that multiple dopamine DIR mechanisms play roles in emmetropization and myopia development.
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While dopamine is recognized as a “stop” signal that inhibits myopia development (myopization), the location of the dopa-
mine D1 receptors (D1Rs) that mediate this action remains to be addressed. Answers to this key question are critical for
understanding how dopaminergic systems regulate ocular growth and refraction. We report here the results of our study
showing that D1Rs are essential for controlling ocular growth and myopia development in mice, and for identifying the retina
as the site of action for dopaminergic control via D1Rs. These findings highlight the importance of intrinsic retinal dopami-
nergic mechanisms for the regulation of ocular growth and suggest specific avenues for exploring the retinal mechanisms
involved in the dopaminergic control of emmetropization and myopization. /
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Introduction
Myopia (near-sightedness) is the most common refractive error
worldwide. The prevalence of myopia has steadily increased in
recent years, particularly in East and Southeast Asia (Dolgin,
2015; Holden et al, 2016). Ocular pathologies associated with
high myopia (refraction more negative than —6D) can lead to
severe complications, including retinal detachment, glaucoma,
and even blindness (Ohno-Matsui et al., 2016). Better under-
standing of the mechanisms underlying this condition is needed,
to make possible better methods for controlling its progression.
A wide range of myopia research has identified dopamine
(DA) in the retina as a key neurotransmitter involved in the
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signaling cascade that regulates refractive development and ocular
growth. Retinal levels of DA are reduced during form deprivation
myopia (FDM), and administration of DA, or the nonselective
DA agonist apomorphine, attenuates FDM development in vari-
ous animal models (Iuvone et al., 1989, 1991; Dong et al., 2011;
Yan et al., 2015; Lan et al., 2016). These findings suggest that the
development of FDM is mediated by insufficient release of DA in
the retina, as the release of DA or the addition of DA agonist pre-
vents myopia progression.

DA exerts its effects through two groups of DA receptors:
D1-like [D1 receptor (D1R) and D5R] and D2-like (D2R, D3R,
and D4R). The role of D1Rs in FDM development is currently
controversial, since the results of several early studies in chickens
suggested that only D2Rs take part in the regulation of ocular
growth (Rohrer et al,, 1993; McCarthy et al., 2007; Nickla and
Totonelly, 2011). However, the importance of D1Rs in regulating
myopia development was suggested by the findings that D1Rs
play a predominant role in modulating visual acuity and refrac-
tive development in mammals, combined with a recent genome-
wide association study identifying Drd1 as one of the genes asso-
ciated with refractive error in humans (Hysi et al., 2020).

Studies conducted in chicks revealed that daily intravitreal
injection of DIR antagonist SCH23390 inhibited the ameliorat-
ing effects of periods of unobstructed vision on lens-induced my-
opia (Nickla et al., 2010) and blocked the development of FDM
(Schaeffel et al., 1995). By contrast, we found that inhibition of
FDM in mice by the nonselective DA agonist apomorphine was
blocked by knockout of the DrdI gene (Drd1-KO) but not of the
Drd?2 gene (Drd2-KO; Huang et al., 2018), suggesting that activa-
tion of D1Rs specifically inhibited myopia in mice. In line with
this, activation of D1Rs by SKF38393 inhibited spontaneous or
experimentally induced myopia in guinea pigs (Jiang et al., 2014;
Zhang et al., 2018). These discrepancies reflect the complexity of
D1R signaling in myopia development, which tends to vary with
differences in the pharmacokinetics and specificity of DIR drugs
in different animal species. Many variables influence the pharma-
cokinetics of drug delivery, and little is known about the intraocu-
lar distribution of locally or systemically administered drugs. As
the D1Rs are widely expressed in a variety of ocular tissues includ-
ing retina, iris, ciliary body, uveoscleral tissue, trabecular mesh-
work, and cornea (Bucolo et al., 2019), all of these structures are
potential sites of action of DIR-targeted pharmacological inter-
vention in ocular growth and myopia. Furthermore, the DIR
drugs also appear to interact with other neurotransmitter recep-
tors at multiple sites (Seeman and Van Tol, 1993), and these also
are plausible candidates for myopia control. Therefore, to explore
the D1R-mediated mechanisms involved in myopia, the exact role
and site of action of D1Rs in control of visual growth and myopia
development need to be evaluated using a targeted approach.

As an extension of our previous study on the site of action of
D2Rs in myopia development (Huang et al.,, 2022), this study fur-
ther tests the hypothesis that the effects of endogenous dopamine
and systemically administered DIR agonist or antagonist on FDM
in mice are mediated exclusively by D1Rs in the retina using trans-
genic mouse models combined with pharmacological intervention.

Materials and Methods
Experimental design

Animals. Animals were reared and treated in accordance with the
Association for Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research, and all procedures
were approved by the Animal Care and Use Committees of Wenzhou
Medical University. Mice were maintained under a 12 h light/dark cycle at
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an ambient illumination of ~300 lux provided by fluorescent light (36 W;
TL-D LIFEMAX, PHILIPS) during the daytime with abundant food and
water. Male C57BL/6 mice were purchased from GemPharmatech.

