1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Biol. Author manuscript; available in PMC 2023 January 24.

-, HHS Public Access
«

Published in final edited form as:
Curr Biol. 2022 January 24; 32(2): 315-328.e4. d0i:10.1016/j.cub.2021.11.005.

Dendro-somatic synaptic inputs to ganglion cells contradict
receptive field and connectivity conventions in the mammalian
retina

William N. Grimes®'T, Miloslav Sedlacek!:, Morgan Musgrovel:23 Amurta Nath!, Hua
Tian®, Mrinalini Hoon?, Fred Rieke®, Joshua H. Singer?, Jeffrey S. Diamond®*

1Synaptic Physiology Section, National Institute of Neurological Disorders and Stroke, National
Institutes of Health, Bethesda, MD 20892

2Department of Biology, University of Maryland, College Park, MD 20742

3Program in Neuroscience and Cognitive Science, University of Maryland, College Park, MD
20742

4Department of Ophthalmology and Visual Sciences, University of Wisconsin School of Medicine
and Public Health, Madison, WI 53706

SDepartment of Physiology and Biophysics, University of Washington, Seattle, WA 98195

Summary

The morphology of retinal neurons strongly influences their physiological function. Ganglion cell
(GC) dendrites ramify in distinct strata of the inner plexiform layer (IPL) so that GCs responding
to light increments (ON) or decrements (OFF) receive appropriate excitatory inputs. This vertical
stratification prescribes response polarity and ensures consistent connectivity between cell types,
whereas the lateral extent of GC dendritic arbors typically dictates receptive field (RF) size. Here,
we identify circuitry in mouse retina that contradicts these conventions. All amacrine cells are
interneurons understood to mediate “cross-over” inhibition by relaying excitatory input from the
ON layer to inhibitory outputs in the OFF layer. Ultrastructural and physiological analyses show,
however, that some Alls deliver powerful inhibition to OFF GC somas and proximal dendrites in
the ON layer, rendering the inhibitory RFs of these GCs smaller than their dendritic arbors. This
OFF pathway, avoiding entirely the OFF region of the IPL, challenges several tenets of retinal
circuitry. These results also indicate that subcellular synaptic organization can vary within a single
population of neurons according to their proximity to potential postsynaptic targets.
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eTOC blurb

All amacrine cells provide crossover inhibition to OFF-responding retinal circuits. Here, Grimes,
et al. show that the synaptic organization of Alls is altered when the cells overlap in space with
OFFa ganglion cell somas. All synaptic organization is, therefore, heterogeneous and depends on
proximity to specific postsynaptic partners.

Introduction

Results

All (“A-two”) amacrine cells (ACs) play diverse signaling roles in the mammalian retinal:2.
During night (scotopic) vision, Alls relay input from rod bipolar cells (RBs) to ON and
OFF cone bipolar cell (CB) axon terminals that contact GCs (Figure 1A). ON signals

from RBs are preserved via electrical synapses to ON CBs and inverted via glycinergic
inhibitory synapses to OFF CBs3-. This circuitry reliably transmits scotopic signals to ON
GCs’, but All inhibition of OFF CBs exerts little influence on OFF GC signaling near
visual threshold8. Alls also contact OFF GCs directly®-13, but synaptic connections between
individual All-GC pairs in the OFF layer of the IPL are weak!3:14, It therefore remains
unclear how scotopic visual signals are transmitted most reliably to OFF GCs.

Here, ultrastructural analysis of mouse retina indicates that Alls make chemical synapses
deep in the IPL and ganglion cell layer (GCL) onto the proximal dendrites, somas, and
axons of GCs. We find that these All outputs selectively target sustained and transient
OFFa (s-OFFa and t-OFFa) GCs, subtypes that convey temporally precise visual signals
to the superior colliculus and visual thalamus in mammals!5-19. These synapses are made
by a small subset of Alls whose arboreal dendrites encounter OFFa somas, and they are
made selectively onto OFFas. These All outputs arise from distal dendrites, close to where
Alls receive excitatory inputs from RBs, promoting efficient signal transfer. Fluorescence
imaging and electrophysiology experiments indicate that depolarizing stimuli elevate [Ca2*]
in All arboreal dendritic compartments and elicit inhibitory postsynaptic currents (IPSCs)
in OFFa GCs. Scotopic light-evoked IPSCs in s-OFFa GCs exhibit narrow RFs that do
not correlate with dendritic arbor dimensions. Together, these results show that OFFa GCs
receive powerful somatic inhibition that influences RF properties and that All synaptic
organization is heterogeneous.

