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DEVELOPMENTAL BIOLOGY

The role of ipRGCs in ocular growth

and myopia development

Ai-Lin Liu, Yun-Feng Liu, Ge Wang, Yu-Qi Shao, Chen-Xi Yu, Zhe Yang, Zi-Rui Zhou, Xu Han,
Xue Gong, Kang-Wei Qian, Li-Qin Wang, Yuan-Yuan Ma, Yong-Mei Zhong¥*,

Shi-Jun Weng*, Xiong-Li Yang*

The increasing global prevalence of myopia calls for elaboration of the pathogenesis of this disease. Here, we
show that selective ablation and activation of intrinsically photosensitive retinal ganglion cells (ipRGCs) in devel-
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oping mice induced myopic and hyperopic refractive shifts by modulating the corneal radius of curvature (CRC)
and axial length (AL) in an opposite way. Melanopsin- and rod/cone-driven signals of ipRGCs were found to influ-
ence refractive development by affecting the AL and CRC, respectively. The role of ipRGCs in myopia progression
is evidenced by attenuated form-deprivation myopia magnitudes in ipRGC-ablated and melanopsin-deficient
animals and by enhanced melanopsin expression/photoresponses in form-deprived eyes. Cell subtype-specific
ablation showed that M1 subtype cells, and probably M2/M3 subtype cells, are involved in ocular development.
Thus, ipRGCs contribute substantially to mouse eye growth and myopia development, which may inspire novel

strategies for myopia intervention.

INTRODUCTION

Myopia is a pathological ocular refractive condition, caused by ab-
normal eye growth and/or refractive power of the ocular media that
renders visual images formed in front of the retina, thus resulting in
blurred vision (I). The prevalence of myopia has steadily increased
in recent years, particularly in East and Southeast Asia (2, 3). This
calls for the elaboration of the mechanisms controlling ocular re-
fractive development and myopia progression. The image-forming
visual system, driven mainly by rod and cone signals, is responsible
for pattern vision with high spatial and temporal resolution, and it
has long been implicated in the detection of image defocus, contrib-
uting substantially to emmetropization and myopia (4).

Rods and cones have been thought to be the only photosensitive
cells in the retina for many years until the end of the past century
when a novel photosensitive subset of retinal ganglion cells was
identified (5, 6). These cells, now named intrinsically photosensitive
retinal ganglion cells (ipRGCs), are located among conventional
ganglion cells and express the photopigment melanopsin (5, 6).
They could be driven by signals from rods and cones and project to
the suprachiasmatic nucleus (SCN), the olivary pretectal nucleus
(OPN), the ventral division of lateral geniculate nucleus (VLGN), and
conventional visual targets such as dorsal division of lateral genicu-
late nucleus (dLGN) and superior colliculus (SC) (7, 8). Distinct
from conventional ganglion cells, ipRGCs are also activated by a
melanopsin-triggered phototransduction cascade to generate spik-
ing response (5).

These cells were initially thought to be responsible for modulat-
ing the so-called non-image-forming visual behaviors that occur
outside of conscious visual perception, such as circadian photo-
entrainment and pupil constriction (9-11). In recent years, increasing
evidence suggests that ipRGCs could influence image-forming
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vision (pattern vision) as well (12-14). Although melanopsin sig-
naling alterations are recently implicated in experimental myopia
(15, 16), whether and how ipRGCs are involved in ocular growth
and myopia progression is largely unknown.

In this work, we provide evidence in a mouse model to demon-
strate that these cells make a considerable contribution to the
establishment of the ocular refractive system. In particular, rod/
cone-driven signals and melanopsin signals of ipRGCs could be re-
sponsible for controlling the corneal radius of curvature (CRC) and
the axial length (AL), respectively. Moreover, ipRGC ablation re-
duces the magnitude of myopic shifts induced by form deprivation,
which are associated with up-regulated expression of melanopsin
and the stronger melanopsin-mediated light response of ipRGCs in
form-deprived eyes. Among all known ipRGC subtypes, M1 cells
are most likely involved in the modulation of eye growth, whereas
M4 to M6 subtype cells with lower melanopsin expression seem to
play a minor role. These findings also pave a new way for developing
strategies for myopia intervention.

RESULTS

Targeted ablation of ipRGCs induces myopic refractive shifts
The involvement of ipRGCs in mouse refractive development was first
investigated with selective ipRGC ablation using an immunotoxin,
melanopsin-saporin (MEL-SAP), in which the ribosome-inactivating
protein saporin is conjugated to the polyclonal melanopsin anti-
body UF008 (17). To find an appropriate dose at which a large pro-
portion of ipRGCs was destroyed in C57BL/6 mice, but the functions
of other retinal neurons were hardly affected, we evaluated the den-
sities of UF008-labeled melanopsin immunopositive (melanopsin™)
cells at postinjection day 14 (D14) following intravitreal injection of
MEL-SAP at three concentrations [200, 400, and 800 ng, all sus-
pended in 0.75 ul of phosphate-buffered saline (PBS)] at postnatal
day 18 (P18) (Fig. 1, A and B). As shown in Fig. 1 (C and E), the cell
density was largely reduced with 200 ng of MEL-SAP, as compared
to that obtained with PBS (control), and the density further declined
when the dose was increased to 400 ng. With a higher dose of
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Fig. 1. IpRGC ablation induces myopic refractive shifts along with steeper corneas and shortened ALs under normal visual conditions. (A) Timeline of the exper-
imental procedure and data collection. (B) Sketch illustration of the experimental design testing the effect of MEL-SAP-mediated ipRGC ablation on C57BL/6 mouse re-
fractive development under normal visual conditions. (C) Representative photomicrographs of retinal whole mounts stained with melanopsin, which were harvested at
14 days after injection (D14) from eyes injected with PBS and different doses (200, 400, and 800 ng) of MEL-SAP. (D) Confocal images of whole-mount retinas, captured at
different postinjection days (D7, D35, and D70), show time-dependent changes of melanopsin-immunoreactive signals in eyes injected with 400 ng of MEL-SAP and
PBS. Scale bar, 100 um. (E) Pooled data show a dose-dependent reduction of melanopsin® cell densities in MEL-SAP-injected eyes. Note that at D14, no significant differ-
ence was detected between 400 and 800 ng, demonstrating a saturating effect at 400 ng. (F) Bar chart comparing melanopsin® cell densities between 400 ng MEL-SAP-
and PBS-injected eyes at various postinjection days. Note that from D14 to D70, melanopsin™ cell densities in MEL-SAP-injected eyes were maintained at approximately
25% of PBS-injected eyes. (G) Comparisons of refractive development between 400-ng MEL-SAP-injected eyes and PBS-injected fellow eyes. MEL-SAP-injected eyes
showed significantly smaller refractive errors as compared to PBS-injected eyes at all postinjection sampling points. (H and 1) Bar charts summarizing the results of ocular
biometric measurements conducted at D70. MEL-SAP (400 ng) reduced both the CRC (H) and AL (I) significantly. Error bars represent SEM. n.s., not significant. *P < 0.05,
**P <0.01, ***P < 0.001.
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MEL-SAP (800 ng), the cell density was not significantly different
from the value obtained at 400 ng. Figure 1 (D and F) shows the
melanopsin® cell densities obtained in the eyes treated with 400 ng
for different periods of time. The density dropped markedly during
the first 7 days and further declined at D14, but it remained at a
lower level thereafter.

Cell counting of other retinal neurons was also conducted at
D14, using retinal sections and whole mounts stained immunohis-
tochemically with molecular markers for different types of retinal
cells, such as rods, cones, horizontal cells, bipolar cells, amacrine cells,
non-ipRGC ganglion cells, and Miiller glia. For none of the cells,
significant difference in cell density was found between 400-ng
MEL-SAP-injected eyes and PBS-injected fellow eyes (paired ¢ test,
all P values > 0.05; fig. S1A). In addition, also at D14, full-field electro-
retinograms (ERGs) were recorded, and neither the b-wave nor the
a- and b-waves and oscillation potentials, evoked by dim (0.1 cd/cm’s,
for rod dominant responses) and bright white light flashes (3 cd/cm?®s,
for mixed rod and cone responses), respectively, were significantly
altered in amplitudes by 400 ng of MEL-SAP (paired ¢ test, all
P values > 0.05; fig. S1, B and C).

IpRGC loss/melanopsin deficiency is known to perturb photic
regulation of circadian rhythms (9-11, 18, 19), which are implicated
in eye growth and ocular refractive development (20, 21). To rule
out the possibility that monocular ipRGC ablation may cause a
system-wide disruption of circadian clock regulation, wheel-running
activities in monocular 400-ng MEL-SAP-injected mice were re-
corded under three light regimes: 12-hour light:12-hour dark (LD),
constant darkness (DD), and constant light (LL). No significant
changes were found in MEL-SAP-injected animals in circadian pe-
riod and wheel revolutions per day under any of the three regimes,
compared with PBS-injected controls (unpaired f test, all P values >
0.05; fig. S2). On the basis of these results, the dose (400 ng) was
used in all experiments with MEL-SAP-induced ablation of ipRGCs
throughout this work.

