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Abstract

Retinal ganglion cells (RGCs) drive diverse, light-evoked behaviors from conscious visual
perception to subconscious, non-image forming behaviors. It is thought that RGCs primarily drive
these functions through the release of the excitatory neurotransmitter glutamate. We identified a
subset of melanopsin-expressing, intrinsically photosensitive RGCs (ipRGCs) in mice that release
the inhibitory neurotransmitter GABA at non-image forming brain targets. GABA release from
ipRGCs dampened the sensitivity of both the pupillary light reflex and circadian
photoentrainment, shifting the dynamic range of these behaviors to higher light levels. Our results
identify an inhibitory RGC population in the retina and provide a circuit-level mechanism that
contributes to the relative insensitivity of non-image forming behaviors at low light.

One Sentence Summary:

Here we identify a GABAergic circuit from the eye to the brain that dampens the sensitivity of
non-image forming visual behaviors.

Retinal ganglion cells (RGCs) relay light information to over 40 brain areas (1-3), giving
rise to both conscious visual perception (image forming vision) as well as subconscious
“non-image forming” functions such as circadian photoentrainment and the pupillary light
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reflex (PLR) (4, 5). Currently, RGCs are thought to mediate these functions by synaptic
release of the excitatory neurotransmitter glutamate onto their postsynaptic targets. Previous
immunohistochemical evidence has suggested the presence of inhibitory, GABAergic RGCs
in several mammalian species (6-9). However, the identity of GABAergic RGCs and their
function in visual behavior has remained elusive.

To label GABAergic projections from the retina to the brain, we utilized a mouse line, Gad2-
IRES-Cre, in which Cre recombinase is co-expressed with the GABA synthesis enzyme
Gad2 (10). We then made unilateral eye injections of an adeno-associated virus (AAV) that
drives Cre-dependent expression of the fluorescent reporter tdTomato (AAV2/hSyn-FLEX-
Chrimson-tdTomato) (Fig. 1A). Because RGCs are the only retinal neurons that project to
the brain, any labeled tdTomato+ axons in the brain indicate the presence of Gad2-
expressing RGCs. We observed tdTomato+ axons that were largely confined to non-image
forming brain areas including the suprachiasmatic nucleus (SCN), intergeniculate leaflet
(IGL) and the ventral lateral geniculate nucleus (vLGN), which are involved in circadian
entrainment, as well as the ipsilateral shell of the olivary pretectal nucleus (OPN), which is
involved in the PLR (14/14 animals; Fig. 1B-D) (11-15). No labeling was observed in the
brains of WT animals injected with the same Cre-dependent virus (Fig. S1). We observed
less-frequent labeling in image forming structures such as medial, posterior superior
colliculus (10/14 animals) and projections to the shell of the contralateral dLGN (9/14
animals) (Fig. S2).

The melanopsin-expressing, intrinsically photosensitive retinal ganglion cells (ipRGCs) are
the major RGC type innervating non-image forming structures like the SCN, IGL, vLGN
and OPN shell, and are required for circadian photoentrainment and the PLR (11, 16, 17). To
test whether Gad2+ RGCs are ipRGCs, we intravitreally injected Gad2-IRES-Cre mice with
an AAV expressing a Cre-dependent mCherry reporter (AAV2/hSyn-DIO-mCherry) and
immunolabeled these retinas for melanopsin (Fig. 1E). 12% of melanopsin immunoreactive
cells were mCherry+ (167/1437 cells from 7 retinas) and the proportion of mCherry+
ipRGCs was highest (31%) in the dorsal-temporal quadrant of the retina (Fig. 1F-G). The
individual densities of Gad2+ cells or of melanopsin immunopositive cells alone were not
higher in the dorsal-temporal retina compared to other quadrants (Fig. S3). Additionally,
Gad2 labeling was enriched in ipRGCs relative to the total RGC population because only
1% of total RGCs and only 0.6% of Brn3a+ (a marker of non-ipRGCs) RGCs were mCherry
+ (Fig. S4).