In the canonical view of mammalian retinal circuitry?, Alls make all their glycinergic
outputs onto CB axon terminals and GC dendrites from their lobular dendrites in sublamina
a (the “OFF layer”) of the IPL39-13; Figure 1A). Alls also extend arboreal dendrites deep
into sublamina b (the “ON layer”), where they receive excitatory inputs from RBs and

make electrical synapses onto ON CB terminals®°:6:20.21 byt express chemical synapses only
rarely?2. All arboreal dendrites occasionally extend into the ganglion cell layer (GCL23),
where their function is unknown.
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Alls selectively contact OFFas in the ON layer

In a conventionally stained serial block-face scanning electron microscopy (SBFSEM)
volume from mouse retina24, some Alls contained active zones within their arboreal
dendrites that were presynaptic to GC dendrites and somas (e.g., Figure 1B,C; Figure S1).
We followed postsynaptic GC processes and completely traced two GCs that appeared,
based on dendritic stratification and soma size, to be s-OFFa and t-OFFa GCs (Figure
1E,K,L; Table S1). One of each OFFa GC was identified within the dataset, consistent
with s-OFFa and t-OFFa density in rat retina25. Notably, no other GCs were found to be
postsynaptic to ON/GCL synapses from Alls.

We annotated all synaptic inputs onto the s-OFFa and t-OFFa (Figure 1D,H, S2; Table S1),
then traced the presynaptic process at each inhibitory input to determine whether it arose
from an All (see STAR Methods). Each presynaptic All was traced sufficiently to identify
all of its synaptic contacts with each OFFa (Figure 1F,I; Table S1). A small fraction of All
contacts were made onto OFFa somas, axon initial segments and proximal dendrites passing
through the ON layer (Figure 1D,H,G,J; Table S1). OFFas also received ON/GCL inputs
from wide-field ACs (Figure S3). All arboreal dendrites that did not contact either OFFa
GC did not contain presynaptic active zones, even when closely apposed to the somatic
regions of other GCs. All chemical synaptic ON/GCL outputs may, therefore, target OFFa
GCs exclusively.

Although most All outputs in the OFF layer target OFF CBs422, those that contacted

GCs exhibited strong preference for OFFas: 72% of OFF layer All-GC synapses (from

31 completely traced Alls) targeted one of the two identified OFFas (Table S1). As each
point in retinal space is covered by roughly two s-OFFas and two t-OFFas26, our analysis
likely overlooked many inputs onto OFFa dendrites that could not be identified conclusively
because their parent somas were not contained in the dataset. These results corroborate
recent physiological observations in guinea pig retina that Alls contact primarily GC types
corresponding to s-OFFas and t-OFFas0.

Alls made ON/GCL contacts onto OFFas only when they were located almost directly
above an OFFa soma (Figure 1F,G,1,J). Consequently, although many Alls made OFF layer
synapses onto both OFFas, none made ON/GCL inputs to both (Figure 1F,1). Although we
did not reconstruct completely every All in the dataset, every ON/GCL All-OFFa synapse
was traced back to a fully reconstructed All; all but one All making ON/GCL synapses also
provided OFF layer input to the same OFFa. Alls making no ON/GCL synapses exhibited
no apparent differences compared to those that did, making similar numbers of OFF layer
synapses to the OFFa GCs (Table S1). These similarities suggest that Alls providing
ON/GCL inputs to OFFas do not represent a distinct All subtype (see Discussion); rather,
this connectivity may depend primarily on proximity of an All’s arboreal dendrites to OFFa
somas.