Drd1-KO mice. The Drdl-KO mice (Drd1"eKOMP)Wesi, catalog
#4451251, MGI; The Knockout Mouse Project, Mouse Biology Program,
University of California, Davis; Skarnes et al., 2011; Assali et al., 2021) were
backcrossed for up to 10 generations with C57BL/6] to maintain a C57BL/
6] genetic background. Briefly, an IRES:lacZ trapping cassette and a floxed
promoter-driven neocassette were inserted upstream of the critical exon 2
to generate a germline KO allele, resulting in constitutive disruption of the
translational frame of the gene and premature termination at the neo-poly
A site (http://www.informaticsjax.org/allele/MGI:4451251). Heterozygous
mice were bred to generate homozygous DrdI-KO and wild-type (DrdI-
WT) littermates.

Retina-specific conditional Drd1-KO mice. Drd """ mice were gener-
ated by removal of the gene-trap cassette from the above Drd1-KO mice
by Flp recombinase, leaving loxP sites on either side of the critical exon 2.
Further information on targeting strategies used for this allele can be found
at http://www.informatics.jax.org/mgihome/nomen/IKMC_schematics.
shtml. Conditional Drd1-KO (Drd1-CKO) mice (Six3"°Drd ") were then
generated by crossing the Drd /" mice with Six3-Cre (a retinal cre, C57BL/
6] * DBA/2 background; stock #019755, The Jackson Laboratory), resulting
in deletion of the critical exon 2 to induce a frameshift mutation and trigger
nonsense-mediated decay of the mutant transcript (Furuta et al., 2000). The
Cre-negative (Drd ™) littermate mice served as controls.

Gene expression analyses

The DrdI and Drd2 mRNA expression levels in the cornea, lens, neural
retina, and sclera of Drd1-CKO and their Drd /" littermates were deter-
mined by quantitative real-time PCR (qRT-PCR) analysis, as previously
described (Huang et al., 2022). The primer sequences were (1) for Drd1I
(targeting the transcripts that were deleted in DrdI-CKO mice): 5'-
CACGGCATCCATCCTTAACCT-3" (forward) and 5'-TGCCTTCGG
AGTCATCTTCCT-3' (reverse); (2) for Drd2: 5'-CCCTGGGTCGTCT
ATCTGGAG-3' (forward) and 5'-GCGTGTGTTATACAACATAGG
CA-3' (reverse); and (3) for 18s rRNA: 5'-CGGACACGGACAGGATT
GAC-3' (forward) and 5-GTTCAAGCTGCCCGTCTCCTCATC-3’
(reverse).

RNAscope in situ hybridization

In situ hybridization (ISH) was performed on frozen sections of retinas
fixed for 24 h with 4% paraformaldehyde in 0.1 M PBS at 4°C and embedded
in optimal cutting temperature (OCT) compound (Sakura). Sections were
labeled using an RNAscope Kit [RNAscope Multiplex Fluorescent Reagent
Kit v2; catalog #323100, Advanced Cell Diagnostics (ACD)], as directed by
the manufacturer. After hybridization and amplification, the samples were
counterstained with RNAscope Probe-Mm-DrdI (catalog #461901, ACD),
which was designed to detect the deleted target region (521-1524bp) in
both DrdI-KO and DrdI-CKO mice. Positive and negative controls were
conducted simultaneously in each experiment to verify the reliability of the
RNAscope analysis (positive control probe Mm-Polr2a; catalog #320881,
ACD; and negative control probe DapB; catalog #320871, ACD). The
images were obtained with a microscope (model LSM 880, Zeiss).

Electroretinographic recording

Electroretinograms (ERGs) were measured with a RETI-port ERG sys-
tem (Ganzfeld Q450 SC, Roland Consult) as previously reported (Huang
et al,, 2018). Initially, white LED stimuli of five flashing light stimuli of
relatively low intensities (—3.699, —2.201, —0.699, 0.301, and 0.799 log
cd - s/m?) were used to induce scotopic responses. Subsequently, stron-
ger illumination (1.398 log cd/m?®) was applied for 10 min for light adap-
tation, and then five stimuli of higher intensity (—0.699, —0.201, 0.301,
0.799, and 1.301 log cd - s/m?) were used to induce photopic responses.

Form deprivation myopia and drug administration

To induce FDM, a handmade translucent occluder was attached to the
fur around the left eye, using glue, at postnatal day 28 (Huang et al,,
2018, 2022); the contralateral fellow eye was untreated. A plastic collar
was fitted around the neck to prevent the mouse from removing the
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Figure 1.  D1R agonist SKF38393 prevents FDM but has no effect on normal refractive development in C57BL/6 mice with unobstructed vision. A, Timeline of the experimental procedure

and data collection. D, Day of experimental treatment (e.g., D0). B, Sketch illustrating the experimental design for testing the effect of SKF38393 (18 and 59 nmol/g) on C57BL/6 mouse refrac-
tive development under unobstructed vision and FDM. -G, Under unobstructed vision, absolute values for body weight (C), refraction (D), vitreous chamber depth (E), axial length (F), and cor-
neal radius of curvature (G) were not affected by SKF38393. H-K, Under FDM, interocular differences in eyes treated with FD-SKF38393, compared with FD-Veh and FD-Con eyes, revealed
significantly lower myopia (H), with smaller vitreous chamber depth (/), shorter axial length (J), and no difference in corneal radius of curvature (K). L-0, Assayed amounts of retinal and vitreal
DA and DOPAC: retinal DA (L), DOPAC (M), DOPAC/DA ratio (N), and vitreal DOPAC (0) were unaffected by treatment with FD-SKF38393. Numbers of animals (pairs of eyes) are shown in paren-
theses for each treatment condition. *p << 0.05, **p << 0.01, and ***p << 0.001, two-way repeated-measures ANOVA.

