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A sign-inverted receptive field of inhibitory
interneurons provides a pathway for ON-OFF
interactions in the retina
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A fundamental organizing plan of the retina is that visual information is divi-
ded into ON and OFF streams that are processed in separate layers. This
functional dichotomy originates in the ON and OFF bipolar cells, which then
make excitatory glutamatergic synapses onto amacrine and ganglion cells in
the inner plexiform layer. We have identified an amacrine cell (AC), the sign-
inverting (SI) AC, that challenges this fundamental plan. The glycinergic, ON-
stratifying SI-AC has OFF light responses. In opposition to the classical wiring
diagrames, it receives inhibitory inputs from glutamatergic ON bipolar cells at
mGIuR8 synapses, and excitatory inputs from an OFF wide-field AC at electrical
synapses. This “inhibitory ON center - excitatory OFF surround” receptive-field
of the SI-AC allows it to use monostratified dendrites to conduct crossover
inhibition and push-pull activation to enhance light detection by ACs and RGCs

in the dark and feature discrimination in the light.

The segregation of the visual input into ON and OFF channels that
carry information about light increments and decrements, respec-
tively, is a central organizing principle of the vertebrate retina'™.
During daylight vision, this segregation begins at the cone synapse
where signals diverge to ON and OFF bipolar cells. OFF bipolar cells
express ionotropic glutamate receptors and receive a “sign-conser-
ving” input from cones*. Both cones and OFF bipolar cells depolarize
during light decrements. ON bipolar cells express a metabotropic
glutamate receptor, mGIuRé6, that mediates an inversion of the cone
signal’®, During light increments, when cones are hyperpolarized, the
ON bipolar cells are depolarized. ON and OFF pathway segregation
continues in the inner plexiform layer (IPL) where the axon terminals of
ON bipolar cells end in the proximal half or sublamina b while the
terminals of OFF bipolar cells end in the distal half or sublamina a. ON
and OFF bipolar cells both release glutamate onto excitatory, iono-
tropic glutamate receptors expressed by ACs and retinal ganglion cells
(RGCs), which inherit “ON” and/or “OFF” response polarities depend-
ing on their IPL stratifications>*°. A minor exception in the mamma-
lian retina is that some ON bipolar cells make excitatory ribbon

synapses en passant at the top of sublamina a, endowing a few AC and
RGC types with ON responses”. However, even in this case, the exci-
tatory output of the ON bipolar cell determines postsynaptic response
polarity. The division of the IPL into ON and OFF sublamina based on
the excitatory glutamatergic output of bipolar cell axon terminals is a
simplifying principle that is frequently used to predict the responses of
AC and RGCs based on their dendritic stratifications alone.

Parallel ON and OFF pathways are not isolated visual channels but
instead interact with each other in a process called crossover inhibi-
tion. In crossover inhibition, excitation in either the ON or OFF path-
way produces an inhibition in local OFF or ON pathways, respectively.
Crossover inhibition is mediated by specific ACs with processes that
span the OFF and ON sublaminas'®". It has been shown that crossover
inhibition extends the range for light responses in some RGC types®,
compensates for the distorting effects of synaptic rectification'®, and
generates sustained signals in the inner retina”. Identifying the subset
of ACs that mediate crossover inhibition is a challenge since at least
60 types of ACs are revealed by single-cell RNA sequencing®?, along
with 40-50 AC types that have been described in morphological
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studies®?. It is believed that each AC type has a distinct functional
role in visual processing, yet the correspondence is only known for
fewer than 20 types” .

Here we use a Cre/tTA intersectional strategy*** that relies on two
orthogonal binary systems, Cre/loxP and tTA/TRE®, to restrict AC
labeling and provide genetic access to individual cell types for func-
tional studies. By creating a VGAT-iCreER;Scg2-tTA intersection, we
identified an AC type, named SI-AC (sign-inverting AC), whose
response properties challenge the classical circuit diagrams of
the retina. SI-AC stratifies exclusively in the ON sublamina of the IPL
but generates an OFF response, i.e. a hyperpolarization to a receptive
field center light stimulus and a depolarization to darkness in the
receptive field surround, in opposition to expectation. The central OFF
response of SI-AC is mediated by a sign-inverting metabotropic
receptor (mGIuR8) at synapses with ON bipolar cells, while the OFF-
surround activation is communicated to SI-AC via electrical synapses
from a wide-field AC that receives a typical, sign-preserving input from
OFF bipolar cells. Continuously depolarized in the dark, the SI-AC
provides crossover inhibition to the ACs and RGCs whose dendrites
costratify in the ON sublamina. When hyperpolarized by a central light,
the crossover inhibtion is relieved, enhancing the output signals of the
ON pathways.

Results

SI-AC identified by using a VGAT-iCreER/Scg2-tTA intersectional
approach

The Scg2-tTA driver expresses tTA under the control of a mouse
secretogranin Il promoter**. In the retina, tTA was expressed in mul-
tiple types of ACs and RGCs. To isolate tTA-expressing ACs and to label
them sparsely for analysis, we crossed Scg2-tTA mice with VGAT-
iCreER (an inducible Cre driver under the control of Slc32al promotor)
mice and used a Cre/tTA dependent-GCaMPé6f reporter line Ai93* to
label cells in the intersection (Fig. 1a, b). After applying Tamoxifen in
adults (8-12 weeks), two types of narrow-field ACs were labeled
together with sparsely labeled wide-field ACs. The first type resembles
the previously described SEG (Satb2'Ebf3*Glyt1*) AC* while the second
type is named SI-AC based on functional characteristics to be descri-
bed later on. SEG AC and SI-AC occurred in a ratio of ~3:2. The soma
of SEG AC was in the inner nuclear layer (INL) and its dendrites
ramified in two bands: one adjacent to the ON ChAT band
(0.60 + 0.03-0.77 + 0.03 of the IPL, n =10) and the other between the
OFF ChAT band and the INL (0.05 + 0.02-0.26 + 0.01 of the IPL, n=10)
(Fig. 1c, d). The dendritic field diameters of SEG AC were 39.2 £ 1.0 pm
(ON, n=10) and 42.7 +1.5 um (OFF, n=10) (Fig. 1e), and the cell was-
glycinergic based on GlyTl immunoreactivity (Fig. 1f). The soma of
SI-AC was also located in the INL and its dendrites were confined to the
ON sublamina (0.50 + 0.01-0.82 + 0.04 of the IPL, n=10) (Fig. 1g, h).
The dendritic diameter of the SI-AC was 41.0 + 0.9 um (n =10) (Fig. 1i)
and the cell was glycinergic (Fig. 1j). The different stratification pat-
terns allowed us to unambiguously distinguish SI-AC from SEG AC for
further study. Morphological features suggest that SEG AC resembles
AC type 18, while SI-AC resembles type 22 or possibly type 23 in a
previous serial block-face electron microscopy study>*°.