A cohort of C57BL/6 mice raised under normal visual environ-
ment, whose left and right eyes were respectively injected with 400 ng
of MEL-SAP and equal volume of PBS at P18 (DO0), was refracted
weekly with an eccentric infrared photorefractor. The PBS-injected
eyes displayed hyperopic shifts that increased in magnitudes with in-
creasing time and then leveled off at D35 (Fig. 1G). The MEL-SAP-
injected eyes generally underwent hyperopic development. While the
two sets of data ran in parallel, MEL-SAP-injected eyes were signifi-
cantly less hyperopic than PBS-injected eyes [two-way repeated-measures
analysis of variance (ANOVA), F; 34 = 152.1, P < 0.001; Sidak mul-
tiple comparisons test, P < 0.001 at all postinjection sampling time
points; Fig. 1G], suggesting that ipRGC loss resulted in relative myopic
ocular growth.

To confirm that the effects of MEL-SAP on ipRGCs and ocular
refractive development were specific, in another cohort of age-
matched C57BL/6 mice, saporin fused to a nonspecific antibody
[immunoglobulin G (IgG)-SAP] was monocularly injected. Injec-
tion of IgG-SAP neither caused changes in ipRGC density, as mea-
sured at D7 and D14 (paired ¢ test, both P > 0.05; fig. S3, A and B),
nor disrupted refractive development (two-way repeated-measures
ANOVA, Fy 54 =0.112, P > 0.05; fig. S3C).

Ocular biometry was then conducted at D70 with a keratometer
and a spectral-domain optical coherence tomography (SD-OCT)
system. MEL-SAP caused significant changes in multiple ocular di-
mensions (table S1). Major changes were found in the CRC and
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AL. The CRC of MEL-SAP-injected eyes was significantly smaller
than that of fellow control eyes (1.572 + 0.014 mm versus 1.615 +
0.012 mm; paired ¢ test, P < 0.01; Fig. 1H), whereas the AL of ipRGC-
ablated eyes was shorter than that of PBS-treated eyes (2.798 +
0.009 mm versus 2.845 + 0.010 mm; paired t test, P < 0.01; Fig. 1I).
Similar changes in the CRC and AL were detected at an earlier time
point, D35 (CRC, 1.494 + 0.008 mm versus 1.569 + 0.012 mm; AL,
2.726 £ 0.009 mm versus 2.767 + 0.008 mm; paired ¢ test, P < 0.001
and P < 0.01, respectively). Since the myopic shift caused by steeper
cornea was larger in magnitude than the hyperopic shift caused by
shorter AL, the resulting refractive shift was myopic.

Selective chemogenetic activation of ipRGCs induces
hyperopic refractive shifts

Effects of chemogenetic activation of ipRGCs on ocular growth were
also examined. The chemogenetic activator hM3Dq fused to green
fluorescent protein tag (hM3Dq-GFP) was introduced into ipRGCs at
P21 via monocular intravitreal injection of AAV-hSyn-DIO-hM3Dgq-
GFP in Opn4“* mice, in which Cre recombinase, driven by the
melanopsin promoter, was exclusively expressed in ipRGCs, and
these mice were denoted as Opn4“™*-hM3Dq mice (Fig. 2, A and B).
Targeted expression of hM3Dq was verified by applying the same
AAV vector in Opnd“™*: Ail4 retinas, in which tdTomato fluorescent
protein is specifically expressed in ipRGCs. Colocalization analysis
of GFP and tdTomato, conducted at 3 weeks after viral delivery,
showed that 48.38 + 2.08% of ipRGCs expressed hM3Dq (n = 4),
whereas almost all hM3Dq-containing cells were ipRGCs (Fig. 2C).
This result is consistent with previous reports (22). Functional ex-
pression of hM3Dq in vivo was further verified by examining pupil-
lary constriction, a well-established function driven by ipRGCs, in
Opn4“™*-hM3Dq mice, at 3 weeks after h(M3Dq treatment. Although
the animals were housed in darkness, pupillary constriction could
be immediately detected after intraperitoneal injection of the hM3Dq
agonist clozapine N-oxide (CNO; 10 mg/kg). Constriction reached
a plateau at around 120 min and remained at this level for at least
6 hours, suggesting a strong, persistent activation of ipRGCs. The
pupil then dilated gradually (Fig. 2, D1 and D2).

Refractive development was then examined in Opn4“"*-hM3Dq
mice. Left eyes of these animals were injected with the hM3Dq-GFP
vector at P21, and 3 weeks later, the animals were housed in dark-
ness for another 21 days with daily injections of CNO (10 mg/kg).
Right eyes were injected with a GFP only-expressing virus (AAV-
hSyn-DIO-GFP) as control (Fig. 2A). Weekly refraction measure-
ments revealed that hM3Dq-infected eyes became more hyperopic,
compared to fellow eyes at all three time points following CNO in-
jection (paired ¢ test, all P values < 0.001; Fig. 2E). Ocular dimen-
sional assessment conducted at P63 (table S2) showed that the CRC
of hM3Dgq-infected eyes was larger than that of fellow control eyes
(1.584 £ 0.006 mm versus 1.569 + 0.007 mm; paired ¢ test, P < 0.05;
Fig. 2F), while the AL of hM3Dgq-infected eyes was longer than
that of control virus—treated eyes (2.780 + 0.011 mm versus 2.753 +
0.010 mm; paired t test, P < 0.05; Fig. 2G). These changes were in a
direction opposite to those obtained in mice with ipRGC ablation
(Fig. 1,HandI).

Melanopsin signals promote ocular axial elongation

IpRGCs are activated by rod/cone-driven synaptic inputs and by
signals due to melanopsin activation. Melanopsin signals are known
to play an important role in a variety of ipRGC-mediated physiological
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Fig. 2. Chemogenetic activation of ipRGCs causes hyperopic growth. (A) Experimental procedures and data collection pipeline. (B) Scheme of intravitreal delivery of
AAV-hSyn-DIO-hM3Dg-GFP to Opn4<®* mice. Fellow eyes were injected with AAV-hSyn-DIO-GFP as control. (C) Representative photomicrograph of a retinal whole
mount harvested from an Opn4<"®*: Ai14 mouse at 21 days after AAV-hSyn-DIO-hM3Dg-GFP injection. All hM3Dg-infected cells exhibiting fluorescence of GFP tag (ar-
rows) were tdTomato-labeled ipRGCs. Scale bars, 100 um (left) and 40 um (right). (D1) Representative pupil images of an hM3Dg-infected Opn4c""/+ mouse housed in
complete darkness. Images were captured before and at 30, 360, 630, and 690 min after intraperitoneal CNO injection (10 mg/kg). (D2) Percent of pupil constriction, cal-
culated from the baseline pupil area before CNO treatment, as a function of time after CNO injection in hM3Dg-infected Opn4®* mice. (E) Comparison of refraction
growth curves between hM3Dg-infected eyes and control virus-infected fellow eyes in Opn4“®* mice. Before CNO treatment, the refractive errors were rather compara-
ble between the two eyes. However, after the animals were housed in darkness and injected with CNO, hM3Dg-infected eyes, in which ipRGCs were selectively activated,
were significantly more hyperopic compared to fellow eyes at all three sampling time points. (F and G) Bar charts summarizing the results of ocular biometric measure-
ments conducted at 21 days after daily CNO administration. hM3Dg-infected eyes had significantly larger CRC (F) and significantly longer AL (G) as compared to fellow
eyes. Error bars represent SEM. *P < 0.05, ***P < 0.001.

functions, usually distinct from those of rod/cone-driven signals hyperopic development from P21 to P63, the refractive errors of
(23, 24). To demonstrate the role of melanopsin signals in ocular Opn4cm/ ™ mice measured at all postnatal time points were invari-
growth, we took advantage of the Opn4“™/“" mouse (Fig. 3, Aand B),  ably greater than those of WTs (two-way repeated-measures ANOVA,
in which both copies of melanopsin-coding genes were replaced by  F; 57 = 75.79, P < 0.05; Sidak multiple comparisons test, P < 0.001 at
Cre-coding sequences (25), virtually leading to melanopsin knock-  all sampling time points), indicating that melanopsin absence in-
out (Fig. 3C). Figure 3D shows the refractive development of these  duced hyperopic eye growth. Ocular parameter measurement data
mice and their wild-type littermates (WTs), both with normal visual ~ attained at P63 (see table S3) revealed that the CRC of Opn4“™/“™
experience, as a function of age. Although both genotypes underwent ~ mice was indistinguishable from that of WTs (1.583 + 0.007 mm

Liu et al., Sci. Adv. 8, eabm9027 (2022) 8 June 2022 40f18



SCIENCE ADVANCES | RESEARCH ARTICLE

Ocular biometry
A C WT Opn40re/Cre
c
‘®
Q
B WT Opn4crecre 8
D Ve 3
=
D E € F
£
1094 —— WT(15) o) 1.65 n.s. 2.80 *
opn4Cre/Cre (14) — 5 o — g
= 8- U “3 1600 £ § E 2754 &
c 7 > g il 5 155 o = 270 £
S wy 5 . g :
B4 A 5 1.50 2 265
g 2 kK ‘g <
& S 145 ® 2.60
i T 1. X 2.
0 L 1.4 z 2.55 "
3 — g 0.0 o.ool.—.—
21 28 35 42 49 56 63 5 \*«oxe‘o‘e
Time after birth (days) o OQ“A
ra/rd ¢l (P21)