occluder. DIR agonist SKF38393 (18 and 59 nmol/g body weight) and
DIR antagonist SCH39166 (0.1 and 1 nmol/g body weight; both from
Tocris Bioscience) were dissolved in distilled H,O containing 6 umol/ml
ascorbic acid (ICN Biomed) and 1 umol/ml dimethylsulfoxide (DMSO;
Sigma-Aldrich), before daily intraperitoneal injections. The pharmaco-
logical doses were chosen to achieve effective drug concentrations in the
CNS, on the basis of our study (Chen et al, 2017) and other studies
(Bratcher et al., 2005; Servonnet et al., 2021). All injections (10 ul/g body
weight of the animal) were administered at 9:00 A.M. Noninjected control
group and groups injected with vehicle alone (6 umol/ml ascorbic acid or
1 umol/ml DMSO) are abbreviated as “Con” and “Veh,” respectively. The
two different doses of DIR agonist and D1R antagonist are abbreviated as
“18SKF” or “59SKF,” and “0.1SCH” or “ISCH,” respectively.

Measurement of refractive error and ocular biometry

Refractive error in both eyes of each animal was measured in a darkened
room, as previously described (Zhou et al., 2008), with an eccentric infra-
red photorefractor designed by Schaeffel et al. (2004) that is customized
for the mouse eye and was calibrated regularly. Briefly, each unanesthe-
tized mouse was placed on a small, elevated platform and gently restrained
by holding its tail, and its position was adjusted until the first Purkinje
image was clearly shown in the center of the pupil, indicating an on-axis
measurement. The reported refractive error of each eye is the average of
values from at least three measurements. Interocular differences in every
form-deprived (FD) animals but only absolute values of the right eyes in
the visually unobstructed animals were used for statistical analyses.

A custom-made, ultra-long depth, spectral-domain optical coherence
tomography instrument was used to measure anterior chamber depth,
lens thickness, vitreous chamber depth (VCD), axial length (AL; from
front of the cornea to front of the retina), and anterior corneal radius of
curvature (Huang et al., 2018, 2022). After being anesthetized with a
mixture of 0.6% pentobarbital and 0.2% xylazine (10 pl/g body weight)
delivered intraperitoneally, the mouse was placed on a stage in front of a
modified slit lamp and scanned along the optical axis of the eye with an
X-Y cross-scanning system. The raw data were exported and analyzed
using custom-designed software to obtain the axial components and the
anterior corneal radius of curvature. The value of each parameter was
taken as the mean of values in three recorded OCT images.

High-performance liquid chromatography

Levels of retinal and vitreal DA and its major metabolite, dihydrophenyl-
acetic acid (DOPAC), were quantified using high-performance liquid
chromatography (HPLC) with electrochemical detection (Thermo
Fisher Scientific). All samples for HPLC analysis were collected
under strictly controlled illumination levels of 300 lux provided by
LED lights (15 W; TL-D LIFEMAX, PHILIPS) at zeitgeber 1 (ZT1)
to ZT2 (daytime, 1-2 h into the light period, when retinal DA lev-
els reach the daily peak; Doyle et al., 2002). Retinas and vitreous
bodies (collected using an Eppendorf pipette with a 10 ul pipette
tip) were harvested quickly under a dissecting microscope and immediately
frozen in liquid nitrogen. Each frozen sample was transferred into 100 ul
(for the retina) or 15 ul (for the vitreous body) of ice-cold 0.1 M perchloric
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Figure 2.  D1R antagonist SCH39166 promotes FDM but has no effect on normal refractive development, in (57BL/6 mice with unobstructed vision. A, Timeline of the experimental procedure

and data collection. D, Day of experimental treatment (e.g., D0). B, Sketch illustrating the experimental design for testing the effect of SCH39166 (0.1 and 1 nmol/g) on C57BL/6 mouse refrac-
tive development under unobstructed vision and FDM. (-G, Under unobstructed vision, absolute values for body weight (C), refraction (D), vitreous chamber depth (E), axial length (F), and cor-
neal radius of curvature (G) were not affected by SCH39166. H—K, Under FDM, interocular differences between eyes treated with FD-CH39166 and eyes treated with FD-Veh or FD-Con revealed
significantly greater myopia (H), with trends toward increases in vitreous chamber depth (/) and axial length (J), and no difference in corneal radius of curvature (K). L-0, Assayed amounts of
retinal and vitreal DA and DOPAC: retinal DA (L) and DOPAC (M) concentrations, DOPAC/DA ratio (N), and vitreal DOPAC concentration (0) were unaffected by treatment with FD-SCH39166.
Numbers of animals (pairs of eyes) are shown in parentheses for each treatment condition. **p << 0.01, and ***p << 0.001, two-way repeated-measures ANOVA.

acid, containing 10 um ascorbic acid, 0.1 mm EDTA disodium salt, and
0.02 uMm 3,4-dihydroxybenzylamine. DA and DOPAC levels were assessed
with an neurotransmitter analyzer (1200 series, Agilent Technologies) as
previously reported (Zhang et al., 2018). The data were collected and ana-
lyzed by ChemStation (Agilent Technologies). In addition, the DOPAC/
DA ratio was calculated as a measure of DA turnover.