SI-AC exhibits light responses as opposed to prediction

We next examined the light responses of SI-AC. Since SI-AC’s dendrites
broadly stratified in the ON sublamina, we predicted that it would
receive direct excitatory inputs from ON bipolar cells and act as an
“ON” cell. Against expectation, two-photon imaging of dendrites
showed that GCaMPéf fluorescence remained elevated in the nominal
dark (two-photon scanning produces an effective background of
~1000 R*/rod/s, Supplementary Fig. 1), suggesting that dendrites are
depolarized, and decreased rapidly when a spot of light (100 um dia-
meter) with an equivalent intensity of <1500 R*/rod/s was applied in the
receptive field center (Fig. 2a, b). To verify that SI-ACs were

depolarized in the dark, we measured changes in membrane potential
in response to the light stimulus using a whole-cell current-clamp. In
these experiments, two-photon illumination was present while locat-
ing the GCaMPé6f-expressing SI-AC but absent during the subsequent
whole-cell recording. In the dark, SI-AC rested at -42.1+2.0 mV (n=9).
A spot of light (100 um diameter, ~1500 R*/rod/s) in the receptive field
center produced a transient hyperpolarization to -66.6 + 2.4 mV fol-
lowed by a decay to a sustained value of -48.3 +2.1mV (n=9, Fig. 2c).
Thus, instead of behaving as an “ON” AC, SI-AC behaved as an “OFF”
type that was activated (i.e., depolarized) in the dark but inhibited
(hyperpolarized) by light. Differences in the time course of the
GCaMPe6f and membrane potential responses likely result from a lim-
ited voltage range of membrane Ca*" channel activation. Differences in
the steady background illumination may also contribute (Supple-
mentary Fig. 1).

To map the receptive field center of SI-AC, we applied a series of
expanding, concentric spots. We found that the GCaMPéf signal quickly
decreased with enlarging light spots on a dark background (Fig. 2d, e).
The “light-ON inhibition” reached ~76% of the maximum with a 75 um
diameter spot (Fig. 2f). The spatial profile of membrane potential
hyperpolarization was similar (Fig. 2g, h). These results suggest that the
mechanism of light-induced hyperpolarization resides in the receptive
field center.

We next examined the intensity-response properties of SI-AC by
applying a 100 um spot of light that was stepped from complete
darkness to different intensity levels (Fig. 2i). As shown in Fig. 2j,
transient voltage responses increased linearly up to stimulus inten-
sities of 200 R*/rod/s (n =5). Subsequently, the responses exhibited a
sublinear pattern until they reached 1000 R*/rod/s. Notably, at higher
photopic levels, another phase of increase was observed. Since we had
to target GCaMP6f-expressing SI-ACs through two-photon imaging for
whole-cell recording, a persistent adaptation limited our ability to
obtain responses to very dim flashes (below 100 R*/rod/s). The con-
trast sensitivity during exposure to background light at low photopic
levels (1000 R*/rod/s) is shown in Fig. 2k.

SI-AC receives glutamatergic inhibition from the ON pathway
We first considered whether ON hyperpolarization may result from
disynaptic disinhibition involving a chain of synapses involving an ON
bipolar cell, an ON AC, and the SI-AC. To test this possibility, we added
gabazine, a selective GABA, antagonist, and strychnine, a selective
glycine receptor antagonist, to the bath and measured ON hyperpo-
larization with GCaMP6f imaging. As shown in Supplementary Fig. 2a,
strychnine had no effect on the ON response. Gabazine reduced the
ON inhibition by 32%, but only had an effect on responses to spots
>100 um in diameter (Supplementary Fig. 2b). These results suggest
that the center response to a small spot is produced by a non-
glycinergic and non-GABAergic mechanism. The effect of gabazine on
responses to spots >100 um is consistent with a GABAergic component
of the receptive field surround.

SI-AC receives glutamatergic inputs from ON bipolar cells.
Although glutamate acts as an excitatory neurotransmitter at bipolar
cell synapses, we considered the possibility that glutamate could have
an inhibitory action if postsynaptic neurons use group Il or Il mGIuRs
to mediate transmission. To test this possibility, we first confirmed that
SI-AC received direct glutamatergic input from ON bipolar cells. We
delivered the glutamate sensor iGluSnFr to SI-AC with Ai85, a Cre/tTA
dependent-iGluSnFr reporter line** (Fig. 3a). Two-photon imaging
revealed that a small spot of light (60 um) evoked iGluSnFr responses
in the dendrites (Fig. 3b, ¢). The spatial profile of iGluSnFr responses
showed a peak at around 50 um (Fig. 3d), in agreement with the size
of the dendritic field of SI-AC (Fig. 1i). These results demonstrate that
SI-AC receives direct glutamatergic inputs from ON bipolar cells. The
reduction in iGluSnFr responses during spots larger than 50 um is
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Fig. 1| Two new AC types identified in VGAT-iCreER;Scg2-tTA;Ai93 mice.

a Schematic representation of the VGAT-iCreER/Scg2-tTA intersectional strategy
for labeling ACs in the Scg2-tTA driver. The reporter/effector, here GCaMPé6f, is
only activated in cells expressing both Cre and tTA. b Triple transgenic mouse
breeding scheme for labeling the VGAT-iCreER/Scg2-tTA intersection. c-j SEG AC
and SI-AC were identified after applying Tamoxifen in adults (8-12 weeks).

¢ Collapsed confocal stack of a flatmount view of SEG AC showing processes that
ramify in the ON (red) and OFF (green) IPL sublaminas. Scale bar, 5um.

d Transversal view of SEG AC (top), with the dendritic tree fluorescence profile
across the IPL (bottom; O =INL, 1.0 = GCL). ChAT-positive (blue) bands serve as
fiducial markers. INL: the inner nuclear layer. GCL: the ganglion cell layer. IPL: the
inner plexiform layer. Scale bar, 5 um. e Dendritic tree diameters of SEG AC in the

ON- and OFF-sublaminas (average of 10 cells, error bars: SEM). f A GCaMP6f-
positive SEG AC colocalized with labeling for the GlyT1 glycine transporter. Scale
bars, 5um. g Collapsed confocal stack of a flatmount view of SI-AC showing pro-
cesses that ramify in the ON IPL sublamina. Scale bar, 5 um. h Transversal view of SI-
AC (top) and dendritic profile (bottom). ChAT: blue. Scale bar, 5 um. i Dendritic tree
diameter of SI-AC in the ON-sublamina (average of 10 cells, error bars: SEM). j A
GCaMPo6f-positive SI-AC colocalized with labeling for the GlyT1 glycine transporter.
Scale bars, 5um. d, h F: fluorescence. e, i The box plots display the mean, 25th, and
75th percentiles, while the whiskers indicate the 1.5 interquartile range. Source data
are provided as a Source Data file. ¢, d, f-h, j Experiments were replicated inde-
pendently in at least 30 cells with similar results.

consistent with a presynaptic inhibition of the bipolar cells from other
ACs (Fig. 3d).

mGluR8 mediates light-evoked center inhibition. The iGluSnFr
results associate glutamate release onto SI-AC dendrites with a mem-
brane hyperpolarization in SI-AC. This inhibitory or sign-inverting
synaptic response could be mediated by metabotropic glutamate
receptors. To investigate whether group Ill mGluRs were involved in
the ON inhibition, we applied the group Il mGluRs selective agonist
L-AP4 in the bath. In the absence of group Ill receptors on SI-AC, the
expectation is that L-AP4, which hyperpolarizes ON bipolar cells by

acting at mGluR6 receptors on dendrites in the outerplexiform layer,
should block the glutamate release onto SI-AC and relieve the mem-
brane hyperpolarization. However, L-AP4, at a concentration of 1uM,
produced a decrease in the intracellular Ca®* concentrations that per-
sisted during both darkness and light (Supplementary Fig. 3a), sug-
gesting a sustained hyperpolarization. These results suggested that
L-AP4 directly hyperpolarized SI-AC through group Ill mGIuRs. Group
Il mGluRs encompass four members: mGluR4, mGluR6, mGIuR7, and
mGIuR8". To determine which mGIuR(s) were responsible for the ON
inhibition, we examined the function of each group Il mGIuR by
adding specific agonists or modulators to the bath. We found that (S)-
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Fig. 2 | SI-AC was activated in the dark and inhibited by the light. a, b Two-
photon GCaMPéf fluorescence in SI-AC dendrites was high in the dark (OFF) but
decreased when stimulated a spot of light (100 um diameter, 100% contrast) was
presented in the center of the receptive field. Blue bars represent light presenta-
tion. Scale bars, 10 um. Experiments were replicated independently in at least 40
cells with similar results. ¢ SI-AC was targeted for whole-cell recording (left upper
panel, flat-mount view, lower panel, side view). Membrane potential was depolar-
ized in the dark and hyperpolarized by light (100 um dia. spot, right). Black arrow:
transient hyperpolarization. Orange arrow: sustained hyperpolarization. Scale bars,
10 um. Experiments were replicated independently in at least 30 cells with similar
results. d GCaMP6f fluorescence as a function of light spot diameter. Larger spots
cause larger fluorescence decreases (100% contrast on a dark background, SI-AC