G Ocular biometry

DAPI
PNA
¢ LD/DD rearing N INL
IPL
(clo]l
H rd/rd cl
DAPI
Rhodopsin
INL
IPL
GE il
J K E L
LD (13 =
189 DD((15)) o 160 2.80 ki
—_ -]
169 e 7 155 E 275{ °
a 141 e E ]
8 13- 8 1.50 = 2.70 i
- Y—
Z g G 145 2 265 @
c °7 8 i)
& 61 5 140 T 2.60
¥ 44 ®© 1.35 X 255
2] sl i M < JHH
0 T T T T T g 0.00 0.00
21 28 35 42 49 5 LD DD LD DD
(@]

Time after birth (days)

Fig. 3. Melanopsin signals contribute to axial ocular development. (A) Flowchart showing data collection time points of the experiments conducted on Opn
mice. (B) Diagram of Opn4<““"® and breed-matched WT mice. (C) Confirmation of lack of melanopsin-immunoreactive signals in the Opn4<®“™ retina. Scale bar, 100 um.
(D) Comparison of refractive development growth curves revealed a significant upward scaling in refraction, corresponding to hyperopic shift, in Opn4<®“ mice as
compared to WTs. Note that the refractive errors obtained at different postnatal days in Opn4““"® mice were all larger than those in WTs over a 42-day period starting at
P21. (E and F) Ocular parameter assessment carried out at P63 revealed no appreciable difference in the CRC between the two genotypes (E), but significantly shortened
AL was detected in Opn4<"““" mice (F). (G) Flowchart showing procedure and data collection time points of the rd/rd c/ mouse experiments. (H) Schematic demonstration
of raising rd/rd cl mice under different light conditions (from P21 to P49): LD (12-hour light:12-hour dark cycle) and DD (constant darkness). (I) Immunohistochemical
staining for rods (rhodopsin) and cones (PNA) verified the absence of outer retinal photoreceptors in P21 rd/rd c/ mice. Scale bar, 40 um. DAPI, 4',6-diamidino-2-phenylindole.
(J) Refractive development growth curves of LD- and DD-raised rd/rd cl mice. LD-raised animals, in which melanopsin signals were activated for 12 hours daily, were
significantly more myopic as compared to DD-raised ones at all four sampling time points after P21. (K and L) Bar charts summarizing the results of ocular parameter
measurements performed at P49. The CRC was similar between the two groups housed in different light regimes (K), whereas the AL of the LD group was significantly
larger than that of the DD group (L). Error bars represent SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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versus 1.573 + 0.005 mm; unpaired ¢ test, P > 0.05; Fig. 3E). However,
axial growth in Opn4“?“"* mice was much slower than that in WTs
(2.696 £ 0.008 mm versus 2.725 + 0.009 mm; unpaired ¢ test,
P < 0.05; Fig. 3F). Highly comparable results were obtained in
Opn4™"~ mice, in which tau-lacZ was targeted into the melanopsin
gene locus, thus abolishing melanopsin expression (fig. $4) (6, 26).

The contribution of melanopsin to refractive development was
also examined in rd/rd cl mice (Fig. 3, G and H), in which all rods
and cones were lost at P21 (Fig. 3I) (27) so that ipRGCs were solely
driven by melanopsin signals. These mice were divided into two
groups: “LD group” received 12-hour normal illumination daily to
allow melanopsin activation, whereas “DD group” was kept in com-
plete darkness for 24 hours daily, thus lacking melanopsin signals
(Fig. 3H). While both groups exhibited hyperopic development
across age, the LD group showed much less hyperopia compared to
the DD group throughout development (two-way repeated-measures
ANOVA, F) 6 = 43.47, P < 0.001; Sidak multiple comparisons test,
P <0.01 at P28 and P35, P < 0.001 at P42 and P49; Fig. 3]). Such a
relative myopic shift had an axial origin, since ocular biometry carried
out at P49 (data summarized in table S4) revealed that the AL in the
LD group was significantly larger than that in the DD group (2.722 +
0.010 mm versus 2.681 + 0.009 mm; unpaired ¢ test, P < 0.01;
Fig. 3L). No statistical difference in the CRC was detected between
the two groups (1.541 + 0.006 mm versus 1.539 + 0.003 mm; unpaired
t test, P > 0.05; Fig. 3K). Together with the data from melanopsin

knockout animals (Fig. 3, A to F), these results suggest that melanopsin
signals make a substantial contribution to axial elongation during
visually guided eye growth.

To understand the contribution of rod/cone-driven signals of
ipRGCs in ocular refractive development, the melanopsin-deficient
mouse (Opn4“™“) was used again (Fig. 4, A and B). Since there
were only rod/cone-driven signals, ipRGC ablation by intravitreal
injection of AAV-CAG-DIO-DTA was equivalent to the abolishment
of rod/cone-driven signals of these cells. Because ipRGCs in Opnd "™
mice could not be immunolabeled by melanopsin antibodies, the
ipRGC ablation efficiency of this approach was instead evaluated in
Opnd“™": Ai14 mice in which ipRGCs also lacked melanopsin but
could be visualized by tdTomato fluorescence. Under our conditions,
the ablation efficiency of AAV-CAG-DIO-DTA was around 70% at
D21 (Fig. 4, C and D), quite comparable to that achieved by 400 ng
of MEL-SAP in C57BL/6 mice (78%; Fig. 1, E and F).

We then ran refraction measurements on DTA virus-injected
Opn4“"/“"® animals weekly before (D0) and after injection (D7 to D42).
Just as seen in MEL-SAP-injected eyes, a myopic shift was detected
in DTA virus—injected eyes versus control virus-injected fellow eyes
across time (two-way repeated-measures ANOVA, Fj 4 = 238.5,
P < 0.001; Sidak multiple comparisons test, P < 0.001 at all postin-
jection sampling time points; Fig. 4E). However, ocular biometry
performed at D42 (data are summarized in table S3) showed that, as
compared to control fellow eyes, the CRC in DTA virus-injected
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eyes was smaller (1.543 + 0.004 mm versus 1.586 + 0.006 mm; paired
t test, P < 0.001; Fig. 4F), but the AL was quite comparable (2.702 +
0.013 mm versus 2.694 + 0.016 mm; paired t test, P> 0.05; Fig. 4G and
table S3). These results strongly suggest that rod/cone-driven signals
of ipRGCs are specifically responsible for controlling CRC development.

IPRGCs contribute substantially to myopia development

Since ipRGCs contribute to ocular axial development, it seems rea-
sonable to predict that myopia, a refractive condition commonly as-
sociated with excessive axial elongation (2, 3), may be modulated
by signals from ipRGCs. To evaluate the role of ipRGCs in form-
deprivation myopia (FDM) development, we examined the changes
in refractive shifts after ipRGCs were ablated by MEL-SAP (Fig. 5,

A and B). To avoid the complexity that could be invoked by possible
nonlinear summation of the effects of MEL-SAP and form depriva-
tion, intravitreal injections of MEL-SAP were made to both eyes; then,
monocular form deprivation was applied on the left eye for 4 weeks.
Although FDM could still be induced, the myopic shifts induced by
form deprivation were found to be significantly smaller in magni-
tudes in these ipRGC-ablated mice, as compared to those in control
mice with binocular PBS injection [-3.354 + 0.267 diopters (D) ver-
sus —4.825 + 0.213 D; unpaired ¢ test, P < 0.001; Fig. 5, C and D],
suggesting that FDM development was somehow suppressed in
ipRGC-ablated eyes.

The biometric data, summarized in table S1, further show that the
AL, obtained at P53, of deprived eyes was longer than that of fellow
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or 400 ng of MEL-SAP injections at P18 (D0) and 4-week monocular form deprivation starting at P25 (D7). (C) Bar charts summarizing refractions of deprived eyes and
fellow eyes in ipRGC-ablated and control animals after 4-week form deprivation. In both groups, deprived eyes were significantly more myopic relative to fellow eyes.
(D) Pooled data show that the myopic shifts induced in ipRGC-ablated mice were significantly reduced as compared to those in control mice. (E) In both groups, the AL
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eyes, regardless of whether ipRGCs were ablated by MEL-SAP or
not (paired ¢ test, both P < 0.001; Fig. 5E). However, the axial elon-
gation was lesser when ipRGCs were ablated (0.026 + 0.006 mm
versus 0.049 £ 0.008 mm for intact ipRGCs; unpaired ¢ test, P < 0.05;
Fig. 5F), suggesting that ipRGC ablation attenuated FDM by slowing
axial growth. Meanwhile, it should be emphasized that the CRC was
unchanged by form deprivation (paired ¢ test, both P> 0.05; Fig. 5G).
Together, these results suggest that ipRGCs contribute to the retinal
processing of degraded images, which potentiates myopia progres-
sion by causing excessive axial growth.