Statistics

The Shapiro-Wilk normality test was used to analyze the distribution of all
datasets. For comparisons of two groups, independent datasets were com-
pared by unpaired two-tailed ¢ tests or nonparametric Mann-Whitney U
tests, according to the results of normality testing. For multiple comparisons
with repeated measures, two-way or three-way repeated-measures ANOVA
was performed with or without Geisser-Greenhouse correction, depending
on conditions for sphericity statistics, and Bonferroni corrections were
applied in post hoc analyses. p << 0.05 was considered significant (GraphPad
Prism 8.0). Data are presented as the mean * SEM.

Results

D1R agonist SKF38393 prevents FDM but has no effect on
normal refractive development

Effects of SKF38393 in C57BL/6 mice under unobstructed vision
and unilateral FD

Intraperitoneal injections of SKF38393 (18SKF or 59SKF),
administered daily for 4 weeks (Fig. 1A,B), did not significantly

affect body weight, refraction, or other ocular biometric parameters
in the visually unobstructed group (p > 0.05, two-way repeated-
measures ANOVA; Fig. 1C-G). Similarly nonsignificant were the
baseline values of these parameters across all FD groups (all p val-
ues > 0.05; Fig. 1H-K). After 4weeks of treatment, the FD-
induced myopic shift was similar in the FD-Con and FD-Veh
groups (p > 0.05), indicating that vehicle injections had no effects
on myopia development. In contrast, the myopic shift was signifi-
cantly less in the FD-18SKF and FD-59SKF groups than in the FD-
Veh group (p < 0.001). In parallel, VCD (p = 0.035 and p = 0.004)
and AL (p=0.010 and p =0.001) elongations were also less in the
FD-18SKF and FD-59SKF groups, respectively, than in the FD-
Veh group. No significant interocular differences in corneal radius
of curvature, anterior chamber depth, or lens thickness
were observed among different FD groups after treatment
with SKF38393 for 4 weeks (p > 0.05; Fig. 1K, data for anterior
chamber depth or lens thickness not shown). Thus, treatment
with this DIR agonist reliably and partially attenuated the FD-
induced changes in refraction, VCD and AL.

Retinal dopamine levels and metabolism
Neither FD nor SKF38393 injections affected the DA and DOPAC
levels in the retina (p > 0.05, two-way repeated-measures ANOVA;
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Effects of Drd7-KO on normal refractive development with unobstructed vision. A, Fluorescence in situ hybridization produced no detectable labeling of Drd7 mRNA in Drd1-KO ret-

ina. Scale bar, 100 um. B, Timeline of the experimental procedure and data collection. C, Diagram of Drd7-KO and breed-matched Drd7-WT mice. D—G, Biometric measurements in Drd7-KO
and Drd7-WT groups from 4 to 10 weeks old: refraction (D), vitreous chamber depth (E), axial length (F), and corneal radius of curvature (G). *p << 0.05, two-way repeated ANOVA.

Fig. 1L,M). The calculated retinal DOPAC/DA ratio is a measure of
DA turnover, which is a surrogate for DA release in the retina, while
vitreal DOPAC content is a direct indicator of retinal DA release.
There was a significant decrease in both the retinal DOPAC/
DA ratio and vitreal DOPAC levels after 4 weeks of FD (main
effects of FDM: for retinal DOPAC/DA: F;,, = 25.83,
p<0.001; for vitreal DOPAC, F(; ) = 14.72, p <0.001; Fig.
IN,O). However, there were no significant differences in these
levels when the FDM mice were injected with SKF38393, com-
pared with those in the vehicle group (p > 0.05). Overall, en-
dogenous DA release and turnover were unchanged by
SKF38393 injections.

D1R antagonist SCH39166 promotes FDM but has no effect
on normal refractive development

Effects of SCH39166 in C57BL/6 mice under unobstructed vision
and unilateral FD

Four weeks of treatment with DIR antagonist (SCH39166:
0.1SCH or 1SCH; Fig. 2A,B) did not affect ocular refraction or
biometric parameters under unobstructed vision, in any groups
(p > 0.05; Fig. 2C-G). Under FD, the myopic shifts in refraction
in the FD-Veh and FD-Con groups were not significantly differ-
ent (p > 0.05; Fig. 2H). However, the myopic shift was signifi-
cantly greater in the FD-0.1SCH group than in the vehicle group
(p=0.001). The myopic shift was even higher in the FD-
1SCH group than in the vehicle-injected group (p <0.001),
indicating that DIR antagonist treatments dose-dependently
enhanced the myopic shift in refraction. However, the
increases of interocular differences in VCD (Fig. 2I) or AL
(Fig. 2J) in the FD-0.1SCH or FD-1SCH mice were greater but
not significantly different from those in the FD-Veh mice
(p > 0.05). There were also no significant interocular differen-
ces in other biometric parameters among the different FD
groups (p > 0.05; Fig. 2K).

Retinal dopamine levels and metabolism

The DA and DOPAC levels and DOPAC/DA ratios in the retinas
of form-deprived eyes were not different from those in the
untreated fellow eyes, and they were unchanged by SCH39166
injections (p > 0.05; Fig. 2L-N). After 4 weeks of treatment,
vitreal DOPAC levels in the FDM-treated eyes were signifi-
cantly lower than those in the untreated fellow eyes (main
effects of FDM: F(; 51) = 9.759, p =0.005; Fig. 20). However,
there were no significant differences between these levels in
SCH39166-injected and vehicle-injected animals (p > 0.05).
Thus, SCH39166 injections, like those of SKF38393, had no
significant effect on retinal DA release or turnover.