Intensity (10° R*-rod*:s)

Contrast

dendritic field indicated in green, illustrated below). e Decrease in normalized
fluorescence as a function of spot diameter (average of 27 cells, error bars: SEM).
f Spatial profile of ON inhibition calculated from e. ON inhibition = (Fo—F)/(Fo—F150)
where the subscript denotes spot diameter. Error bars: SEM. g Whole-cell recording
of membrane potential as a function of light spot diameter. h Plot of peak response
as a function of spot diameter (average of 9 cells, error bars: SEM). i Whole-cell
recording of membrane potential in response to a light spot (100 um) at different
intensity. j Left: plot of light-evoked transient and sustained hyperpolarization as a
function of intensity (average 5 cells, error bar: SEM). The boxed region is enlarged
on the right. k Contrast sensitivity at the background light level (1000 R*/rod/s) for
whole-cell recording (average 5 cells, error bar: SEM). Experiments were performed
in VGAT-iCreER;Scg2-tTA;Ai93 mice.

3,4-DCPG, a specific agonist for mGIuR8 (ECso = 31 nM for mGIuR8)*%*?,
abolished GCaMPéf responses in the dark at a concentration of 0.5 uM
(Fig. 4a, b). Whole-cell recording showed that 0.5uM (S)-3,4-DCPG
hyperpolarized the SI-AC membrane potential to -72.5+1.4mV

(n=10) in both dark and light (Fig. 4c, d). To confirm mGIuRS8
expression, we performed in situ hybridization in GCaMPéf labeled SI-
AC and found colocalization with mGIuR8 expression (Fig. 4€). On the
other hand, agonists that are more selective for other Group Ill mGluRs
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Fig. 3 | SI-AC received direct glutamatergic inputs from ON bipolar cells.

a Triple transgenic breeding scheme for expressing iGluSnFr in SI-AC. Ai85 is a Cre/
tTA dependent-iGluSnFr reporter mouse line. b Two-photon iGluSnFr fluorescence
in SI-AC dendrites in the dark (OFF) and when a spot of light (60 um, 100% contrast)
was applied to the center of a black background (0% contrast) (ON). Scale bar,
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corresponds to a range of O to 1. Experiments were replicated independently in at
least 20 cells with similar results. ¢ Left: iGluSnFr spot responses for 10 cells shown
in different colors. Right: average response (error bars: SD). d Left: Individual
spatial profiles of seven cells (shown in different colors). Right: Averaged spatial
profile (error bars: SEM). Fluorescence values were the averages across the den-
dritic field.

(Z-Cyclopentyl-AP4 for mGIluR4*°, AMN-082 for mGIuR7"") and a
negative allosteric modulator for mGIuR7 (ADX 71743)°* had no effect
on SI-AC responses (Supplementary Fig. 3b-d). These results strongly
suggest that mGIuR8 mediates the light-ON hyperpolarization of
SI-ACs.

To confirm a necessary role for mGIuRS in the SI-AC inhibitory
response, we used CRISPR technology to knockdown mGIuR8 in
these cells. We constructed a pAAV-U6-sgRNA-smCBA-NLS-tdTomato
vector in which a gRNA was used to target the second exon of
GRMS and nuclear-localized tdTomato was used to label the trans-
fected cells (Fig. 4f, g). AAVs were packaged with AAV2(YF4) capsid™**
to enhance the transfection of ACs. We injected AAVs intravitreally into
the eyes of Cre-dependent Cas9 mice (Rosa26-LSL-Cas9) that had been
crossed with VGAT-iCreER;Scg2-tTA;Ai93 mice (Fig. 4g). SI-ACs infec-
ted with AAVs expressed tdTomato in the nucleus and GCaMPé6f in the
soma and dendrites, while non-infected SI-ACs only expressed
GCaMP6f without tdTomato (Fig. 4h). We imaged GCaMP6f responses
in both AAV infected (knockdown) and non-infected (control) SI-ACs
(Fig. 4i). We found that knocking down mGIuR8 decreased the ON

inhibition in response to a spot of light to 31.8%+3.0% (Fig. 4j).
Interestingly, the remaining ON inhibition was not affected by (5)-3,4-
DCPG, but was instead blocked by Z-Cyclopentyl-AP4, a Group I
mGluR antagonist that is more selective for mGluR4 (Fig. 4k, I). The
results are consistent with a scenario in which CRISPR knockdown
completely suppressed mGIuR8 expression in transfected cells, in turn
triggering a compensatory upregulation of mGluR4. Therefore, we
concluded that mGluR8 mediates light-ON center hyperpolarization in
SI-ACs.

Light-evoked inhibition is mediated by GBy and GIRK channel.
mGIuR8 is a Gi/o protein-coupled receptor. To examine a role for Gy
in the SI-AC response, we added gallein, a GPBy signaling inhibitor
(Fig. 5a) to the pipette solution and measured membrane potential
with current-clamp recording (Fig. 5b). 10 uM gallein in the pipette
blocked 93.7% + 10.3% (n=6) of the hyperpolarization during light
without affecting the membrane potential in the dark (Fig. 5b, e, and
Supplementary Fig. 4). This result suggests that the majority of the
hyperpolarization triggered by light is mediated by Gpy.
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polarization and tertiapin-Q blocked 88.5% + 7.5% (n=6) of the
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hyperpolarization (Fig. 5d, e). Consistent with their effects on the light
response, gallein, BaCl,, and tertiapin-Q in the bath also reversed the
effect of (5)-3,4-DCPG on the GCaMP6 signal when applied during
darkness (Supplementary Fig. 5).