OFFas express glycine receptors in the GCL and ON layer of the IPL

We next examined glycine receptor (GlyR) expression in OFFas using fluorescence
immunohistochemistry (Figure 2). GlyRs require a subunits to function?’, and OFFas
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express a exclusively?8, Here, we labeled GCs with an antibody to RBPMS (Figure 2A29)
and observed somatic GlyRa; immunoreactivity (Figure 2B) particularly in a subset of GCs
expressing SMI-32 (Figure 2C), a marker for aGCs® (Figure 2D).

To examine GlyR expression specifically in OFFas, individual cells were filled with
neurobiotin, then fixed and labeled with antibodies to neurobiotin and GlyRa1 (Figure
2E-H). As expected, OFFas robustly expressed GlyRa; in the OFF layer of the IPL
(Figure 2E,F): s-OFFas and t-OFFas exhibited greater GlyRa 1 expression in the OFF
layer compared to, for example, ON-OFF direction-selective GCs (DSGCs; n = 3 cells of
each type, p= .02, Mann-Whitney test; Figure 2G), which express primarily GlyRa, and
GlyRa4%L. s-OFFas and t-OFFas also exhibited stronger GlyRa.; expression than DSGCs
in the ON layer (p = .02, Mann-Whitney test; Figure 2H), even though DSGC dendrites
ramified extensively in this layer (Figure 2G). GlyRa; expression was higher in s-OFFas
than in t-OFFas (p = .02, Mann-Whitney test; Figure 2H).

Close apposition of RB inputs and arboreal outputs suggests local input-output

relationship

ACs have evolved different strategies to couple synaptic input to output32: Some relay
synaptic input signals to outputs located ~1 mm away33-36, whereas others couple input
to output within sub-micron synaptic structures3’:38. With chemical outputs to OFFas
from both arboreal and lobular dendrites, Alls might integrate inputs within and between
subcellular compartments to provide output to the same postsynaptic cell.

To examine the spatial relationship between inputs and output in Alls, we annotated all

RB inputs (n = 139) onto All arboreal dendrites that contacted the identified t-OFFa and
s-OFFa in the ON layer or GCL (Figure 3A) and measured the linear location along the
dendrite of each input and output relative to the dendritic terminus (Figure 3B). Most RB
inputs were made onto the last 15 pm of All terminal dendrites (median = 13.1 um), whereas
outputs to OFFas arose primarily within the last 5 um (median = 4.7 um; Figure 3B). Only
one output synapse was located within 300 nm of an RB input, however, arguing against
hyperlocal input-output coupling. Nonetheless, these results suggested that excitatory inputs
from RBs might depolarize the dendritic membrane sufficiently to activate Ca,, channels and
elicit release from nearby presynaptic active zones — particularly at dendritic tips, which

are depolarized particularly well by excitatory input3°. Accordingly, an electrotonic model,
together with the experimentally measured relationship between All membrane potential and
glycine release!?, predicts that an excitatory conductance in the All, approximating that of

a miniature EPSC4%41, would depolarize the dendrite sufficiently to evoke release at nearby
output synapses (Figure 3C).

L-type Ca, channels mediate Ca2* influx into All arboreal dendrites

Glycine release from All arboreal dendrites likely requires local expression of functional
Cay, channels. Mouse Alls express Cay1.3 (L-type) channels, but widefield fluorescence
Ca?* imaging methods detected signals primarily in proximal, lobular dendrites#2:43,
Arboreal dendrites are thinner and more diffuse, however, possibly making Ca2* signals
more difficult to detect. To revisit this issue, we recorded from Alls in whole-mount mouse
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retina, filled them with Alexa 594 (50 pM) and the Ca2* indicator dye Fluo-5F (150 uM) and
imaged dendrites with confocal microscopy (Figure 4). Visual responses were eliminated by
blocking glutamatergic synaptic transmission (see STAR Methods). Depolarization applied
under voltage clamp elicited Ca2* indicator signals in arboreal and lobular dendrites (Figure
4A,B). Indicator AF/F, signals increased with the amplitude of the step depolarization,
reflecting the voltage dependence of All L-type currents (Figure 4C*2). Dendritic AF/F,
signals of varying size exhibited similar voltage-dependence (Figure 4A), suggesting that
responses were not distorted by indicator saturation. All step-evoked indicator signals were
blocked by the Ca,1 channel antagonist isradipine (10 uM; Figure 4D,E).