Suppression of FDM by SKF38393 is mediated by activation
of D1Rs

The receptor specificities of these DA drugs on FDM remain
unclear, as both SKF38393 and SCH39166 interact with other
subtypes of D1-like receptor D5R or even other neurotransmit-
ter receptors (Seeman and Van Tol, 1993; Jiang et al., 2014).
Thus, we used a DIR subtype-specific knock-out mouse, DrdI-
KO, and a lower dose of SKF38393 (18 nmol/g), which inhib-
ited FDM just as well as the higher dose, to determine whether
DIRs alone mediated these effects of DA drugs on FDM.

First, to verify the efficiency of deletion in the DrdI-KO ret-
ina, we used Drdl RNAscope chromogenic ISH on sections of
mouse retinas. In C57BL/6 mice, Drd1 transcripts were detected
in the inner retina—almost exclusively throughout all levels of
the INL—but were absent from photoreceptor nuclei and cell
bodies in the ONL (Fig. 3A), which is in agreement with previous
findings (Popova, 2014; Farshi et al., 2016; Travis et al., 2018). It
is noteworthy, however, that strong labeling was observed at the
level of photoreceptor inner segments, just external to the ONL
and outer limiting membrane for the positive control (Mm-
Polr2a; data not shown). Importantly, no signal was detected
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Figure 4.  Activation of D1Rs by SKF38393 suppresses FDM development in Drd7-KO mice. A, Flow diagram of experimental procedure and data collection. D, Day of experimental treatment
(e.g., D0). B, Schematic illustrating intraperitoneal injections of SKF38393 (18 nmol/g) in Drd7-KO mice with FDM. (-G, Biometric measurements in Drd1-WT-Veh, Drd7-WT-18SKF, Drd7-KO-
Veh, and Drd7-KO-18SKF groups, before and after 4 weeks of each treatment (4 and 8 weeks old, respectively). , Body weight. DG, Interocular differences (FD — fellow eye) in the following:
refraction (D), vitreous chamber depth (E), axial length (F), and anterior comeal radius of curvature (G). H-K, Quantification of retinal and vitreal DA and DOPAC: retinal DA (H) and DOPAC (/)
concentrations, DOPAC/DA ratio (J), and vitreal DOPAC concentration (K) were all unaffected by Drd7-KO. Numbers of animals (pairs of eyes) are shown in parentheses (C-G) or at the bottom
of the bar chart (H-K). *p << 0.05, **p << 0.01, and ***p << 0.001; three-way repeated ANOVA (C~G), Mann—Whitney U tests (I), or independent t tests (H, J, K) were applied as required.

when the same DrdI probe was applied to the retinas of Drd1-
KO mice, indicating that the target region is not expressed in the
retinas of Drd1-KO mice.

Effects of Drd1-KO on normal refractive development
The refractive development was similar in Drd1-KO and Drd1-WT
mice (p > 0.05; Fig. 3B-D). However, some ocular measurements
also increased at slower rates in the Drd1-KO than in the Drd1-WT
mice, as revealed by shorter AL and smaller corneal radius of curva-
ture compared with Drd1-W'T mice (Fig. 3E-G, details).

Effects of SKF38393 in Drd1-KO mice under unilateral FD

As previously reported (Huang et al.,, 2018), the body weights
of Drdl-KO mice were less than those of Drdl-WT mice
(p <0.001; Fig. 4C). After 4 weeks of FD, the myopic shift in the
Drd1-WT-18SKF group was significantly smaller than that in the
Drd1-WT-Veh group (p < 0.001; Fig. 4D). Strikingly, there was
no significant difference in refraction between the Drd1-KO-Veh

and DrdI1-KO-18SKF groups (p>0.05). In agreement with
the results of our previous study (Huang et al., 2018), the my-
opic shifts in the Drd1-WT-Veh and DrdI-KO-Veh groups
were not significantly different (p > 0.05). The increase in AL
in the Drd1-WT-18SKF group was smaller than that in the
Drdl-WT-Veh group (p <0.001; Fig. 4F), whereas the inter-
ocular differences in AL in the Drd1-KO-Veh and DrdI1-KO-
18SKF groups were not significantly different (p>0.05).
None of the treatments affected other biometric parameters
(p > 0.05; Fig. 4G).

Retinal dopamine levels and metabolism

No significant differences were observed in retinal or vitreal
DA or DOPAC levels, between Drdl-WT and Drd1-KO
(p>0.05, independent ¢ tests for retinal DA and DOPAC/
DA, and vitreal DOPAC; Mann-Whitney U tests for retinal
DOPAG; Fig. 4H-K).
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Figure 5.

Blockade of DR activation by SCH39166 promotes FDM development in Drd7-KO mice. A, Flow diagram of experimental procedure and data collection. D, Day of experimental

treatment (e.g., D0). B, Schematic illustrating intraperitoneal injections of SCH39166 (1 nmol/g) in Drd7-KO mice with FDM. (-G, Biometric measurements in Drd7-WT-Veh, Drd1-WT-1SCH,
Drd1-KO-Veh, and Drd7-KO-1SCH groups, before and after 4 weeks of each treatment (4 and 8 weeks old, respectively). €, Body weight. D-G, Interocular differences (FD — fellow eye) in the
following: refraction (D), vitreous chamber depth (E), axial length (F), and anterior corneal radius of curvature (G). Numbers of animals (pairs of eyes) are shown in parentheses for each treat-

ment condition. *p << 0.05, **p << 0.01, and ***p < 0.001, three-way repeated ANOVA.