GPy activation has been linked both to the activation of K*
channels® and the inhibition of Ca®* channels®***. In order to provide
further evidence that mGIuR8 modulates a K*-conductance, we mea-
sured the I-V curve in (S)-3,4-DCPG with control or tertiapin-Q in the
pipette solution (Fig. 5f, black and green). The subtraction of the two
-V curves revealed the tertiapin-Q sensitive component in (S)-3,4-
DCPG, which exhibited a reversal potential of -90 mV and significant
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Fig. 4 | ON inhibition in SI-AC is mediated by mGIuRS. a (S) 3,4 DCPG (0.5uM), a
selective mGIuR8 agonist, abolished GCaMP6f responses in the dark and light.

b Effect of (S) 3,4 DCPG on the GCaMPé6f signal in the dark, n=12 cells for all.
***p=4.8E-4, *p=0.016, Wilcoxon Signed Rank test, two-tailed. ¢ (S) 3,4 DCPG
hyperpolarized the membrane potential and blocked the ON response. d Effect of
(S) 3,4 DCPG on the membrane potential (n =10 cells), *p = 0.0020, ns: p = 0.064,
Wilcoxon Signed Rank test, two-tailed. e In situ hybridization confirmed the
mGIuR8 expression in SI-AC. Scale bar, 5um. f CRISPR design for mGIuR8 knock-
down. Exon2 of GRMS gene contained the guide RNA (gRNA) targets. g AAV2(YF4)
encoding Grm8 exon2 gRNA and the 2xNLS-tdTomato nuclear marker (top) was
injected into Cas9 mice. h SI-AC with mGIuR8 knockdown expressed both GCaMP6
and tdTomato (arrow), while control SI-AC only expressed GCaMPé6f. Scale bar:
10 um. i GCaMPé6f responses in control (black) and mGIuR8 knockdown (red) cells.

j Effect of mGIuR8 knockdown on the ON inhibition, n =10 cells for control,
n=11 cells for knockdown. ON inhibition = (Forr—Fon)/Forr, Normalized to control.
***p =1.2E-4, Mann-Whitney Test, two-tailed. k GCaMPéf responses in mGIuR8
knockdown were not affected by (S)-3,4-DCPG but were blocked by Z-Cyclopentyl-
AP4 (50 uM), n = 6 cells for all. 1 Effect of 3,4 DCPG and Z-Cyclopentyl-AP4 on the ON
inhibition (normalized to control) in mGIuR8 knockdown, n = 6 cells for all. ns:
p=0.63, *p=0.031, Wilcoxon Signed Rank test, two-tailed. a, ¢, i, k ON responses
were evoked with 60 um light spot. b, d, j, I the box plots display the mean, 25th,
and 75th percentiles, while the whiskers indicate the 1.5 interquartile range. Source
data are provided as a Source Data file. a-e were performed on VGAT-iCreER;Scg2-
tTA;Ai93 mice. f-1 were performed on VGAT-iCreER;Scg2-tTA;Ai93;R0sa26-LSL-
Cas9 mice. Experiments were replicated independently in at least 20 cells for e and
in at least 15 cells for h with similar results.

rectification that began at -50 mV and became stronger after ~30 mV
(Fig. 5f, red). The I-V curve of the tertiapin-Q sensitive component
overlaps with that of (S)-3,4-DCPG between -40 mV (the dark activa-
tion level) and -90 mV, suggesting that GIRK channels were respon-
sible for the hyperpolarization induced by (S)-3,4-DCPG. The
rectification of the GIRK channels enables them to pass a large
potassium current at membrane potentials around or negative to
—40 mV while shutting down the potassium current at more positive
potentials to allow SI-AC to be activated by other mechanisms. To
examine the underlying excitatory and inhibitory currents that med-
iate the light-ON response, we measured the EPSC (V,,,=-90 mV) and
IPSC (Viy, = 0 mV) in whole-cell voltage clampe during steps of a100 um
light spot (Fig. 5g). Light ON stimulation produced a small and tran-
sient EPSC (46.2 + 2.8pA, decay time constant of 29 + 1 ms, n=5) and a
larger and more sustained IPSC (77.9 + 7.9 pA, decay time constant of
421+18 ms, n=5). The EPSC was entirely inhibited by 25uM GYKI
53655 (Fig. 5g, h), indicating that it was mediated by AMPA receptors.
The rapid decay constant of the EPSC reflects the rapid desensitization
of AMPA receptors. In contrast, tertiapin-Q in the pipette blocked
approximately 66% of the IPSC (Fig. 5g, h), suggesting that two-thirds
of the IPSC at 0 mV were mediated by GIRK channels. The remaining
one-third was likely mediated by GABAergic inhibition at a 100 um spot
of light (as shown in Supplementary Fig. 2b). Given the strong rectifi-
cation of GIRK channels at -=30 mV (Fig. 5f, red), we can expect GIRK
channel-mediated inhibition to be even more dominant at membrane
potentials negative to —40 mV. Although we cannot rule out the pos-
sibility that mGluR8 inhibits Ca** channels, the lack of a voltage change
in the light presence when intracellular tertiapin-Q and BaCl, are pre-
sent (Fig. 5d, e) at voltages where Ca®* channels are active makes this
possibility less likely.

Based on these results, we propose a model for the signaling
cascade of SI-AC ON hyperpolarization (Fig. 5i). The cascade begins
with the stimulation of mGIuR8 by synaptic glutamate released from
ON bipolar cells. This triggers the dissociation of GBy from Gi/o,
leading to the activation of GIRK by Gfy. The activation of GIRK causes
hyperpolarization of the membrane potential, which subsequently
inactivates voltage-gated Ca®** channels, reduces intracellular Ca®*
concentrations, and inhibits glycine release from SI-AC.

SI-AC receives excitation from the OFF pathway

To measure the OFF receptive field of SI-AC, we modified our central
stimulus and instead applied an expanding dark spot (0% contrast)
on a gray background (50% contrast) (Fig. 6a, b). GCaMPéf fluores-
cence in the SI-AC dendrites maintained its low baseline level for
small dark spots <150 um (Supplementary Fig. 6), but gradually
increased with enlargement and reached a peak at a diameter around
750 um (Fig. 6b, c¢), suggesting that a component of light-OFF acti-
vation comes from the periphery.

OFF excitation originates in OFF bipolar cells. To implicate a role for
OFF bipolar cells in the OFF activation, we applied UBP310, an OFF

bipolar cell kainate receptor antagonist, while presenting a small spot
of light on a dark background to an SI-AC cell (Fig. 6d). UBP310 drove
the GCaMPéf signal to a uniformly low level both in the dark and
during the light stimulus (Fig. 6d, e). Correspondingly, UBP310
blocked GCaMPé6f responses for the OFF receptive field measurement
(Fig. 6b, c, red). Parallel whole-cell recording showed that the addition
of UBP310 to the bath hyperpolarized the SI-AC membrane potential in
the dark from -41.4 £ 2.2 mV to -58.8 +1.5mV (n =35, Fig. 6f, g), a level
below which sustained Ca?* channel types are normally open. However,
even at this relatively hyperpolarized level, the central light inhibitory
response was maintained. Since UBP310 mimics the hyperpolarizing
effect of light on OFF bipolar cells, the results suggest a mechanism in
which the peripheral dark excitation/light inhibition in SI-ACs is
transmitted by OFF bipolar cells through a sign-preserving mechanism.

OFF excitation is mediated by electrical coupling. How can SI-AC’s
dendrites, which ramify in the ON sublamina, receive excitation from
OFF bipolar cells which project to the OFF sublamina? One possibility for
this “crossover excitation” could involve a bistratified AC that receives
excitation from OFF bipolar cells and then conveys the excitation to SI-
AC dendrites via “sign-conserving” electrical synapses in the ON sub-
lamina. To examine whether electrical coupling contributes to the OFF
excitation, we applied the gap junction blocker MFA (25 uM) in the bath.
MFA completely eliminated SI-AC OFF excitation measured with both
GCaMPeéf (Fig. 6h, i) and whole-cell patch-clamp (Fig. 6j) recordings,
suggesting that OFF excitation was mediated by electrical coupling. The
effect of MFA was completely reversed upon washout (Fig. 6h, i).