We performed RNA fluorescence /n situ hybridization (FISH) for Gad2 mRNA in ipRGCs
to determine whether we could detect it in ipRGCs. We identified ipRGCs in retinal sections
by probing for Opn4 mRNA (Fig. 2A-B) and counting the number of Gad2 puncta in that
region of interest (ROI) (Fig. S5-S7 and see methods). We did not observe any labeling in
retinas of Opn4 knockout animals (Fig. S6). To establish a threshold for Gad2+ ipRGCs, we
performed the same experiment in animals lacking Gad2 in ipRGCs (Opn4C"e/* ; Gad2™%),
We estimate that Gad2 mRNA is detectable above background in 26% of ipRGCs (Fig. S7).
We next immunolabeled ipRGC terminals in the SCN for Gad65 protein, which is encoded
by the Gad2 gene, in ipRGCs. 12% of ipRGC nerve terminals in the SCN were Gad65
immunoreactive (Fig. 2C-E). Less than 2% of ipRGC nerve terminals were Gad65
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immunoreactive when we rotated the Gad65 channel (Fig. 2E), indicating that colocalization
levels were better than chance. Likewise, less than 2% of ipRGC nerve terminals in
OpndCre’* : Gad2™™ animals were Gad65 immunoreactive.

We next asked if ipRGCs functionally release GABA. We expressed channel
channelrhodopsin-2 (ChR2) in RGCs by delivering AAVs that drive Cre expression (AAV2/
pgk-Cre) to the eyes of Ai32 mice (which drive Cre-dependent expression of ChR2) (19).
We made acute brain slices containing the SCN, which receives retinal input exclusively
from ipRGCs in mice (11, 17). We photoactivated ipRGC axons (Fig. 3A) and voltage-
clamped SCN neurons at —60mV (Ec) to isolate excitatory postsynaptic currents (EPSCs)
and then at 0OmV (Ecation) to isolate inhibitory postsynaptic currents (IPSCs). Tetrodotoxin
(TTX) and 4-aminopyridine (4-AP) were included in the extracellular solution to ensure that
elicited postsynaptic currents were monosynaptic (20). ipRGC photoactivation evoked
synaptic currents in 32/79 (40%) SCN neurons including EPSCs only (18/32 cells), IPSCs
but no EPSCs (3/32 cells), and both IPSCs and EPSCs (11/32 cells). Therefore, just over
43% of SCN neurons receiving direct input from ipRGCs receive inhibitory ipRGC input
(Fig. 3D). The synaptic latency of EPSCs and IPSCs elicited in SCN neurons was not
significantly different, suggesting that both types of postsynaptic currents arise from
monosynaptic input from ipRGCs (Fig. 3E). When possible, we mapped the location of
recorded SCN neurons (Fig. S8) and immunolabeled recorded cells for vasoactive intestinal
peptide (VIP) (Fig. 3B-C). A higher proportion of VIP+ neurons in the SCN received
monosynaptic ipRGC input (59%) compared to VIP- neurons (33%) (Fig. 3F). A larger
percentage of VIP+ neurons received purely excitatory ipRGC input (41%) compared to VIP
- neurons (15%) and a similar proportion of VIP+ and VIP- neurons received inhibitory
ipRGC input (Fig. 3F).

Bath application of NBQX and D-APV abolished evoked EPSCs (Fig. 3G-H) in SCN
neurons receiving excitatory and inhibitory ipRGC input, but did not affect IPSC amplitudes.
This further confirms that elicited IPSCs were not likely a result of a disynaptic inhibition
arising from evoked glutamatergic ipRGC inputs onto a GABAergic interneuron.
Subsequent bath application of gabazine (SR-95531) abolished the remaining light-evoked
IPSCs in SCN neurons (Fig. 3G-H).

To assess how GABA release by ipRGCs influences non-image forming visual behavior, we
crossed Opn4€ mice (21) to Gad2™™ mice (22) to knock out Gad? specifically in ipRGCs
(Opn4Cre’* - Gad2™//X referred to as Gad2 cKO). These animals showed normal ipRGC
projections and visual acuity, indicating that this manipulation does not affect visual system
development (Fig. S9 and S10). We measured the PLR of Gad2 cKO animals compared to
littermate controls (Opn4*/*; Gad2™/™) across a range of light intensities and measured the
irradiance-response relationship (Fig. 4A-C). PLR amplitude and kinetics were both
unaffected at bright light intensities in Gad2 cKO animals (Fig. 4C and Fig. S11). Baseline
pupil size in darkness was also unchanged (Fig. 4A-B). However, at low light levels, Gad2
cKO mice showed significantly stronger pupil constriction (Fig. 4C) than littermate controls,
though the kinetics were not significantly different (Fig. S11).
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We next tested whether these changes in PLR were due to lack of Gad2 in ipRGCs or
potentially due to developmental effects of Gad2 excision early in development. We knocked
out the Gad2 gene specifically in RGCs of adult Gad2®™ mice via intravitreal delivery of
an AAV that drives Cre expression under an RGC-specific promoter (AAV2/SNCG-Cre-HA)
(23) (Fig. S12 and see Methods). Less than 5% of amacrine cells were labeled in well-
infected areas (Fig. S12B). We then measured the PLR in response to dim (10.4 log
photons/cm?/s) and bright (13.4 log photons/cm?/s) light stimuli. Mice in which Gad2 was
knocked out in RGCs exhibited significantly more sensitive PLR in response to dim light,
but not bright light (Fig. S12C-D) compared to control animals. These results suggest that
these changes in PLR are not due to developmental defects from Gad2 gene excision.