Promotion of FDM by SCH39166 is mediated by blockade of
DI1Rs

Since SCH39166 showed a dose dependency in inducing myopia,
the higher dose (1nmol/g) was injected in Drd1-KO mice to
determine the receptor specificities of SCH39166 on FDM (Fig.
5A,B). As described above, body weights in the Drd1-KO mice
were lower than those in Drd1-WT mice (p < 0.001; Fig. 5C),
and the myopic shifts in Drd1-WT-Veh and DrdI-KO-Veh
groups were not significantly different (p > 0.05). After 4 weeks
of FD, the myopic shift was greater in Drd1-WT-1SCH than in
Drd1-WT-Veh mice (p=0.020; Fig. 5D). In contrast, there was
no significant difference in refraction between the Drd1-KO-Veh
and Drd1-KO-1SCH groups (p > 0.05). In parallel with the re-
fractive changes, the interocular differences in VCD and AL
tended to be greater in DrdI-WT-1SCH than in Drd1-WT-
Veh mice, but these differences were not statistically signifi-
cant (p >0.05; Fig. 5E,F). After 4 weeks of either treatment,
the interocular differences in other biometric parameters,
between any two groups, were not significantly different (p
values > 0.05; Fig. 5G). These results suggest that the aug-
mentation of myopia by SCH39166 is mediated by antago-
nism of intrinsic DA action on DIRs.

D1Rs located in the retina mediate the prevention of FDM by
SKF38393

The antimyopic effects of DA agonists could be mediated by
the DIRs in the retina or in other ocular tissues (e.g., cho-
roid, sclera). Therefore, to further clarify whether the activa-
tion of specific retinal D1Rs inhibits myopia development,
we tested the effects of SKF38393 on FDM in DrdI1-CKO
mice.

Analysis by qRT-PCR showed that retinal Drdl gene
expression was nearly abolished in Drd1-CKO mice and
was significantly lower than that in the Drd " littermates
(p <0.001; independent t tests for cornea, retina, and sclera;
Mann-Whitney U tests for lens; Fig. 6A). In contrast, nei-
ther retinal Drd2 gene expression nor Drdl expression level
in the cornea, lens, or sclera was affected by DrdI-CKO
(p>0.05; Fig. 6A,B). Furthermore, no Drdl transcripts
were detected by Drdl probe in the retinas of Drd1-CKO
mice (Fig. 6C), whereas a prominent layer of Drdl mRNA
was detected in Drd """ retina, indicating that Drd1 silenc-
ing was specific to the retina in Drd1-CKO mice. Consistent
with the findings in Drd1-KO or SCH39166-treated mice (Huang
et al., 2018), ERG recordings showed that both scotopic and pho-
topic responses were diminished in DrdI-CKO mice (p < 0.05,
two-way repeated-measures ANOVA; Fig. 6D,E).

Effects of Drd1-CKO on normal refractive development

The refractions showed small but statistically insignificant trends
toward more hyperopia in retina-specific Drd1-CKO mice, with
no significant differences in VCD, AL, or anterior corneal radius
of curvature during development from 4 to 10 weeks of age post-
natally (all p > 0.05; Fig. 6H-K). Thus, normal refractive devel-
opment in mice was not affected by Drd1-CKO.

Effects of SKF38393 in Drd1-CKO mice under unilateral FD

In contrast with the Drd1-KO mice, which lacked D1Rs in all
organs, tissues, and cell types, and had reduced body weights, the
Drd1-CKO mice had body weights similar to those of control
mice (p > 0.05; Fig. 7C). After 2 weeks of FD, the myopic shift in
the Drd""-18SKF mice was smaller than that recorded in the
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Figure 6.  Effects of retina-specific Drd7-CKO on normal refractive development with unobstructed vision. A, qRT-PCR to assess relative expression levels of Drd7 mRNA in corneas, lenses, neu-

ral retinas, and sclera of Drd7-CKO and littermate control mice (Drd7""). B, Relative expression levels of Drd2 mRNA from retinas of Drd7-CKO and Drd ™ mice. €, In situ hybridization produced
no detectable labeling of Drd7 mRNA in Drd1-CKO retina, whereas a prominent layer of Drd7 mRNA was detected in Drd7™" retina. Scale bar, 100 um. D, E, Scotopic (D) and photopic (E) ERG

a- and b-wave amplitudes in Drd7-CKO mice. F, Timeline of the experimental procedure and data collection. G, Diagram of Drd7-CKO and breed-matched Drd

™ mice. H-K, Biometric meas-

urements in Drd7-CKO and Drd7™" groups from 4 to 10 weeks old, as follows: refraction (H), vitreous chamber depth (I), axial length (J), and corneal radius of curvature (K). *p << 0.05,
*¥p < 0.01, and ***p < 0.001, Mann—Whitney U tests (lens in A) or independent ¢ tests (cornea, retina, and sclera in A and B), two-way repeated-measures ANOVA (D, E, H—K).