Indicator AF/F, amplitudes varied widely across neighboring arboreal varicosities (Figure
4A), suggesting that these signals do not reflect passive Ca2* diffusion from more proximal
regions of the cell. Accordingly, signals deep in the IPL/GCL were often larger than in more
proximal regions of the same dendrites (Figure 4F-1), suggesting that they reflected local
Ca®* influx into arboreal dendrites. This relative increase in signal was more prevalent in
dendrites that extended into the GCL near large GC somas characteristic of aGCs (Figure
41): Along All dendrites close to aGCs, peak AF/F, in the most distal ROIs was typically
greater than in their neighboring, more proximal ROIs (n = 75 dendrites in 4 Alls, p=
.00002, Mann-Whitney test; Figure 4J,L). In two of these four experiments, we recorded
from the adjacent aGC, which in both cases exhibited OFF responses to light stimuli (e.g.,
Figure S4). In Alls that were not close to an aGC, the most distal dendritic ROI signals
were smaller relative to their more proximal neighbors (n = 166 dendrites in 6 Alls, p=
1023, Mann-Whitney test; Figure 4K,L).

Strongest All inputs come from cells located directly above OFFa GCs

SBFSEM analysis indicated that All-OFFa ON/GCL connections occur only when the
presynaptic All is positioned almost directly above the OFFa soma (Figure 1). For example,
all ON/GCL All inputs to the s-OFFa came from Alls whose somas were located within

33 um of s-OFFa in retinotopic space (Figure 1F). By contrast, All inputs in the OFF layer
were more evenly distributed: Alls located within 36 um of the s-OFFa made a similar
number of OFF connections (4.7 £ 2.3 synapses, n = 10) to those Alls located 36-72 pm
away (3.9 + 2.2 synapses, n = 25, p= .36, ttest). All OFF connections to t-OFFas also were
evenly distributed across this spatial scale (<36 um: 3.4 + 1.4 synapses, n = 10; 36-72 ym:
2.9 £ 1.5 synapses, n = 25; p= .35, ttest).

These data suggest that Alls located within 36 um of an OFFa. may provide stronger
synaptic input to this cell, provided that ON layer synapses are functional. To test this,

we recorded from OFFas and measured IPSCs elicited by activating single presynaptic
Alls (Figure 5). Mice expressing Cre recombinase under control of the Neurod6

promoter (Neurod6<) were crossed with the Ai27 (Gt(ROSA)26Sor) line that expresses
channelrhodopsin (ChR2) and tdTomato in a Cre-dependent fashion (Figure 5A). Although
the Neurod6©™ line expresses Cre in a non-All narrow field AC*4, crossing it with Ai27
yielded ChR2 and tdTomato expression in Alls as well, possibly reflecting leaky expression
driven by the ROSA26 cassette (Figure 5A 4°). The AC types labeled in this line could be
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distinguished morphologically in zstacks obtained at the end of the experiment (Figure 5B;
see STAR Methads); only cells identified as Alls were analyzed here.

ChR2 was activated with laser light pulses centered upon individual All somas, and IPSCs
(Vhotd = +10 mV) were recorded from voltage clamped OFFas. Excitatory inputs to ON
and OFF bipolar cells were blocked pharmacologically (see STAR Methods), eliminating
photoresponses to stimuli delivered in a region lacking tdTomato signal (Figure 5B). ChR-
mediated responses were largest when the stimulated All soma was close (in x-y space) to
that of the recorded aGC (Figure 5A,B). In s-OFFas, stimulating Alls located within 36 um
in x-y space evoked responses that were almost twice as large (median = 31.8 pA, n = 15)
as those when Alls were located 36-72 pm away (median = 17.7 pA, n = 16; p=.0013,
Mann-Whitney test; Figure 5C). Similar results were observed in t-OFFas (0-36 pm: median
=32.6 pA, n = 13; 36-72 um: median = 18.5, n = 11; p=.0040, Mann-Whitney test; Figure
5D). No significant differences in IPSC amplitudes were observed between s-OFFas and
t-OFFas in either group (0-36 um: p=.65; 36-72 um: p=.72, Mann-Whitney test). All
stimulation elicited no responses in s-ONas (Figure 5E), confirming All input specificity
and blockade of bipolar cell input.