To visualize the cells that are electrically coupled to SI-AC, we
recorded from SI-AC with neurobiotin in the patch-pipette solution.
Interestingly, neurobiotin labeled a SI-AC along with a wide-field AC
(Fig. 7a, b). The soma of the wide-field AC was located in the ganglion
cell layer (GCL) and its proximal dendrites contacted SI-AC in the ON
sublamina (Fig. 7c, d, h, i). Dendrites of the wide-field AC then traveled
between ON and OFF ChAT bands, finally crossing the outer ChAT
band to ramify in the OFF sublamina where they could receive exci-
tation from OFF bipolar cells (Fig. 7e-g). The distance between the first
ON/OFF crossing point of the wide-field AC dendrites and SI-AC somas
was 142.6 +40.2um (n=6 cells). This result is consistent with the
receptive-field measurement showing that the OFF excitation emerged
for dark spots larger than an ~150 pm radius (Fig. 6b, ¢). The number of
neurobiotin-labeled wide-field ACs were limited to 1 or 2 in our
experiments, with an average of 1.33 + 0.21 (n = 6 cells, Fig. 7j). To verify
the specificity of tracer coupling, we added MFA (25 uM) and repeated
the neurobiotin labeling. MFA abolished labeling of the wide-field AC
and other SI-AC, confirming the specificity of tracer coupling (Sup-
plementary Fig. 7).

GABAergic and Glycinergic inhibition on SI-AC OFF response. Thus
far our data shows that the OFF excitation in SI-AC originates from a
wide-field AC via electrical coupling. We next examined whether SI-AC
also receives GABAergic and /or glycinergic inhibition from other ACs
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in the dark. We applied gabazine (GABA, receptor blocker) and
strychnine (glycine receptor blocker) in the bath and measured
GCaMPé6f responses of SI-AC in the dark. As shown in Supplementary
Fig. 8, gabazine slightly increased GCaMPéf signals by 14.8% +2.6%
(n=7), and strychnine increased GCaMP6 signals by 18.5% + 2.7%
(n=9). Therefore, SI-AC received moderate OFF inhibition from other
GABAergic and glycinergic ACs.

® — glutamate

Based on these results, we proposed a model for surround OFF
excitation of SI-AC (Fig. 7k). In this model, a bistratified wide-filed AC
(AC1) receives excitation from a sustained OFF bipolar cell in the OFF
sublamina and then makes gap junctional connections with SI-AC in
the ON sublamina and activates it in the dark. This OFF excitation is
modified by inhibitory inputs from narrow-filed ACs (AC2) and wide-
field ACs (AC3).

Nature Communications | (2023)14:5937



Article

https://doi.org/10.1038/s41467-023-41638-3

Fig. 5 | ON hyperpolarization in SI-AC is mediated by mGIuRS via G protein By
subunits and GIRK channels. a Diagram showing gallein block of G protein fy
(Gy) subunits signaling. b Intracellular gallein (10 uM in the pipette solution)
abolished light-evoked hyperpolarization. ¢ BaCl, and tertiapin-Q act intracellularly
to block GIRK channels. d BaCl, (10 uM) or tertiapin-Q (100 nM) in the pipette
solution abolished light-evoked membrane hyperpolarization. e Summary of inhi-
bition by gallein, BaCl,, and tertiapin-Q on light-evoked hyperpolarization. N=5
cells for all. *p=0.0061 for all, Mann-Whitney test, one-tailed. f I-V curve for the
tertiapin-Q sensitive current in (S)-3,4-DCPG (red) obtained by subtracting the
curve in (5)-3,4-DCPG + tertiapin-Q (green) from the (5)-3,4-DCPG curve (black)
(n=5 cells). Error Bars: SEM. g Left: light-evoked EPSC measured at =90 mV was
completely blocked by GYKI 53655 (25 uM). Right: light-evoked IPSC measured at
0 mV was inhibited by tertiapin-Q. ON responses were evoked with a 100 um light

spot. h Summary of effects of GYKI 53655 in EPSC and tertiapin-Q in IPSC (n=5
cells). EPSC: ns: p = 0.42, **p = 0.0061, Mann-Whitney Test, one-tailed. IPSC:

**p =0.0061, Mann-Whitney test, one-tailed. i Model of ON inhibition. Left: light
triggers glutamate release from ON bipolar cells. Right: glutamate binding to
mGIluR8 activates GIRK channels via GBy subunits, leading to membrane hyper-
polarization and subsequent inhibition of voltage-gated calcium channels (VGCCs)
and cessation of glycine release in SI-AC. ON responses in b, d, g were evoked with a
60 um light spot. Coupling between SI-AC and other cells was blocked in F with MFA
(25 uM) to improve the voltage clamp. e, h The box plots display the mean, 25th,
and 75th percentiles, while the whiskers indicate the 1.5 interquartile range. Source
data are provided as a Source Data file. All experiments were performed on VGAT-
iCreER;Scg2-tTA;Ai93 mice.
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Fig. 6 | Pharmacological interventions suggest an OFF surround mechanism.
a, b Measurement of light-OFF responses as a function of dark spot (0% contrast)
diameter presented on a gray background (50% contrast) in control and 25uM
UBP310. Spot in a: 60 um. Experiments were replicated independently in at least 30
cells with similar results. ¢ Spatial profile of OFF responses (1 =26 cells) in control
and UBP310. AF/AFmax = (F~Foum)/(Foooum—Foum). Data are reported as mean + SEM.
d UBP310 blocked the GCaMP6f signal in the dark and abolished the light response.
BC: OFF bipolar cell. AC: amacrine cell. Spot of light (60 um) applied on a dark
background. e Summary of UBP310 effect on the GCaMPé6f signal in the dark (n=6
cells). *p = 0.031, Wilcoxon Signed Rank test, two-tailed. f Whole-cell recording
shows that UBP310 shifted the membrane potential and light response to a more

hyperpolarized level. g Summary of UBP310-induced hyperpolarization in the dark
(n=S5 cells). *p = 0.031, Wilcoxon Signed Rank test, one-tailed. h GCaMPéf fluor-
escence in the dark was reduced and the light response abolished by the gap
junction blocker MFA (25 uM). i Summary of MFA inhibition on the GCaMPéf signal
in the dark (n =7 cells). *p = 0.016, ns: p = 0.11, Wilcoxon signed rank test, two-tailed.
j Summary of 25 M MFA-induced hyperpolarization in the dark (n= 6 cells).

*p =0.016, Wilcoxon Signed Rank test, one-tailed. e, g, i, j The box plots display the
mean, 25th, and 75th percentiles, while the whiskers indicate the 1.5 interquartile
range. Source data are provided as a Source Data file. All experiments were per-
formed on VGAT-iCreER;Scg2-tTA;Ai93 mice.
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Fig. 7 | SI-AC is tracer coupled to a wide-field AC. a Neurobiotin introduced into
SI-AC via a patch-pipette spread to a wide-field AC (red). b Grayscale conversion of
a.Red box is shown enlarged in ¢ and blue box is enlarged in e. ¢ Enlarged view of SI-
AC and wide-field AC in whole mount view. Inset: SI-AC soma labeled with GCaMPé6f
and neurobiotin. d Side view of SI-AC and wide-field AC with ChAT immunolabeling
(blue). e Stratification of wide-field AC neurites. Green box was enlarged and
rotated in f and orange box was enlarged and rotated in g. Arrowheads show
branching points. f, g Transversal view of the primary dendrite of the wide-field AC,
which started at the middle of the IPL, then branched and extended (neurites 1, 3,
and 4) to the OFF layer between the outer ChAT band (blue) and the INL. h, i 3D
reconstruction of the SI-AC and wide-field AC. SI-AC is pseudo-colored in green, the

wide-field AC is in red. Dotted lines in i: ON and OFF ChAT bands. j Number of
neurobiotin-labeled wide-field ACs for a single SI-AC. N= 6 SI-ACs. The box plot
displays the mean, 25th, and 75th percentiles, while the whiskers indicate the 1.5
interquartile range. Source data are provided as a Source Data file. k Model of the
OFF activation. ACI receives excitation from OFF bipolar cells and conveys it to SI-
AC in the ON sublamina via electrical synapses. The activity of ACl is also modu-
lated by glycinergic (AC2) and GABAergic (AC3) ACs. All experiments were per-
formed on VGAT-iCreER;Scg2-tTA;Ai93 mice. Scale bars: 100 um (a, b, e), 10 pm
(c, d, f-i). a-d, f, g Experiments were replicated independently in at least 6 cells
with similar results.