Drd""-Veh mice (p < 0.001; Fig. 7D). In contrast, this inhibi-
tion of myopia by SKF38393 disappeared in Drd1-CKO mice, as
no significant difference was observed between Drd1-CKO-Veh
and Drd1-CKO-18SKF groups (p > 0.05); this suggests that the
inhibitory effect of SKF38393 on FDM depends on the presence
of functional D1Rs in the retina. In parallel, the mean interocular
differences in both VCD and AL, in the Drd1"™-18SKF mice,
were slightly smaller but not significantly different from those
recorded in the DrdP""-Veh mice (p > 0.05; Fig. 7E,F). In the
Drd1-CKO mice, the interocular differences in VCD and AL
were unaffected by SKF38393 injections (Drd1-CKO-Veh vs
Drd1-CKO-18SKF, p >0.05). The interocular differences in
other biometric parameters among different FD groups, af-
ter 2 weeks of SKF38393 injections, were not significantly
different (p > 0.05; Fig. 7G). These results further support the
conclusion that D1Rs located in the retina are essential for do-
paminergic regulation of myopia development in mice.

Discussion
The role of DIRs in the development of myopia is uncertain
because the results of experiments using various animal species

and procedures are not consistent with a unifying functional
model. In the present study, we showed that while pharmacologi-
cal activation of D1Rs attenuated the development of induced
myopia, it had no effect on normal refractive development. We
also showed that this myopia inhibition was eliminated in mice
with Drd1-KO or Drd1-CKO, suggesting that activation of ret-
inal D1Rs is obligatory for the suppression of myopia develop-
ment by the DIR agonist. However, we found that neither normal
refractive development nor FDM was significantly affected by
genetic inactivation of DrdI alone, in either Drd1-KO or Drdl-
CKO mice, suggesting that the mere absence of DIRs in the retina
does not impede normal refractive development in a normal or
form-deprived environment. Overall, these results implicate the
involvement of more than one DA-DIR pathway or mechanism
in ocular growth and myopia development (Fig. 8).

Retinal dopamine levels and metabolism unaffected by DIR
drugs or KO

The retinal and vitreal DA and/or DOPAC levels recorded in
this study are similar to those reported previously in C57BL/6
mice (Wu et al., 2015; Liu et al., 2022). Experiments in different
species have produced conflicting results; for example, retinal or
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Figure 7.  D1Rs located in the retina mediate the prevention of FDM by SKF38393 in Drd7-CKO mice. A, Experimental procedures and data collection flow diagram. D, Day of experimental

treatment (e.g,, D0). B, Scheme of Drd7-CKO mice with intraperitoneal injections of SKF38393 (18 nmol/g) and monocular form deprivation. (-G, Biometric measurements in Drd1™""-Vieh,
DrdT™"-18SKF, Drd1-CKO-Veh, and Drd7-CKO-18SKF groups before and after 2 weeks of each treatment (4 and 6 weeks old, respectively). ¢, Body weight. D-G, Interocular differences (FD — fel-
low eye) in the following: refraction (D), vitreous chamber depth (E), axial length (F), and anterior corneal radius of curvature (G). Numbers of animals (pairs of eyes) are shown in parentheses
for each treatment condition. *p << 0.05, **p << 0.01, and ***p << 0.001, three-way repeated-measures ANOVA.

vitreal DA and/or DOPAC levels were found to be reduced in
FDM in chicks (Lan et al., 2016; Nickla et al., 2020) and primates
(Iuvone et al., 1989), but were unaltered in FDM in C57BL/6
wild-type mice (Chakraborty et al, 2014; Wu et al, 2015;
Chakraborty et al., 2019; Landis et al., 2021). We report here that
the retinal DA and DOPAC levels were unchanged, but that
the vitreal DOPAC and/or retinal DOPAC/DA levels were
decreased, during the development of myopia in C57BL/6
mice; this indicates that retinal DA release and turnover are
slightly reduced during FDM induction in mice. Furthermore,
it has been shown that retinal DOPAC/DA ratios are more im-
portant than DA levels for determining susceptibility to myo-
pia development in the mouse eye (Chakraborty et al., 2014,
2015; Chakraborty and Pardue, 2015). However, neither the
D1R agonist or antagonist nor Drdl KO further influenced
retinal DA release or turnover; this suggests that the DIR
drugs or KO induced these effects on FDM directly through
the retinal D1R signaling pathway (i.e., downstream from the
dopaminergic interneurons) rather than through changes in
DA release or turnover at the level of those interneurons.

Modulation of D1R-targeted pharmacological agents on
myopia development

We found that neither the DIR agonist nor antagonist was effec-
tive, except (1) when the endogenous DA release rate was low
(i.e., under FD but not under unobstructed vision); and (2) when
normal D1Rs were present in the retina (i.e., in WT but not in
Drd1-KO or Drd1-CKO mice). First, the differences in ocular
effects of DA drugs, under unobstructed vision and FDM, could
be because of a higher affinity of the deprived eye for exogenous

DA drugs, as the levels of retinal DA release and turnover are
lower in form-deprived eyes than in those with unobstructed
vision. Previous studies showed that as little as 2-3 h of FD inter-
ruption each day is adequate to restore normal retinal mecha-
nisms and prevent myopia development in chicks (McCarthy et
al,, 2007; Nickla and Totonelly, 2011); in agreement with this, we
found that daily D1R agonist or antagonist injections, whose
effects are short lived, had no effect on normal refractive devel-
opment in unobstructed vision. Second, myopia development
was unaffected by either DIR agonist or antagonist when there
were no functional D1Rs (Drd1-KO or Drd1-CKO) in the retina;
this showed that D1Rs are essential for controlling ocular growth
and preventing form deprivation myopia in mice, and for identi-
fying the retina as the site of action for dopaminergic control via
DIRs.