Melanopsin signals are a major factor in ipRGC-mediated
myopia progression

Since melanopsin signals play an essential role in normal axial eye
growth (Figs. 3 and 4), we speculated that these signals may play a
similar role in myopia progression. The speculation was confirmed.
Refractive shifts and axial elongation induced by 4-week form depri-
vation were determined at P63 in Opn4“”“™ mice (Fig. 6, A and B),
and both of them were smaller in magnitudes than those in WT mice
(refractive shifts: —2.064 + 0.163 D in Opnd“"““" mice versus —4.287 +
0.086 D in WT mice; unpaired ¢ test, P < 0.001; Fig. 6, C and D; axial
elongation: 0.016 % 0.003 mm in Opn4“"“" mice versus 0.033 +
0.005 mm in WT mice; unpaired ¢ test, P < 0.01; Fig. 6, E and F).
Similar results were obtained in another melanopsin knockout
strain (Opn4™") (fig. S5, A to E), strongly suggesting an important
role of melanopsin signals in myopia progression. This suggestion is
further strengthened by examining changes in myopic shifts when
the white lighting environment, used for raising the animals, was
modified by a notch filter (approximately 460- to 500-nm band stop),
which affected melanopsin-based ipRGC activity (Amax = 480 nm)
to a greater extent, but reduced rod/cone activities to a much lesser
extent. FDM C57BL/6 mice raised under this 480 nm-blocking
lighting environment showed smaller myopic shifts and axial
elongation induced by 4-week form deprivation, as compared to
mice treated with white lighting environment (fig. S5, F to J).

To further explore whether melanopsin signals or rod/cone-driven
signals were differentially involved in ipRGC-mediated myopia pro-
gression, monocular form deprivation was conducted on bilateral
AAV-CAG-DIO-DTA-treated Opn4“"/“" mice (Fig. 6, G and H).
Myopic refractive shifts of comparable magnitudes were seen in these
mice and control virus-treated Opnd“™“™ mice (-2.164 + 0.102 D
versus —2.270 + 0.219 D; unpaired ¢ test, P > 0.05; Fig. 6, I and J).
Consistently, form deprivation-induced AL changes were also in-
distinguishable between the two aforementioned Opnd“"“™ mouse
groups (0.012 + 0.003 mm versus 0.015 + 0.002 mm, unpaired t test;
P > 0.05; Fig. 6, K and L). Thus, rod/cone-driven inputs of ipRGCs
play a minor role in FDM development.

Changes in melanopsin signals in FDM mice

The involvement of melanopsin signals in myopia development
raised the possibility that these signals may change in myopic eyes.
In 4-week form-deprived C57BL/6 animals, we failed to find any
significant differences in whole-retina melanopsin® cell densities
(125.87 + 3.11 cells/mm? versus 122.11 + 3.46 cells/mm?; paired ¢ test,
P > 0.05; Fig. 7, C and D), or in melanopsin” cell densities ob-
tained from any of the four retinal quadrants (paired ¢ test, P > 0.05
for all quadrants; Fig. 7D), between deprived eyes and fellow eyes,
although there were approximately 5-D myopic shifts between them
(Fig. 7, A and B). Meanwhile, real-time quantitative polymerase
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chain reaction (PCR) showed that melanopsin transcript levels were
comparable between retinas harvested from deprived and fellow
eyes (paired t test, P > 0.05; Fig. 7E). We further tested melanopsin
protein levels by quantitative Western blot analysis using the PA1-
780 melanopsin antibody, revealing two bands at approximately
53 and 85 kDa, corresponding to the molecular weights of unglyco-
sylated and glycosylated melanopsin, respectively (Fig. 7F) (28).
Densitometric analysis showed that optical densities of the two
bands from deprived eyes were significantly higher than those from
fellow eyes (paired t test, P < 0.05 for unglycosylated, P < 0.01 for
glycosylated; Fig. 7G), suggesting an up-regulation of melanopsin
expression in myopic eyes.

Next, a high-throughput evaluation of melanopsin-initiated
light responses was conducted by using multielectrode array (MEA)
technique. During these experiments, all glutamatergic inputs were
blocked by adding a glutamatergic blocker cocktail containing
L-AP4 (50 uM), DNQX (40 uM), ACET (2 uM), and D-AP5 (30 uM)
to the bath solution. In dark-adapted retinas, a series of 10-s 480-nm
light flashes (3.42 x 10" to 1.51 x 10" photons cm™* s™') elicited
sluggish but very persistent spike discharges in a few MEA channels,
typical of melanopsin-based phototransduction. Similar to previous
studies (29, 30), in retinas from both deprived and fellow eyes, the
light-induced spike discharges increased as a function of flash in-
tensity. Representative raster plots of these responses are shown in
Fig. 7H. Plotting of irradiance-response (I-R) curves of melanopsin-
based responses showed that the light-evoked spike numbers during
10-s light flashes were significantly increased (two-way repeated-
measures ANOVA, Fj 135 = 4.717, P < 0.05, Sidak multiple compari-
sons test, P < 0.05 at 1.51 x 10" photons cm™ s™; Fig. 71), while the
peak latencies of the responses were significantly reduced (two-way
repeated-measures ANOVA, F; 135 = 8.058, P < 0.01; Sidak multiple
comparisons test, P < 0.05 at 3.42 x 10'* photons em 57!, P <0.001
at 1.51 x 10" photons cm ™ s™%; Fig. 7]), in deprived eyes as compared
to those in fellow eyes. These results indicate that melanopsin-
driven signals are enhanced during myopia progression.

M1 ipRGCs and their retrograde inputs to dopaminergic
amacrine cells contribute to refractive development

Last, we conducted a series of experiments to identify the ipRGC
subtype(s) that modulates ocular growth in mice. The myopic shifts
observed in MEL-SAP-treated C57BL/6 mice (Fig. 1) indicated the
involvement of M1 to M3 ipRGC subtypes, because MEL-SAP is
based on the UF008 melanopsin antibody, which primarily recog-
nizes these three subtypes with relatively higher melanopsin levels
(31). This was further confirmed by unchanged densities of the so-
mata labeled by SMI-32, a marker for M4 cells, in MEL-SAP-injected
eyes (104.57 + 5.39 cells/mm? versus 124.82 + 11.86 cells/mm?;
paired t test, P > 0.05; fig. S6, A and B). At D14, in a separate cohort
of 400-ng MEL-SAP-injected C57BL/6 mice, we harvested the reti-
nas and stained them with another melanopsin antibody, PA1-780,
which preferentially targets M1 cells (32). In PBS-injected control eyes,
as expected, somata positive for PA1-780 were sparser than those
positive for the UF008 antibody (Figs. 1C and 8A). The densities of
PA1-780-positive cells were reduced by ~70% (13.58 + 2.47 cells/
mm? versus 63.56 + 5.36 cells/mm?; paired ¢ test, P < 0.001; Fig. 8B)
by MEL-SAP, an extent similar to that of the UF008-labeled cells
(Fig. 1, E and F). These results confirmed the severe ablation of
M1 cells in MEL-SAP-treated eyes and suggested that M1 to M3 cells
were equally ablated.
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sent SEM. **P < 0.01, ***P < 0.001.
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Liu et al., Sci. Adv. 8, eabm9027 (2022) 8 June 2022 100f 18



SCIENCE ADVANCES | RESEARCH ARTICLE

o

A PBS MEL-SAP c E
~ < AAV injection Cell counting PA1-780
¥ . Ocular biometry <
8 l(bram and eye) Iy
- g}
<C +
o (P21) 2
| | | | | | | ]
Refractive error measurement S
Bt s
B Cre/+
E & 8 D Opn4 AAV-retro-EF10-fDIO-DTA &
3 604 i 3 3
o o 9
40 o ]
0 +
N 20 2 =
E [
o

AAV-EF1a-DIO-Flp
PBS MEL-SAP

F 8 mCherry + fDIO-DTA (8) G E H
—— Flp +DIO-DTA (8) E,’ 1.65 . 2.9 ns
= —
= 1. e S
_ & 1607 £ 26
a g = £
S 31554 ¢ g = H
c - ° S 274 °
S S 1.50 c
5 s 1k o
& 5 145 © 26
K @ 14 3 25
g OOL—H— 0.0]-—|—H—
ln.s. c v % A
ol S S S
0 7 14 21 28 35 4 x@ x@ XQ\ x‘@
Time after injection (days) NP & R
® ®
N N
| J K L
0.51 n.s. D 0.15- n.s. 0.64 n.s. _. 0.15+ *
5 el s | T 3
€ 0.4- o > o Q >
E § 3 5010- : 2 04 ° =040 °
Eo3d § 3 (Sl 8 e X9, e o~ g
< hs < 8 3 e) s 8 <
a ] a ° a o
D 0.2 o 2 = § o 8
T § A 0.05- E T 02+ | A 0.05-
= 0.14 © = 8 © E
Q c Q © o
14 24 T 24 o 24 = 22
0.0 2 0.00- 0.0 S 0.00-
IR IR > IR
Q<b \;%v Q<b \;%v QQ; \?v Q‘b \;‘—o‘r
¥ 4 4 W