Unconventional receptive field of SI-AC

ACs and RGCs usually have center-surround receptive fields, with
an excitatory center produced by bipolar cell inputs and an inhibitory
surround produced by AC inputs. The center and surround regions
behave antagonistically to each other insofar as both center and
surround are mediated by the same polarity, ON or OFF, bipolar cells.
SI-AC receives a central inhibitory input from ON bipolar cells and a
surrounding excitatory input from OFF bipolar cells mediated by an
electrically coupled AC. This arrangenment creates an unique receptive
field organization in SI-AC (Fig. 8a). First, it has an inhibitory “ON center”
(Fig. 8a, top panel, middle), instead of an excitatory center. Second,
it has an excitatory “OFF surround” (Fig. 8a, middle panel, right) instead
of an inhibitory surround. The “OFF surround” has no antagonistic
“OFF center” (Fig. 6b, c, Fig. 8a, top panel, right). The “ON surround”
by GABAergic input (Fig. 8a, middle panel, middle) is weak (Supple-
mentary Fig. 2b), and has the same sign (inhibitory) as the “ON center”.
Altogether, the receptive field of SI-AC can be summarized as
“inhibitory ON center-excitatory OFF surround”, both of which can
contribute to SI-AC depolarization in the dark and hyperpolarization in
the light.

“Crossover inhibition” and “Push-pull activation” mediated by
SI-AC

SI-AC is a glycinergic interneuron that has an inhibitory effect on
postsynaptic neurons. The unique receptive field organization allows it
to mediate crossover inhibition (Fig. 8b) with monostratified dendrites
instead of the bistratified dendrites that are required for crossover
inhibition via other ACs. In the dark, a large inward current flows into
SI-AC (Fig. 8b, b) from OFF bipolar cells (Fig. 8b, a) via the wide-field AC
(AC1). When a spot of light is applied in the receptive field center, SI-AC
ON bipolar cells through mGIuR8 receptors promote a large outward
current (Fig. 8b, c). After combing the currents from ACI (Fig. 8b, b)
and the ON bipolar cells (Fig. 8b, c), SI-AC uses glycinergic transmis-
sion to produce an outward current in the dark and an inward current
in the light (Fig. 8b, e) in postsynaptic RGCs, ACs, and bipolar cells. The
current from SI-AC (Fig. 8b, e) then combines with the current from the
ON bipolar cells (Fig. 8b, d) in the postsynaptic neuron, and produces
an enhanced inward current in the light and an outward current in the
dark (Fig. 8b, f). In this way, SI-AC controls the responses of the
postsynaptic neurons with two coordinated mechanisms. First, it
provides an OFF to ON crossover inhibition (Fig. 8b, a, b, €) to suppress
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Fig. 8 | Unusual receptive field of SI-AC allows for crossover inhibition and
push-pull activation. a SI-AC center-surround receptive field organization. SI-AC
has a strong inhibitory “ON center” (top panel, middle) with a weak inhibitory “ON
surround” (middle panel, middle), and an excitatory “OFF surround” (middle panel,
right) without an opposed “OFF center” (top panel, right). Consequently, full-field
ON stimulation produces an inhibition composed of both center and surround
inhibitions (bottom panel, middle), while full-field OFF stimulation produces an
excitation only from the surround (bottom panel, right). b Schematic diagrams of
SI-AC mediated OFF to ON crossover inhibition. a OFF bipolar cells are activated by
a dark background (OFF, dark gray bar), leading to a tonic inward current (red
trace) in the wide-field AC1. The inward current is slightly reduced by a light spot in
the center (ON, light blue bar). b AC1 transfers the inward current to SI-AC via an
electrical synapse. c A light spot in the dark activates the ON bipolar cell (blue)
which produces a large outward current at ON and a small inward current in OFF
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©°

ON-OFF RGC
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(blue trace) in the SI-AC via sign-inverting mGIuR8 receptors. d The same (blue) ora
different (orange) bipolar cell produces a large inward current at ON and a small
outward current in OFF in neurons (PN) postsynaptic to the SI-AC. e Currents from
AC1 (b) and ON bipolar cells (c) combine in the SI-AC to gate a Ca** conductance
that leads to a tonic suppression in glycine release and an outward current during
OFF and an inward current during ON in the postsynaptic neuron. f The currents
from SI-AC (e) and ON bipolar cells (d) combine in the postsynaptic neuron,
resulting in an enhanced inward current during ON together with a large outward
current during OFF. ¢ Model of SI-AC circuitry. In the dark, OFF bipolar cells
depolarized SI-AC via a bistratified AC at electrical synapses. Glycine released by SI-
AC inhibits ACs (Alls, VGIut3-ACs), ON-RGCs, and ON-OFF RGCs. A spot of light
hyperpolarizes SI-AC via mGIuRS, relieving the inhibition and increasing the
excitability of postsynaptic neurons that respond during light.

the spontaneous activity of the postsynaptic neurons in the dark.
Second, the mGluR8-mediated inhibition serves as a switch to relieve
the crossover inhibition in the light. The combination of light-evoked
local excitation from ON bipolar cells (Fig. 8b, d) and local relief of
crossover inhibition from SI-AC (Fig. 8b, c, e) produces a push-pull
activation to enhance the ON responses of postsynaptic neurons
(Fig. 8b, f). The crossover inhibition and push-pull activation work
together to increase the signal-to-noise ratio of ON responses and
enhance light detection of postsynaptic neurons in the dark. We
summarized the SI-AC circuitry in Fig. 8c.

Discussion

We demonstrate a postsynaptic role for the group Il receptor mGIuR8
in mediating a sign-inverting response between ON bipolar cells and
the SI-AC. With the exception of the ON bipolar cell receptor mGIuR6,
group Ill mGluRs have been shown to function predominately in the
pre-synaptic terminal to modulate neurotransmitter release, either as
auto-receptors in glutamatergic terminals, or as hetero-receptors
in nearby GABAergic terminals. Although expressed at lower levels
than mGIuR4 and mGIuR7, mGIuR8 is widely distributed in the
CNS including the cerebellum, olfactory bulb, hippocampus, and
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cortex®™ . At these sites, mGIuR8 regulates exocytosis by affecting
Ca” entry or by direct modulation of the release machinery®®”°, In the
retina, a group Il receptor also modulates vesicle replenishment in
cones’’. Our results clearly show that transmission at the ON bipolar to
SI-AC synapse relies on postsynaptic mGIuR8. An important question is
whether or not similar mechanisms are also utilized by mGIuR8 or
other group Ill mGluRs in the brain. Interestingly, mGluR4 has been
shown to be expressed postynaptically in certain areas such as the
hippocampus’’. Recent studies have suggested roles for group III
mGluRs in neurological and psychiatric disorders including Parkin-
son’s disease, chronic pain, drug abuse, seizure, depression, and
anxiety®>”, Hence, we expect that additional examples of postsynaptic
responses mediated by group Il mGluRs, including mGIuRS, will
emerge.