To determine whether GABA release by ipRGCs also influences circadian
photoentrainment, we tracked voluntary wheel running activity of littermate control and
Gad2 cKO mice across multiple light levels. Mice were first exposed to a 12 hour:12 hour
light-dark (LD) cycle with bright, 100 lux light during the light phase. We then performed a
6-hour phase advance of the LD cycle at 4 week intervals and simultaneously lowered the
light intensity at each shift, first to 1.5 lux and then to 0.2 lux (Fig. 4D and Fig. S13). The
rate of re-entrainment in response to both 6-hour phase advances was the same in Gad2 cKO
compared to control animals (Fig. S14). However, Gad2 cKO animals had significantly
higher circadian amplitudes in LD cycles at low (1.5 lux and 0.2 lux), but not high (100 lux)
light levels (Fig. 4E). This indicates that the circadian photoentrainment of Gad2 cKO
animals remains more robust at lower light levels and is relatively insensitive to decreases in
environmental light levels. There were no significant differences between Gad2 cKO and
control animals in total daily activity, activity onset time, and activity onset variability (Fig.
S15). Instead, Gad2 cKO animals exhibited significantly less activity in the light phase at 1.5
lux and 0.2 lux, which likely accounts for their increased circadian amplitude at low light
levels relative to controls (Fig. 4F).

Our results reveal a GABAergic circuit originating in the retina that decreases the sensitivity
of the non-image forming visual system at low light levels. Recent reports have shown that
the ipRGCs providing input to non-image forming brain regions are highly sensitive to dim
light (24-26), and yet the non-image forming behaviors driven by these inputs are relatively
insensitive to light compared to image forming vision (27, 28). The mechanisms underlying
this discrepancy between sensitive cellular inputs to non-image forming brain regions, but
relatively /nsensitive behavioral outputs had remained a mystery. Our results suggest that a
subpopulation of ipRGCs may serve to actively dampen the sensitivity of the non-image
forming visual behaviors by releasing the inhibitory neurotransmitter GABA, providing a
circuit mechanism for this discrepancy. For the PLR, these inputs serve to maximize light
entry into the eye at low light levels. For circadian behaviors, these inputs likely prevent
unnecessary adjustments of the body’s master clock to relatively minor perturbations in
environmental light.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. ipRGCsare a potential source of inhibitory input to non-image forming visual brain
areas.
(A) Intravitreal injections of AAV2/hSyn-FLEX-Chrimson-tdTomato in Gad2-IRES-Cre

mice to label GABAergic cells in the retina. Coronal brain sections were made 1-2 months
post infection.

(B-D) tdTomato+ axons were consistently observed (14/14 animals) in the IGL (B), vLGN
(B) SCN (C), and OPN (D). Scale bar 200 pm.

(E) Intravitreal injections of AAV2/hSyn-DIO-mCherry in Gad2-IRES-Cre mice to label
GABAergic cells in the retina. Retinas were immunostained for melanopsin to label
ipRGC:s.

(F) Melanopsin and mCherry labeling in Dorsal-temporal (top) and ventral-nasal (bottom)
quadrants of retinas in (E) . Solid white circles: Gad2+ ipRGCs and dotted green circles:
Gad2- negative ipRGCs.

(G) Percentage of melanopsin immunoreactive cells that were Gad2+. n = 7-8 retinas/
quadrant.

Data are mean = SD.
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Fig. 2. ipRGCs express Gad2.
(A) /n situ hybridization for Opn4 (green) and Gad2 (magenta). ONL (outer nuclear later),

INL (inner nuclear layer), GCL (ganglion cell layer).

(B) Gad2+ (top) and Gad2- (bottom) ipRGCs from panel A.

(C) Strategies for labeling ipRGC axons in the SCN. Black text: reporter mice in which the
synaptophysin-tdT fusion protein was expressed in the presence of Cre recombinase (Syp-
tdT or Ai34) were intravitreally injected with the pgk-Cre virus. Gray text: OpnCre/*
animals were intravitreally injected with a virus driving Cre-dependent expression of
Chrimson-tdT.