Fig. 8. IpRGC contribution to ocular development is accounted for by M1 cells and associated with reduced DA release. (A and B) Representative microscopic im-
ages and pooled data showing a significant (~70%) reduction in the density of somata positive to the PA1-780 melanopsin antibody, which preferentially labels M1-type
ipRGCs, in 400-ng MEL-SAP-treated C57BL/6 retinas. Arrows point to a few residual PA1-780-labeled cells. Scale bar, 100 um. (C) Timeline of the procedure and data
collection of the dual virus injection experiment. (D) Schematic illustration of selective M1 cell ablation in Opn4<"®* mice by intravitreal injection of AAV-EF1a-DIO-Flp and
stereotaxic injection of an Flp-dependent DTA-coding retrograde virus (AAV-retro-EF 10-fDIO-DTA) to the POA and PHb, two nuclei to which ipRGC projections are pre-
dominantly from M1 cells. Fellow eyes were injected with AAV-EF1a-DIO-mCherry (control virus) for comparison. (E) Confocal micrographs showing that fDIO-DTA/DIO-
Flp treatment significantly reduced PA1-780-positive signals in the Opn4“®* retina, confirming the severe ablation of M1 cells. Scale bar, 100 um. (F) The growth curve of
refraction of M1 cell-ablated eyes showed a significant myopic shift as compared to that of control virus—injected fellow eyes. (G and H) Bar charts summarizing the re-
sults of ocular biometric measurements conducted at D42. M1 cell ablation significantly reduced the CRC (G) but did not change the AL (H). (I to L) Bar charts summarizing
the results of HPLC analysis on samples harvested at D42. IpRGC ablation did not show appreciable effects on retinal DA (I) or DOPAC levels (J), nor did it alter the retinal
DOPAC/DA ratio (K); however, it reduced vitreal DOPAC levels, an indicator of retinal DA release, significantly (L). Error bars represent SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

To selectively ablate M1 cells, we used a dual-virus strategy in P21 encoding DTA (AAV-retro-EF1a-fDIO-DTA) to the preoptic area
Opn4C”/ * mice by intravitreal injection of a Cre-dependent virus  (POA) and perihabenular nucleus (PHb) (Fig. 8, C and D), two brain
(AAV-EF10-DIO-Flp) that expresses Flp recombinase, in combina-  areas to which ipRGC axon projections are predominantly from M1
tion of stereotaxic delivery of an Flp-dependent retrograde virus  cells (33, 34). At D21, immunostaining of whole-mount retinas

Liu et al., Sci. Adv. 8, eabm9027 (2022) 8 June 2022 110f 18



SCIENCE ADVANCES | RESEARCH ARTICLE

revealed that PA1-780-positive signals were significantly reduced in
Flp virus-treated eyes compared to control virus-injected fellow
eyes, confirming the successful ablation of M1 cells (Fig. 8E).

Mouse eyes with M1 cell ablation showed a significant myopic
refractive shift relative to control virus—injected fellow eyes across
development (two-way repeated-measures ANOVA, Fj 14 = 20.09,
P < 0.001; Sidak multiple comparisons test, P < 0.01 at D21, P < 0.05
at D42; Fig. 8F). This result provided direct evidence that M1 cells
contribute significantly to refractive development. Moreover, the AL
was quite comparable between M1 cell-ablated and control eyes at D42
(2.768 £ 0.015 mm versus 2.761 + 0.008 mm; paired ¢ test, P > 0.05;
Fig. 8H). However, the CRC of M1 cell-ablated eyes was markedly
reduced (1.519 + 0.010 mm versus 1.542 + 0.013 mm; paired f test,
P < 0.05; Fig. 8G), which might account for the observed myopic shift.
Thus, the shortened AL in MEL-SAP-injected eyes (Fig. 1I) was
likely caused, at least in part, by the ablation of M2 and/or M3 cells.

Retinal dopamine (DA) is implicated in visually guided eye
growth in various species (35, 36). M1 ipRGCs provide intraretinal
“retrograde” signals to dopaminergic amacrine cells (DACs) (37),
the sole retinal neurons releasing DA. Recent studies show that re-
ducing retinal DA levels leads to myopic eye growth with a shortened
CRC in mice (38, 39), an effect similar to that seen in ipRGC-ablated
animals. In 400-ng MEL-SAP-injected eyes, high-performance liquid
chromatography (HPLC) analysis revealed that the levels of vitreal
3,4-dihydroxyphenylacetic acid (DOPAC, the major metabolite of
DA), a robust indicator of retinal DA release, were significantly
lower than those of control eyes (0.039 + 0.002 ng/pl versus 0.057 +
0.006 ng/pl; paired ¢ test, P < 0.05; Fig. 8L), suggesting that the mal-
function of DACs may be a mechanism underlying the refractive
development alterations in ipRGC-ablated eyes, although steady
levels of retinal DA, DOPAC, and DOPAC/DA turnover rate were
all similar between MEL-SAP- and PBS-injected eyes (paired f test,
all P> 0.05; Fig. 8,1 to K).

To evaluate the role of M4 to M6 cells, we compared refractive
development between two groups of Opn4™* mice: one monocu-
larly injected with 400 ng of MEL-SAP so that M1 to M3 cells were
preferentially ablated, and the other injected with AAV-CAG-DIO-
DTA to indiscriminately ablate M1 to M6 cells (fig. S6C). Both MEL-
SAP-injected eyes and DTA-injected eyes exhibited less hyperopic
refractive error compared with PBS- or control virus-injected fel-
low eyes across ages (fig. S6, D and E). Moreover, the magnitudes of
myopic shifts were virtually indistinguishable between these two
groups (two-way repeated-measures ANOVA, F; g = 0.12, P > 0.05;
Sidak multiple comparisons test, P > 0.05 at all sampling time
points; fig. S6F). Thus, M4 to M6 cells seemingly play a relatively
minor, if any, role in mouse ocular growth.

DISCUSSION

Involvement of ipRGCs in ocular refractive development

and FDM formation

A major finding in this study is that ipRGCs are substantially in-
volved in ocular refractive development in mice, which is crucial for
image-forming visual functions. This conclusion is derived from
the considerable myopic refractive shifts induced in the eyes when
most ipRGCs were ablated (Fig. 1), yet they exhibited hyperopic
shifts when ipRGCs were selectively activated (Fig. 2). Given the
involvement of ipRGCs in modulating ocular refractive develop-
ment, it was not surprising that 4-week form deprivation induced
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much less myopic shifts in ipRGC-ablated animals (Fig. 5). Accord-
ingly, axial elongation, induced by form deprivation in Opn4“™“"
mice, was significantly shorter than that of WT mice (Fig. 6). The
reduced magnitude of myopic shifts obtained in melanopsin knock-
out eyes could be attributed to the contribution of ipRGCs to visually
guided ocular growth, which was evidently mediated by melanopsin
signals of ipRGCs. This was supported by the fact that the myopic
shifts obtained in form-deprived Opnd“™“" mice remained almost
unchanged when ipRGCs were ablated by AAV-CAG-DIO-DTA
(Fig. 6). In other words, just as seen in the experiments concerning
the effects on ocular development, it is melanopsin signals of ip-
RGCs, but not rod/cone-driven ones, that influence myopia pro-
gression. These results provide strong evidence, suggesting that
ipRGCs make a considerable contribution to both ocular refractive
development and FDM progression, thus creating a new dimension
in exploring possible mechanisms underlying myopia progression.
While making the revision of this work, Chakraborty et al. (40)
published a related paper in which some of the major results related
to refractive errors and myopic shifts induced by form deprivation
are not in line with our study. In particular, Opn4”™P™ mice, an
analog of our MEL-SAP-treated mice with ipRGC ablation, were
more hyperopic, and the myopic shifts caused by form deprivation
were larger, rather than smaller, as compared to control mice. Pos-
sibly accounting for the difference, there are several methodological
differences between the two studies, such as the techniques used to
ablate ipRGCs, the time lengths of form deprivation, and control
group assignments. As far as control group assignments are con-
cerned, it should be emphasized that, in the present study, control
experiments were conducted on either vehicle/control virus-injected
tellow eyes, vehicle/control virus-injected animals of exactly the
same strain as the experimental animals, or WTs. Further work is
needed to reconcile the discrepancies between the studies.