Our current understanding of ON- and OFF-center light responses
in RGCs is predicated on a fundamental dichotomy that was first
established almost 50 years ago’7°. This organizational scheme
explains the light-ON and -OFF responses in bistratified RGCs such
as the ON-OFF direction-selective cell with separate dendritic trees
that ramify both in sublamina a and b”’, and is recently supported
by the measured response polarities of almost 40 types of anatomi-
cally characterized RGCs™. In a minor exception to the rule,
dopaminergic ACs” and Ml-type intrinsically photosensitive RGCs®°,
which also receive inputs from rod and cone photoreceptors, ramify
at the top of sublamina a and yet depolarize in response to light.
However, both types receive excitatory inputs at ribbon synapses
located en passant in ON bipolar cell axons, and thus the general
polarity rule is conserved”. Additionally, some OFF bipolar cells in the
cat label for the GABA synthetic enzyme GADgs and the vesicular
transporter VGAT, which is localized to dendrites, but a synaptic
effect of GABA release in the IPL has not been established®. Here,
we demonstrate a major exception to the fundamental organizational
plan: SI-AC dendrites exclusively ramify in the ON sublamina of the
IPL yet hyperpolarize in response to light. Our results raise the possi-
bility of additional AC types that ramify in sublamina b that have
either OFF-center responses or mixed ON- and OFF-center responses
with different time courses, as well as the possibility of AC types that
ramify in sublamina a that have ON-center or mixed ON- and OFF-
responses.

Tonic glycinergic inputs from SI-AC are likely to hyperpolarize
postsynaptic ON cells in the dark. This inhibition will be relieved by a
small light spot. The combination of local excitation and local relief of
shunting inhibition, a push-pull effect, may enhance the sensitivity to
dim light stimuli for the ON responses of RGCs*. The shunting inhi-
bition on its own may suppress spontaneous RGC firing, thereby
improving the signal-to-noise ratio as well. SBEM analysis shows that
SI-AC (H22 NAC%;) provides outputs to other ACs, including ON-SACs,
VGlut3-ACs, and All ACs (David Berson, personal communication, also
see ref. 46). In ON-SACs, our results are consistent with the idea that SI-
ACs can contribute to a slow, sustained, and widespread inhibition via
Glya4 receptors that control ON-SACs output gain and direction
selectivity*®. VGIut3-AC is a bistratified AC that has ON-dominant
responses in its ON sublamina processes and OFF-dominant responses
in its OFF sublamina processes®>®>, This glutamatergic AC provides
excitatory inputs to the looming detection of W3 and transient OFF o
RGCs, as well as direction-selective ON DSGCs and ON-OFF
DSGCs**%5*%5, While spanning the sublamina a/b border, it is pro-
posed that the ON-OFF segregation of VGlut3-AC dendrites allows the
cell to participate in motion detection circuits without changing
the ON-OFF response polarities of postsynaptic RGCs®***%5, However,
the origins of the ON-OFF segregation within the compact VGlut3-ACs
remain unclear. SI-AC contacts the ON but not the OFF dendrites of
VGIuT3-ACs. It is expected to hyperpolarize the ON dendrites in the
dark while depolarizing them in the light, thus contributing to the ON-
OFF segregation of VGlut3-ACs dendrites. In All cells, which provide an

essential link in the rod pathway that subserves night vision, SI-AC may
suppress spontaneous activity in the dark while allowing the depolar-
izing responses in rod bipolar cells during dim light stimuli to more
easily excite Alls. Interestingly, All is a glycinergic AC that carries
crossover inhibition from the ON channel to the OFF channel. The
potential inhibition from SI-AC to All implies an interaction between
the two major crossover inhibition pathways (ON to OFF, OFF to ON).
The actual roles of SI-ACs in visual processing may vary on a case-to-
case basis and need to be examined with cell-type specific silencing,
which could be optimally performed using an intersectional strategy
to target single AC types.

Crossover inhibition is usually mediated by bistratified ACs that
receive glutamatergic excitation from bipolar cells with the dendrites
in one sublamina, while sending inhibition to bipolar cells, ACs, and
RGCs with the dendrites in the other sublamina. In contrast, SI-AC can
process both synaptic input and output in the same dendrites, pre-
senting a new form of local computation of crossover inhibition. The
circuit design for SI-AC offers several advantages: (1) the efficient use
of dendritic structures contributes to better utilization of cellular
resources; (2) eliminating OFF dendrites from SI-AC removes redun-
dant inhibition to the OFF pathway; (3) the ON inhibition and OFF
excitation work together to control the glycine release from SI-AC, so
as to enhance the responses of postsynaptic cells in the ON pathway;
and, (4) the surround excitation and center inhibition of SI-AC produce
a global crossover inhibition that can be controlled (relieved) locally
with a small spot of light (Fig. 2e, f, h). The ability to control the
crossover inhibition with spots that are only a few tens of microns in
diameter could potentially increase the spatial resolution of the ON
channel output.

Methods

Animals

Adult mice (8-12 weeks old) of either sex maintained in C57BL/6
congenic background were used for experiments. All animal proce-
dures were performed in accordance with the Guide for the Care and
Use of Laboratory Animals as adopted and promulgated by the US
National Institutes of Health. All procedures for testing and handling
were approved by the Institutional Animal Care and Use Committee of
Northwestern University. Animals were provided food and water ad
libitum and were maintained on a regular 14-hr light /10-hr dark Light/
Dark cycle. Animals were purchased from The Jackson Laboratory:
VGAT-iCreER (C57BL/6N-Tg(Slc32al-icre/ERT2)3Gloss/], JAX 016582),
VGAT-Cre (Slc32al™@towl/) JAX 016962), CMV-Cre (B6.C-Tg(CMV-
cre)lCgn/), JAX 006054), Scg2-tTA (B6.Cg-Tg(Scg2-tTA)It/), JAX
008284), Ai93 (B6;129 S6-[gs/md1teco-ccambepiizesy - JAX  024103), Ai85
(B6;129S-[gs7m&AtetO8li/GiPItze /) - JAX  026260), Rosa26-LSL-Cas9 (JAX
026175). To activate iCreER, Tamoxifen (75 mg/kg body weight) was
injected intraperitoneally at postnatal 8-12 weeks for 2 weeks. Seven
days after the last induction, mice were subjected to recording. All
animals were randomly assigned into the experimental and control
groups, while maintaining a balance between females (-130 animals)
and males (-130 animals).

Immunohistochemistry and imaging

Mice were euthanized by isoflurane inhalation followed by cervical
dislocation, eyes were fixed with 4% paraformaldehyde, and retinas
were dissected from the eyecup. After washing with a modified phos-
phate buffer (PB) containing 0.5% Triton X-100 and 0.1% NaN3, pH 7.4 6
times each for 30 min, retinas were blocked for 2 days in modified PB
containing 3% donkey serum. Retinas were then incubated with pri-
mary antibody for 5 days at 4 °C. After wash, retinas were incubated
with donkey secondary antibody for another 2 days at 4 °C. The pri-
mary antibodies used were as follows: chicken anti-GFP (1:1000,
Abcam ab13970), goat anti-acetyltransferase (1:500, Millipore
AB144P), rabbit anti-GlyT1 (1:200, antibodies-online, ABIN1841935),
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rabbit anti-RFP (1:500, Rockland 600-401-379). Secondary antibodies
were conjugated to Alexa Fluor 488, Cy3 or Cy5: donkey anti-chicken
(1:200, Jackson ImmunoResearch 703-545-155), donkey anti-rabbit
(1:200, Jackson ImmunoResearch 711-165-152), donkey anti-goat
(1:200, Jackson ImmunoResearch 703-175-147). For neurobiotin label-
ing, 30 mM Neurobiotin (Vector Labs, SP-1120) was added to the pip-
ette solution, and was detected by using streptavidin (1:200, Vector
Labs, SA-1300-1).