These findings highlight the importance of D1Rs, in distinct
retinal cell types and neural circuits, for the regulation of ocular
growth in mouse models. Data from multiple studies using a va-
riety of approaches including autoradiographic ligand binding,
immunohistochemistry, and ISH, suggest that D1Rs are located
mainly on inner retinal neurons—horizontal cells, cone (but not
rod) bipolar cells, a few subtypes of amacrine cells, and ganglion
cells (Popova, 2014; Farshi et al., 2016; Travis et al., 2018). The
diverse localization of D1Rs within retinal neural networks
suggests important modulatory roles for dopamine in the tun-
ing of visual signaling pathways, probably mainly supporting
and strengthening multiple cone-mediated motion and/or
flicker-sensitive pathways. Evidence suggests that the activa-
tion of D1R-expressing cells contributes to the suppression of
FDM development by photopic illumination in mice (Chen et
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Figure 8.

Paradigm for intrinsic retinal dopaminergic mechanisms mediated by D1R, in the regulation of myopia. A, Under unobstructed vision, DA signaling, by activation of D1R, represents a “stop”

signal that inhibits myopia development in mice. B, Under monocular form deprivation, these myopia-related visual signals decrease the endogenous DA release rate, thus leading to an insufficient activa-
tion of D1R-containing pathways in the retina and resulting in axial myopia. Working schematic for DR agonist, antagonist, and KO (including Drd7-KO and Drd7-CKO) contributions on myopia develop-
ment in the retina is shown in the dashed box. Words or arrows in green, blue, and red colors represent the signal transmission that related to emmetropia (or myopia inhibition), reqular myopia, and
myopia enhancement, respectively; those in purple represent the signal transmission that related to myopia remained by Drd7 KO. PR, Photoreceptors; N. Circuits, neural circuits.

al., 2017). However, as D1Rs are present on a wide variety of
retinal neurons, it would be impossible at this time to say
which cells expressing D1Rs in the mouse eye are involved in
the control of emmetropization and myopia development.

Negative effects of mere genetic ablation of DIR on myopia
development

Interestingly, in our study, the development of FDM in mice was
not affected by mere genetic ablation of DIR in the retina,
whereas it was attenuated by D1R-targeted pharmacological ago-
nists. These results suggest that functional inactivation of existing
D1Rs, but not their deletion, is sufficient and necessary for mod-
ulating the development of FDM. These differences between the
pharmacological and genetic effects of DIR on ocular growth
and FDM development could be because of differences in D1R
kinetics (i.e., transient activation or inactivation in pharmacolog-
ical treatments, versus sustained inactivation from conception
onwards in genetic knockouts) and levels of DIR activation (i.e.,
upregulation/downregulation in pharmacological treatments vs
complete absence in genetic deletions). One must be aware that

the short-term effects of pharmacological agents are more similar
to those of visual stimulation or physiological (e.g., circadian) var-
iations in retinal DA metabolism, which change with time and vis-
ual conditions, than the long-term effects of gene silencing.
Previous studies showed that differential D1R stimulation can ini-
tiate or modulate selectively different cellular signaling pathways
(e.g., G-protein and arrestin pathways; Conroy et al., 2015; Kaya et
al., 2020). Therefore, we suggest that the DIR agonist might act at
D1Rs combined with other receptors or might act via separate cel-
lular signaling pathways (i.e., biased signaling of D1Rs) to produce
distinct effects, but only when administered and acting concur-
rently. The partial inhibition of FDM by a D1R agonist, as shown
in the present study, also suggests either that the myopic shift does
not entirely depend on the activity of retinal D1Rs or that other
signaling pathways are also involved in the control of axial growth
of the eye. These possibilities need to be clarified in future studies.

Limitations of the study
The main limitation of our study is that the Drd1-KO line was gen-
erated on a genetic background (C57BL/6]) very different from that
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of the Drd1-CKO mice (C57BL/6] * DBA/2). Consequently, not
only the genetic deletion, but also the different genetic backgrounds
in the two strains of mice, can be expected to influence the treat-
ment outcomes. However, the strength of our experimental design
is that our analysis compared the effects on experimentally treated
versus untreated fellow eyes, in the same animal (interocular differ-
ence, FD - fellow eye), minimizing effects because of differences in
genetic background or environmental exposure. Thus, the effects
that might be ascribed to these differences in genetic background
were minor, and this limitation does not diminish the strength of
our conclusions.

Conclusions

In conclusion, we have established conclusively that D1Rs are
essential for controlling ocular growth and myopia development
in mice, and we have identified the retina as the sufficient and
necessary site of these dopaminergic actions. These findings fur-
ther highlight the importance of intrinsic retinal dopaminergic
mechanisms for the regulation of ocular growth. Although the
exact mechanisms and sites of action of DA and related drugs in
retinal pathways remain elusive, our results provide possible ave-
nues for exploring the retinal mechanisms involved in the dopa-
minergic control of emmetropization and myopization.
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