The particular ipRGC subtype(s) involved in mouse refractive
development
To date, a total of six subtypes (M1 to M6) of ipRGCs have been
identified in mice according to distinct soma-dendritic profiles and
physiological properties (7, 41). Chemogenetically induced hyper-
opic eye growth in the Opnd“™* mouse (Fig. 2) could be due to the
activation of any of the six ipRGC subtypes, because Cre-dependent
transgene expression shows no bias toward particular subtype(s)
(22, 42). However, MEL-SAP-induced myopic refractive shifts
(Fig. 1) were likely caused by the loss of M1 to M3 ipRGCs, because
MEL-SAP is based on the UF008 melanopsin antibody, which pri-
marily recognizes M1 to M3 cells with relatively higher melanopsin
levels (25). Furthermore, our “dual virus” experiment showed that
selective ablation of M1 cells was adequate to induce myopic eye
growth by reducing the CRC (Fig. 8), strongly suggesting a substan-
tial role of M1 cells in mouse ocular development. M1 cells have the
highest levels of melanopsin among all subtypes (43), the deficiency
of which causes retinal clock gene dysfunction (44); their processes
co-fasciculate with DACs in the outermost inner plexiform layer
(45), thus being structurally possible to directly modulate retinal
dopaminergic functions; moreover, their dendrites exhibit close
spatial relationship with the intermediate capillary plexus (32), which
facilitates melanopsinergic regulation of retinal blood vessels.
Among the non-M1 subtypes, M4 to M6 ipRGCs were unlikely
involved, not only because of the significantly lower melanopsin ex-
pression (so that melanopsin knockout is probably a minor effect to
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them, not enough to cause the phenotypes in melanopsin knockout
mice) but also due to the observation that M1 to M6 cell ablation
caused almost the same effect on refractive development as M1 to
M3 cell ablation (fig. S6). By contrast, the phenotypes caused by M1
cell-selective ablation were not exactly the same as those caused by
M1 to M3 cell ablation by MEL-SAP (Figs. 1 and 8): When only M1
cells were ablated, the myopic shifts were smaller, but a shortened
AL, a significant effect by M1 to M3 cell ablation, was not seen.
These differences indicate the involvement of M2 and/or M3 cells
in mouse refractive development.

Melanopsin signals and rod/cone-driven signals of ipRGCs
are associated with the AL and CRC, respectively, in normal
refractive development
Signals from ipRGCs could be either rod/cone-driven or melanopsin-
mediated (46). The second major finding of this work was that two
ocular major parameters, the CRC and AL, are respectively modu-
lated by rod/cone-driven signals and melanopsin signals of ipRGCs.
The supposition that melanopsin signals are responsible for modu-
lating the AL was supported by the following two experimental re-
sults. First, in Opnd“™““™ mice, in which melanopsin is virtually
knocked out, the AL was much shorter than that of WTs, while the
CRC was indistinguishable (Fig. 3). Second, in rd/rd cl mice, a rela-
tive myopic shift was obtained in the LD group, compared to the
DD group, and such a shift was associated with axial elongation.
This implies that the activation of melanopsin (as occurred in the
LD group) may induce myopic shifts by modulating the AL.
Rod/cone-driven signals of ipRGCs seem to work for another
function (modulating the CRC). When ipRGCs are excited, the ef-
fects of these two signals on ocular refractive states may interplay
with each other, thus providing a versatile modulatory mechanism,
which could be used for developing novel strategies for myopia in-
tervention—that is, if melanopsin signals could be appropriately
suppressed to reduce axial elongation, say by using melanopsin sup-
pressant on the one hand, and to enlarge the CRC (cornea flatten-
ing) by illumination with appropriate spectral compositions to
specifically activate rod/cone-driven signals of ipRGCs on the other
hand. Refractive shifts produced by these approaches tend to slow
down the course of myopia progression and/or to reduce the sever-
ity of myopia. One of the recent widely accepted approaches for
inhibiting myopia in children is to expose them to ambient light
of high levels (47). The effectiveness of this approach has been
confirmed in human and animal models (48, 49), but seems hard to
reconcile with our finding that activation of melanopsin, which is
activated by bright ambient light, promotes axial eye growth. However,
rod/cone (especially cone) photoreceptors could also be strongly
excited by bright light, thereby trigger signaling cascades for slow-
ing down axial eye growth, which overrides the axial elongation by
melanopsin. In principle, one way to improve this approach is to use
light with a well-designed spectral composition so to excite rods and
cones more, but to avoid activating melanopsin. In contrast, it is pos-
sible in human trials by using light of long-wavelength (>600 nm)
regimes to activate red-sensitive cones well, but melanopsin much less.
Among all ipRGC subtypes, only M1 cells send intraretinal sig-
nals to DACs, a key factor associated with refractive status (35, 36), by
centrifugal synapses (37, 50). Rod/cone signals are capable of excit-
ing DACs via the retrograde pathway from M1s (37, 51). Therefore,
loss of rod/cone inputs might significantly attenuate the synaptic
drive from M1 cells to DACs, thus reducing light-evoked DA
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release. Consistently, we found that ipRGC ablation by MEL-SAP,
apparently reducing M1 cell-routed rod/cone drive to DACs, re-
sulted in a markedly decreased retinal DA release (Fig. 8L). Deplet-
ing retinal DA results in myopic shifts in mice by shortening the
CRC (38, 39), a phenotype similar to that observed in M1 cell-ablated
mice (Figs. 1 and 8). All these available data strongly suggest that rod/
cone signals regulate corneal growth by a specialized M1 cell-DAC
route, while melanopsin, expressed by all six subtypes, contributes
mainly to axial elongation.

Possible mechanisms underlying ipRGC contribution

to ocular growth

Convergent evidence reveals melanopsin expression in the cornea
(52, 53). However, our results found it unlikely that corneal melan-
opsin directly modulates developmental changes of the corneal cur-
vature, in that melanopsin knockout only induced AL shortening,
but did not cause appreciable changes in the CRC (Fig. 3, E and F).
Instead, the CRC seems to be modulated by the rod/cone inputs to
ipRGCs (Fig. 4). Thus, melanopsin expressed in the cornea is likely
to exert functions other than shaping its curvature.

It is still unclear how melanopsin and rod/cone signals, both
routed through ipRGCs, differentially influence the AL and CRC. Ini-
tially, we had hypothesized that M1 cells, which are of higher mela-
nopsin expression levels, affect the AL, while M2/M3 cells, which
are mainly driven by rod/cone inputs, are responsible for the
CRC. But such a hypothesis was eventually rejected, because M1
cell-specific ablation did not change the AL; instead, it caused
corneal steepening (Fig. 8).

The complex structural-functional interaction between M1 cells
and DACs (37, 50, 51, 54), as mentioned above, is very likely one of
the mechanisms underlying ipRGC contribution to ocular growth.
In addition to this study (Fig. 8), a recently published paper also re-
ported abnormal ocular DA/DOPAC levels in ipRGC-ablated ani-
mals (40). In wild-type C57BL/6 mice, development of experimental
myopia is not associated with altered retinal DA levels (55). However,
Chakraborty et al. (40) found that retinal DA and DOPAC levels
were reduced in form-deprived mice with melanopsin deficiency,
but melanopsin knockout itself does not change retinal DA levels
(40, 56). Thus, an intact ipRGC-DAC interplay seems indispensable
for mouse refractive development. Future studies are needed to more
explicitly explore roles of this local circuit. Second, the effects of
ipRGCs on refractive development may be mediated by their im-
pacts on ocular circadian rhythms, which are essential for normal
emmetropization (20, 21). In addition to innervating the master bi-
ological clock, the SCN, and controlling rhythmic activities system-
atically, ipRGCs are known to regulate “local” intraretinal rhythms,
as evidenced by the attenuation of daily variation in cone ERG (57)
and the disruption of clock gene rhythms in mice lacking melanopsin
(44). Photoresponses of ipRGCs, the earliest light-evoked activity
in the developing retina (58), show fluctuations in amplitude in
a circadian manner (59), which could be passed onto neighbor-
ing cells via robust gap junction coupling (60) and axon collaterals
(37), thus modulating ocular growth rhythms. Third, ipRGC con-
tribution to ocular growth may also be associated with its intensive
interaction with retinal blood vessels. A fraction of ipRGC process-
es is anatomically adjacent to the intermediate capillary plexus (32).
It is recently shown that melanopsin mediates light-driven relaxation
in blood vessels (61). Moreover, in rats with oxygen-induced retinop-
athy, a condition manifested by abnormal retinal arteries, the CRC
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and AL are both reduced (62), just as observed in MEL-SAP-treated
animals (Fig. 1). Examining whether ameliorating blood perfusion
could reverse the refractive changes in these mice would provide in-
sight into the role of ipRGC-blood vessel interaction in ocular growth.

MATERIALS AND METHODS

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; all operations were
approved by the Animal Care and Use Committees of Fudan Univer-
sity. Mice were maintained under a 12-hour light:12-hour dark cycle
at an ambient illumination of approximately 200 lux during the day-
time with abundant food and water. C57BL/6 mice were purchased
from Shanghai Xipu'er-bikai Experimental Animal Co. Ltd. (China).
Opnd“™“" and Opn4“** mice, which were both provided by S. Hattar
(National Institute of Mental Health), were on a mixed background
(C57BL/6; 129Sv]) originally, but mated for >6 generations to C57BL/6
mice. Opn4'/ ~ (mixed C57BL/6; 129Sv] background) and rd/rd ¢l (mixed
C57BL/6; C3H/He background) mice were gifts from T. Xue (Univer-
sity of Science and Technology of China). All genetic mice were main-
tained in breeding colonies at Fudan University.

Induction of form-deprivation myopia

The procedure of FDM induction has been previously described in
detail (55). In brief, handmade translucent occluders were attached
to the fur around left eyes by glue at P25 (for MEL-SAP-injected mice),
P35 (for Opn4cr6/ e mice), or P21 (for the remaining strains). A plas-
tic collar was fitted around the neck to prevent the mice from remov-
ing the occluders. Mice wearing occluders and collars were raised in
the cage singly for 4 weeks.