Images were acquired with x63, x25, or x10 objectives in a Zeiss
LSM-510 Meta confocal microscope and processed with LSM
Image software, Image J, and Photoshop. Z-stack images were obtained
at 0.25 mm intervals with x63 objective. To measure the size of the
dendritic field, a convex polygon was drawn connecting the outermost
tips of the dendrites, and the area within this contour was measured.
The diameter of the dendritic field was calculated from the measured
area by assuming the dendritic field is circular. Soma diameter was
calculated in the same way. The stratification levels were determined
from the upper and lower boundaries of GFP-labeled arbors relative to
the choline acetyltransferase (ChAT)-positive bands (60 and 27% of the
IPL) in XZ plane. Data are presented as mean + SD.

In situ hybridization/RNAscope

In situ hybridization was performed using RNAScope Multiplex
Fluorescent Reagent kit v2 from Advanced Cell Diagnostics (ACD).
Briefly, retinas of adult mice (3 months old) were fixed in 4% PFA for
1day, embedded in paraffin, and then sectioned at 5 pm thickness onto
glass slides. Retina sections were then deparaffinized in xylene, rehy-
drated in ethanol, and processed for RNA in situ hybridization as per
ACD’s instructions. The probe targeting 1277- 2219 of mGIuR8 tran-
script (NM_008174.2) was purchased from ACD (catalog # 521491-C2
Mm-Grms8).

CRISPR knockdown
We designed guide RNA using online guide design resources CRISPOR
(crispor.tefor.net). To knockdown GRMS, we targeted exon2 which
contains the starting codon of the GRMS gene. Two target sites with
the highest predicted targeting score were chosen. DNA oligos were
synthesized and cloned into a backbone that uses the human U6
promoter to express gRNA (PX458, Addgene plasmid 48138). Subse-
quently, gRNA expression cassette was PCR-amplified and subcloned
into an AAV plasmid expressing nuclear-localized tdTomato (2xNLS-
tdTomato) from smCBA promoter®. The 2xNLS-tdTomato sequence
was cloned from Addgene plasmid 104054 and the smCBA promoter
sequence was cloned from pTR-SB-smCBA-V2-empty plasmid (gift
from Dr. William Hauswirth, University of Florida)

The oligo sequence for cloning gRNA are:

#1 forward (5’ to 3’) caccGTATGCGCATTCCATCCGCC;

#1 reverse (5’ to 3’) aaacGGCGGATGGAATGCGCATAC;

#2 forward (5’ to 3’) caccGCAGTCACTAACCTTCGTGC;

#2 reverse (5’ to 3’) aaacGCACGAAGGTTAGTGACTGC;

Viral packaging and injection

AAVs were packaged and purified as previously described®. In brief,
AAVs were produced with polyethylenimine (PEI) transfection of
HEK293 cells in adherent cell culture with AAV cis, AAV trans, and
adenovirus helper plasmid pAdAF6. AAVs from cells pellets and media
were collected 72 hrs post transfection and purified by iodixanol gra-
dient ultracentrifugation. Viruses were concentrated and for-
mulated in PBS.

AAV injections were performed on 5-6-week-old mice. For CRISPR
knockdown of mGIuRS, 1ul of AAV2 (YF4)-smCBA-gRNA-2xNLS-tdTo-
mato (1x10" genome copies/ml) was injected into the eyes of VGAT-
iCreER;Scg2-tTA;Ai93;R0sa26-LSL-Cas9 mice. GCaMP6 imaging was
performed 5 weeks after injection.

Two-photon GCaMP6f and iGluSnFr imaging

Mice were dark-adapted for at least 2 hours. Eyes were enucleated
immediately after euthanization and the retinas were dissected from
the eyecup under infrared illumination and mounted vitreal side up in
the recording chamber. Tissue was continuously superfused with
oxygenated (95% 0,-5% CO,) Ames medium at room temperature and
imaged with a two-photon microscope system (Thorlabs) equipped
with a Mai Tai DeepSee ultrafast laser (Spectra-Physics) tuned to
940 nm. Label cells were visualized with a x20 objective (XLUMPLFLN,
1.0 numerical aperture, Olympus). Visual stimuli are projected onto the
photoreceptors using a digital projector system (TI LightCrafter 4500
with modified LEDs). To measure spatial tuning, spot stimuli with
variable diameter were centered on the receptive field and presented
with 1Hz temporal square-wave modulations (100% Michelson con-
trast) with the averaged intensity of ~1500 rhodopsin isomerizations/
cone/s. To separate GCaMP6f signal acquisition from light stimulation,
the projector LEDs (350 and 470 nm) were electronically gated by a
copy of the resonant scanner trigger signal at 8kHZ so that the
GCaMPé6f or iGluSnFr signal is acquired during a forward scan sweep
while the image is projected onto the retina during the return (dis-
carded or unmonitored) sweep. ThorlmageLS software (Thorlabs, Inc.)
was used for Imaging acquisition. Data were analyzed with HCImage
(Hamamatsu Photonics), and fluorescence values were the averages
across the dendritic fields. Pharmacological reagents: (S) 3,4 DCPG
(0.5 uM; Tocris Bioscience), gallein (100 uM; Tocris Bioscience), BaCl,
(100 uM; Sigma Millipore), tertiapin-Q (500 nM, Alomone Labs),
UBP310 (25uM; Tocris Bioscience), GYKI 53655 (25uM; Tocris
Bioscience), strychnine (5uM; Sigma Millipore), gabazine (20 uM;
Sigma Millipore), MFA (25uM; Sigma Millipore), Z-Cyclopentyl-AP4
(50 uM; Tocris Bioscience), AMN-082 (10 uM; Tocris Bioscience), and
ADX 71743 (7.4 uM; Tocris Bioscience) were added to the bath solution.

Electrophysiology

The external solution is oxygenated Ames medium as used in two-
photon imaging. Whole-cell recordings were made with patch pipettes
(tip resistance 5-7 MQ). Membrane current or potential was amplified,
digitized at 10-20kHz (Axopatch 700B amplifier; Digidata 1440 A
Digitizer), stored, and analyzed by using pClamp 10.0 (Molecular
Devices). Pipettes were filled with an intracellular solution composed of
(in mM): 125 K-gluconate, 10 NaCl, 1 MgCl,, 10 EGTA, 5 HEPES, 5-ATP-Na,
0.1 GTP-Na (280 mOsm; pH adjusted to 7.4 with KOH). For gallein, BaCl,,
and tertiapin-Q experiments, 10 uM gallein, 10 uM BaCl, or 100 nM
tertiapin-Q was added to the pipette solution. For the neurobiotin filling,
30 mM Neurobiotin was added to the pipette solution. Absolute voltage
values were corrected for a liquid junction potential of —12.8 mV.

Statistics

Mice of each sex were used in all experiments. OriginPro 2021 (Origi-
nLab Corporation) was used for statistical analysis. Data are reported
as mean = SEM unless indicated otherwise. The box plot displays the
mean, 25th, and 75th percentiles, while the whiskers indicate the 1.5
interquartile range. Statistical comparison was made based on Wil-
coxon Signed Rank test or Mann-Whitney test, significance was
accepted at p <0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
corresponding authors. The data generated in this study are available
in the paper, supplementary information, and source data. Source data
are provided with this paper.
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