(D) ipRGC terminals in SCN terminal of Syp-tdt mice intravitreally injected with pgk-Cre
virus (top) and immunolabeled for Gad65 (magenta) and synapsin to label axon terminals
(cyan). Bottom panels show zoomed in images of ipRGC axon terminals that were Gad65
immunoreactive (boxes 1 and 2) and Gad65 negative (box 3).
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(E) Percentage of ipRGC terminals that were Gad65 immunoreactive (IR).
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Fig. 3. Functional GABA release by ipRGCs.
(A) SCN acute brain slices were prepared from ChR2-YFP (Ai32) mice eye injected with

pgk-Cre virus. Full field 470nm light flashes were used to photo-activate ipRGC axons.

(B) Neurobiotin-filled SCN neurons (magenta, indicated by arrows) in SCN slices labeled
for VIP. ipRGC axons are labeled in green.

(C) Zoomed in images of the VIP— (top panels) and VIP+ (bottom) neurons in B.

(D) EPSCs (black) and IPSCs (red) elicited in SCN neurons after photoactivating ipRGC
axons in the presence of TTX and 4-AP. The blue line indicates delivery of a 1ms light
stimulus. TTX (tetrodotoxin), 4-AP (4-aminopyridine).

(E) Synaptic latency of EPSCs and IPSCs following photoactivation of ipRGC axons. n.s.
(not significant).

(F) Proportion of VIP+ (left) and VIP- (right) SCN neurons that receive excitatory and/or
inhibitory input from ipRGCs.

(G) Example recording from an SCN neuron that receives both excitatory and inhibitory
ipRGC input. Bath application of NBQX and D-APV abolished the EPSC, but did not affect
the IPSC. Subsequent application of gabazine abolished the IPSC.

(H) EPSC (black, left) and IPSC (red, right) amplitude in SCN neurons receiving both
excitatory and inhibitory input from ipRGCs before and following application of NBQX/D-
APV and then gabazine. n = 6 cells. All data are mean * SD.

Science. Author manuscript; available in PMC 2020 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sonoda et al.

Page 11
Control  Gad2 cKO B Dark Pupil Area € Irradiance-response relationship of PLR
. LN & b,

x A 8 - 1.04... o S SN SN N U S SN SR SN
8 T ] i g @ Control (n = 5)

€ g c 0.8 ® Gad2 cKO (n=7)

| 2e® &° =

o — 2 0.6+
£ < 4] ®  eee 3

= o)
a g N 0.4

a ©

¥ 21 £ 02

S 2
E) 0d—— 0.0 T T T T T T
o \@ v 89 99 109 119 129 139

o(\ 0@ ‘{_O )
S Irradiance (log quanta/cm?/s)
E - )
Circadian amplitude
0
100lux 100004 N ok *% = Control
- - T = Gad2cKO

1.5lux

Days

X? periodogram amplitude (Qp)

0.2lux
66 100lux 1.5lux 0.2lux
48
Gad2 cKO F
0 Activity during light phase
; =" S
i — 60 ns. kk _* = Control
: - i ° = Gad2 cKO
> 1.5lux £
=) o
4 = o
& £ 40
= o
= 2
3 g § 8
(: 20- ° (e} i °
0.2lux S olo W Le 3
i N

66

100lux 1.5lux 0.2lux

0 24 48
Time of day (h)

Fig. 4. GABA release by ipRGCsinfluences non-image forming behaviors.
(A) Representative PLR images from control (left panels, Opn4**; Gad2™™) and Gad2

cKO (right panels, Opn4Cre*; Gad2™/™) mice in darkness (top), dim light (middle, 10.9 log
quanta/cm?/s) and bright light (bottom, 13.9 log quanta/cm?/s).

(B) Control and Gad2cKO pupil area in the dark.

(C) Irradiance-response relationship of PLR in control and Gad2 cKO mice.

(D) Representative double-plotted actograms from control (top) and Gad2 cKO (bottom)
mice. Mice were initially exposed to a 12:12 light dark cycle with 100 lux light during the
light phase. The light level was subsequently lowered to 1.5 lux and 0.2 lux. The mice were
exposed to a 6-hour phase advance each time the light level was lowered.

(E-F) Circadian amplitude measured using the peak amplitude of the X2 periodogram (E)
and percent activity during the light phase (F) in control (black, n = 8) and Gad2 cKO (red, n
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= 9) mice. All data are mean + SD. n.s. (not significant). * P < 0.05, ** P < 0.01 (Mann-
Whitney U test).
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