Specific ablation and chemogenetic activation of ipRGCs
After mice were deeply anesthetized by intraperitoneal injection of
0.6% pentobarbital sodium (10 pl/g body weight), reagents were in-
jected into the vitreous through the temporal part of the sclera using
a Nanoject II microinjector (3-000-205/206, Drummond Scientific
Company, USA) with a glass micropipette (tip size, 10 to 30 um). For im-
munotoxic ablation of ipRGCs in C57BL/6 mice, different doses (200, 400,
and 800 ng) of MEL-SAP (IT-44, Advanced Targeting Systems, USA),
all suspended in 0.75 ul of 0.1 M PBS (pH7.4), were injected at P18;
control eyes received the same volume of PBS or 400 ng of nonspecific
antibody—conjugated saporin (IgG-SAP, also in 0.75 pl of PBS). For selec-
tive chemogenetic activation of ipRGCs in Opnd“™* mice, 2 ul of AAV-
hSyn-DIO-hM3Dq-GFP (BrainVTA, China) was intravitreally injected
at P21; control eyes were injected with 2 ul of AAV-hSyn-DIO-GFP
(BrainVTA). Three weeks later, these mice were maintained in darkness
and treated with intraperitoneal injection of CNO (BrainVTA, 10 mg/kg
body weight) daily to trigger hM3Dg-mediated excitation. For selective
ablation of ipRGCs in Opnd“™“"™ mice, 2 ul of AAV-CAG-DIO-DTA
(BrainVTA), which enables Cre-dependent expression of diphtheria toxin
gene A chain (DTA), was intravitreally injected at P21, while control
eyes received equal volume of AAV-CAG-DIO-GFP (BrainVTA). All
viral vectors used were at a titer of >2 x 10" viral genome (vg)/ml.

Refractive error measurements
Refractive errors were measured as previously described (55), with
an eccentric infrared photorefractor designed by Schaeffel et al.
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(63), which is customized for the mouse eye and calibrated regular-
ly. The refractive error of each eye was averaged from three mea-
surements. To minimize nonspecific effects, any mice with an
initial interocular refractive difference of >2 D were abandoned in
this study.

Ocular biometric measurements

A custom-made, ultra-long depth, SD-OCT system with a resolu-
tion at 10 um was used to measure axial components including
corneal thickness (CT), anterior chamber depth (ACD; from the
posterior corneal surface to the anterior lens surface), lens thickness
(LT), vitreous chamber depth (VCD; from the posterior lens surface
to the vitreous-retina interface), and AL (from the anterior corneal
surface to the vitreous-retina interface) as previously reported (39).
Briefly, mice were anesthetized with a mixture of 0.6% pentobarbi-
tal and 0.2% xylazine (10 ul/g body weight) and then positioned 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 SD-OCT
data were exported and analyzed using custom-designed software
to yield the values of axial components. CRC was measured with a
keratometer (OM-4, Topcon, Japan) as previously described (39).
The keratometer was equipped with a +20-D achromatic doublet
lens and was calibrated by a series of stainless steel ball bearings
(diameters from 2.318 to 4 mm). For both SD-OCT and photo-
keratometry, the mean value of the results of three measurements
was used for further comparisons and analysis.

Immunohistofluorescence

Tissue preparation

Mice were enucleated immediately after sacrifice by 25% ethyl car-
bamate (10 ul/g body weight). Eyeballs were then placed in 0.01 M
PBS, and the cornea, lens, and vitreous were quickly removed, leav-
ing the retina in the posterior eyecup. For retinal sections, the eye-
cups were fixed for 30 min with 4% paraformaldehyde (PFA) and
then chilled in 10%, 20%, and 30% (w/v) sucrose in 0.1 M phosphate
buffer (pH7.4) at 4°C sequentially. The eyecups embedded in opti-
mal cutting temperature compound (Leica, Germany) were frozen
by liquid nitrogen and then sectioned vertically at 14-pm thickness
on a freezing microtome (Leica). The sections were collected on
gelatin-chromium-coated slides and stored at —20°C. For whole
mounts, the retinas were dissected from the pigment epithelium
and sclera gently, and four radial cuts were made to flatten the retina
and to divide the retina into four quadrants (i.e., dorsal, ventral,
temporal, and nasal). The retinas were then attached to a piece of filter
paper (AABP02500, Millipore, USA) with ganglion cell side up and
fixed with 4% PFA for 20 min.

Retinal staining

Retinal sections were fetched from —20°C and rinsed in 0.01 M PBS,
and then the sections were blocked in 0.1 M PBS containing 6%
normal donkey serum and 0.2% Triton X-100 for 2 hours at room
temperature, washed in 0.01 M PBS for 3 x 15 min, and incubated
with the primary antibodies in a buffer [3% normal donkey serum,
1% bovine serum albumin (BSA), and 0.2% Triton X-100 in 0.1 M
PBS] for 2 days at 4°C. For retinal whole mounts, the staining pro-
cedure was the same as that of sections, but the blocking solution
was made by mixing 6% normal donkey serum and 1% Triton
X-100 in 0.1 M PBS, while the solution for antibody incubation was
0.1 M PBS containing 3% normal donkey serum, 1% BSA, and 1%
Triton X-100.
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Antibodies

The primary antibodies/cellular markers used are listed as follows:
goat anti-Brn3a (Santa Cruz Biotechnology, 31984, 1:1000), mouse
anti-calbindin (Swant, 300, 1:1000), mouse anti-CRALBP (Abcam,
ab15051, 1:1000), mouse anti-HPC-1 (Sigma-Aldrich, S0664, 1:500),
mouse anti-rhodopsin (Chemicon, MAB5356, 1:500), rhodamine-
conjugated peanut agglutinin (PNA; Vector Laboratories, RL-1072-5,
1:500), rabbit anti-melanopsin [Advanced Targeting Systems, AB-N39
(UF008), 1:10,000], rabbit anti-melanopsin (Thermo Fisher Scientific,
PA1-780, 1:500), mouse anti—-SMI-32 (Covance, SMI32R, 1:1000),
and sheep anti-Chx10 (Abcam, ab16141, 1:1000). Alexa Fluor
488/555/647-conjugated fluorescent secondary antibodies raised in
donkey were obtained from Thermo Fisher Scientific (USA) or Jackson
ImmunoResearch (USA) and used with a final dilution at 1:200.
Microscopic imaging and cell counting

Images of retinal sections were obtained using a 60x oil-immersion
objective lens [numerical aperture (NA) 1.42] of a Fluoview FV1000
confocal microscope (Olympus Corporation, Japan). In each sec-
tion, cell counting, carried out with ImageJ software (https://imagej.
nih.gov/ij/), was done in a 211-um length area located at 1.2 to
1.6 mm from the optic nerve head. Images of retinal whole mounts
were acquired with a Fluoview FV1000 confocal microscope or with
an Axioskop 40 fluorescence microscope (Carl Zeiss Inc., Germany)
under 20x objective lenses (NA 0.75 and 0.80, respectively). Eight
520 um-by-520 um areas (centered at 0.6 and 1.5 mm from the
optic nerve head in four quadrants) of each whole mount were
imaged, and cell counting was conducted with Image].

Real-time quantitative reverse transcription PCR

After mice were sacrificed, retinas were harvested, and total RNA
(200 ng) was extracted and reverse-transcribed with commercially
available kits (Takara Bio Inc., Japan). Quantitative real-time PCR
was performed using TB Green Premix Ex Taq II (Takara Bio) on
the Applied Biosystems QuantStudio 3 96-Well 0.2-mL Block. The
primer sequences of OPN4 and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) were 5'-TCTGTTAGCCCCACGACATC-3’
(forward) and 5'-TGAACATGTTTGCTGGTGTCC-3’ (reverse), and
5'-TGGTGAAGGTCGGTGTGAACG-3' (forward) and 5'-AG-
GGGTCGTTGATGGCAACAA-3' (reverse), respectively.

Western blot analysis

Western blot analysis was performed as previously described (32).
In brief, total cellular proteins of retinas were extracted with a pro-
tein extraction kit (K268-50; BioVision, USA). Protein concentra-
tions were determined using a standard bicinchoninic acid assay kit
(23235, Thermo Fisher Scientific, USA). Equivalent amounts of
freshly extracted retinal lysate (50 ug per lane) were electrophoresed
in 10% SDS-polyacrylamide gel electrophoresis and then trans-
ferred to a polyvinylidene fluoride membrane (Millipore). The blots
were incubated for 2 hours at room temperature in a blocking solu-
tion (pH 7.4) containing 20 mM tris-HCI, 137 mM NaCl, 0.1%
Tween 20 (TBST) and 5% nonfat milk and then in the same solution
containing the antibody against melanopsin (PA1-780, 1:500; Thermo
Fisher Scientific) overnight at 4°C. B-Actin (A5541, 1:5000; Sigma-
Aldrich) was used as loading control. After that, the blots were
washed three times for 10 min by TBST, followed by incubating
in horseradish peroxidase-conjugated donkey anti-rabbit IgG sec-
ondary antibody (ab6802, 1:2000; Abcam, UK) for 2 hours at room
temperature and washed again. The immunosignals were visualized
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with enhanced chemiluminescence (34096, Thermo Fisher Scientific)
and analyzed on ChemiDoc XRS System with Image Lab software
(Bio-Rad, USA).

Wheel-running activity

Wheel-running activity was recorded with wireless running wheel
systems (ENV-047, MED Associates Inc., USA) equipped with a
sensor hub (DIG-807, MED Associates Inc.). The voluntary activi-
ties of mice injected with MEL-SAP and PBS in left and right eyes,
respectively, and of those with PBS injected in both eyes were mon-
itored. In a room with a timer-controlled independent illuminating
system, mice were housed individually in a cage with a running
wheel. They were first maintained at 12:12-hour LD cycle for 3 weeks
for adaptation to the environment. Subsequently, their activities
under 12:12-hour LD, DD, and LL conditions were recorded for
2 weeks each. Actograms were generated and analyzed by Running
Wheel Manger software (SOF-860, MED Associates Inc.) and online
circadian software (www.circadian.org).

Electroretinographic recording

ERG was recorded with a custom-made system (39). After over-
night dark adaptation, mice were anesthetized by intraperitoneal
injection of 0.6% pentobarbital sodium (10 ul/g body weight) under
weak red light. Compound tropicamide eye drops (Mydrin-p; Santen
Pharmaceutical, Japan) were gently dropped onto the eyes to dilate
pupils. During the experiments, eyes were kept moist with sterile
saline. Gold wire ring electrodes (3104RC; Roland, Germany) were
placed on the surface of corneas to record ERG responses from both
eyes, and needle electrodes were placed in the cheek and tail as ref-
erence and ground leads, respectively. In a custom-built Ganzfeld
dome, eyes were stimulated by 3-ms white light flashes (6000 K in
color temperature) provided by a light-emitting diode (LED) light
source (CQ-LU9079; Qianhan Lighting, China) at two different
intensities: 5 x 0.01 cd-s/m” for evoking rod-dominant responses,
followed by 5 x 3 cd-s/m” for evoking mixed rod- and cone-driven
responses. ERG responses were amplified with a preamplifier
(FZG-81; Jia Long Educational Instruments, China), band-pass—
filtered at 0.1 to 100 Hz, and digitized at 2 kHz. Data recorded were
analyzed by a custom-texted program in LabVIEW (National
Instruments, USA). Amplitudes of a-waves were calculated by sub-
tracting the baseline from the peak, whereas amplitudes of b-waves
were measured from the baseline (responses without a-waves) or
the proceeding troughs (responses with a-waves). Final ampli-
tudes of each eye were averaged from calculations of five times
recordings.

Pupillometry

Pupillometry was done in Opn4“* mice at 3 weeks after AAV-
hSyn-DIO-hM3Dq-GFP injection. Before the experiment, animals
were dark-adapted for at least 12 hours. Measurements were started
in the daytime, typically at 09:00 a.m. Under dim red illumination,
the mouse was placed in a head-and-body restrainer with a metal
bar (implanted into the skull 2 days before the recording) fixed to
the restrainer. Pupil images were recorded at different time points
(right before and 30, 60, 120, 150, 180, 210, 240, 270, 300, 330, 360,
390, 420, 450, 480, 510, 540, 570, 600, 630, 660, and 690 min after
CNO injection) using a pupilometer (A2000; Neuroptics Inc., USA)
in combination with Bandicam software (Bandicam Company,
South Korea) under infrared light and further analyzed with Image]J
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software. Percentage pupil constrictions were calculated as the pu-
pil areas at different post-CNO injection time points relative to that
before CNO administration.

MEA recording

Retinal preparation

C57BL/6 mice treated with 4-week form deprivation were sacrificed
by spinal dislocation after dark-adapted overnight. Under dim red
light, the eyes were enucleated immediately and put into Ames’ me-
dium (A1420, Sigma-Aldrich), which was equilibrated with 95% O,
and 5% CO;. Retinas were dissected from the eyecups and mounted
onto a piece of anodisc filter membrane (Anodisc 25, GE Health
Bio-Sciences, USA) with photoreceptor side down. Mounted retinas were
transferred into the recording chamber of a MEA chip (60MEA200/30iR-
ITO-gr, Multi Channel Systems, Germany) with ganglion cell side toward
the array and then continuously perfused with oxygenated Ames’ medium
with the help of an ismatec peristaltic pump (78023-00, Cole-Parmer,
USA) and maintained at 30° + 2°C using a temperature controller
(TC-324B, Warner Instruments, USA).

Data acquisition and light stimulation

Data acquisition was performed using the USB-MEA60-Inv-BC-System
and MC_Rack software (Multi Channel Systems) when the retina
preparation was placed in a light-tight Faraday cage. Raw electrical
signals were amplified, digitized at 10 kHz, high-pass—filtered at 200 Hz,
and written to disk of a Dell PC. Retinas were full-field stimulated
by 10-s 480-nm light flashes generated using a custom-modified fiber
optic LED illuminator (ScopeLED Model 66991, Dicon Fiberoptics,
USA) with stimulus timing controlled by a logic circuit integrated in
the illuminator. Light intensities (3.42 x 10" to 1.51 x 10'® photons
cm™%s7") were adjusted by a neutral density filter kit (66155, Edmund
Optics Inc., USA) introduced to the light path. Stimuli were presented
in a series that was monotonically ascending in intensity and iden-
tical for all experiments. Interstimulus intervals increased by 0.5 log
unit steps progressively, ranging from 5 min between dim stimuli to
10 min between the brightest stimuli. Melanopsin-based ipRGC
responses were identified by the sluggish, persistent spiking in
the presence of a glutamatergic blocker cocktail, which consisted of
50 pM L-AP4 (group III metabotropic glutamate receptor agonist,
Tocris), 40 uM DNQX (AMPA /kainate receptor antagonist, Tocris),
30 uM D-AP5 (N-methyl-p-aspartate receptor antagonist, Tocris), and
2 uM ACET (kainate receptor antagonist, Tocris).

Spike sorting and data analysis

Spike sorting of the raw recording data followed a protocol previ-
ously described using Offline Sorter software (Plexon Inc., USA) with
manual correction for clustering errors (29). The resulting time-
stamps of individual ipRGCs were further processed with OriginPro
2017 (OriginLab Corp., USA) and Microsoft Excel (Microsoft
Corporation, USA) to measure two major parameters of light re-
sponses: total spike number during light stimulus and peak latency
(the interval between light onset and the time point when peak firing
rate occurred).

Specific ablation of M1 ipRGCs

P21 Opnd“™** mice were deeply anesthetized by intraperitoneal in-
jection of 0.6% pentobarbital sodium (10 ul/g body weight). AAV-
EF1a-DIO-Flp (2 pl; BrainVTA) was injected into left eyes with a
Nanoject II microinjector, while 2 pl of AAV-EF1a-DIO-mCherry
(BrainVTA) was injected into right eyes as controls. Immediately
after the intravitreal injection, the mice received stereotaxic injection
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as previously described (64). In brief, after skull fur was shaved, the
head of the mouse was mounted in a stereotaxic frame and the sur-
gical site was sterilized with iodophor and 75% ethanol. Small holes
over bilateral POA and PHb were drilled, and a glass micropipette
was inserted into bilateral POA and PHb sequentially to inject 200 nl
of AAV-retro-EF1a-fDIO-DTA (BrainVTA) to each site with a
glass micropipette (tip diameter of 10 to 30 um) controlled by an air
pressure system (WPI Micro 4, RWD, China). All viral vectors used
were at a titer of >2 x 10'? vg/ml.

High-performance liquid chromatography

Because DA contents in the C57BL/6 mouse retina undergo diurnal
fluctuation, all retinal and vitreous samples were collected at zeitge-
ber time 1 (1 hour into the light period), when retinal DA levels
reach the daily peak (65). Ten weeks after injections of MEL-SAP
and PBS, mice were sacrificed by spinal dislocation. Retinas and vit-
reous bodies (collected using an Eppendorf pipette with a 10-ul pi-
pette tip) were harvested quickly and added into 100 and 15 pl of
ice-cold 0.1 M perchloric acid (containing 10 uM ascorbic acid, 0.1 mM
EDTA disodium salt, and 0.02 uM 3,4-dihydroxybenzylamine),
respectively. DA and DOPAC levels were assessed with an Agilent
1200 series neurotransmitter analyzer (Agilent Technologies, USA)
as previously reported (39). The data were collected and analyzed
by ChemStation (Agilent Technologies).

Statistical analysis

Data are presented as means + SEM. All statistical analyses were
performed with OriginPro 2017 and GraphPad Prism 8 (GraphPad
Software). Before ANOVA, a one-sample Kolmogorov-Smirnov
test was done with all data groups to verify whether they were dis-
tributed normally. Statistical significance between two eyes of the
same animal was determined by paired ¢ test, whereas unpaired ¢ test
or one-way ANOVA was applied when comparing eyes from differ-
ent mice. Difference in growth curves and that in I-R curves were
compared with two-way ANOVA followed with Sidak post hoc
multiple comparisons tests. Significant difference was defined as a
P value smaller than 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm9027

View/request a protocol for this paper from Bio-protocol.
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