To examine further direct synaptic connections between Alls and OFFas, we obtained
whole-cell voltage clamp recordings simultaneously from Alls and s-OFFas in whole-
mount wild-type retina (Figure 5F). Depolarizing voltage steps delivered to the All evoked
large IPSCs in the s-OFFa when the somas of the two cells were located close to one
another in x-y space (Figure 5G,H): Pairs located within 36 pum yielded larger IPSCs
(median = 85.9 pA, n = 5) than those located 36-76 um apart (median =9.6 pA,n=5, p=
.002, Mann-Whitney test). Together with our anatomical data, these results indicate that Alls
positioned above OFFa somas provide stronger inhibitory input, compared with peripherally
located Alls, to postsynaptic OFFas.

ON layer inputs convey rod signals near visual threshold

ON/GCL inputs from Alls may render s-OFFas particularly sensitive to light stimuli
activating just a few Alls. To test this, we made cell-attached recordings from s-OFFas

and measured spike responses to dim, small (50-um-diameter spots) light flashes (10 ms;
Figure 6A,B). Even stimuli activating just ~60 rods (0.071 R*/rod*6), significantly decreased
the baseline firing rate (by 38.6 + 16.6%, n = 7, p=.0011, paired #test), and a 20x stronger
flash eliminated spiking almost completely (95.4 £ 5.3% reduction; Figure 6B).

The results thus far suggest that ON/GCL synapses from Alls, despite constituting only
~2% of the inhibitory inputs to OFFas (Table S1), may contribute substantial light-evoked
inhibition to OFFas. If so, blocking just these inputs would have a significant effect on
OFFa light responses. To test this, we attempted to block ON/GCL inputs preferentially

by applying the GIyR antagonist strychnine locally in the GCL. We positioned a puffer
pipette containing Alexa 594 (50 uM) and strychnine (2-5 uM) near a patched OFFa soma
and delivered 300-ms puffs just prior to the light stimulus (Figure 6C-1). We imaged Alexa
fluorescence within the pipette, near the recorded s-OFFa soma and in the OFF layer of the
IPL (Figure 6D) to measure its dilution at different distances from the pipette and, therefore,
estimate the dilution of strychnine relative to its known concentration within the pipette.
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During the 100-ms period following the light stimulus, estimated [strychnine] exceeded 1
UM at the GC soma, but in the OFF layer it remained below its ICsq for GlyRa; (36

nM*7; Figure 6E). Strychnine application elicited a small (though statistically insignificant)
increase in baseline firing rate (from 42.9 £ 15.0 Hz to 53.4 + 20.3 Hz, n = 7 cell-attached
recordings, p=.067, paired #test), so we calculated the light-evoked reduction in firing rate
as a percentage of the pre-stimulus baseline rate. Strychnine reduced this OFF response over
a range of flash intensities (Figure 6F,G). In whole-cell recordings, strychnine applied in

the GCL reversibly reduced flash-evoked IPSCs by an average of 47% across all stimulus
intensities (n = 8; Figure 6H,1), suggesting that ON/GCL inhibitory inputs influence scotopic
visual responses in s-OFFas.

OFFa inhibitory RFs are smaller than their dendritic fields

Synaptic inputs to GCs typically are distributed evenly across the dendritic arbor (Figure
S248), so that GC RFs generally reflect dendritic field (DF) dimensions16:49.50 RF size
typically is measured by delivering light stimuli to different regions of the RF and fitting
the spatial distribution of responses with a Gaussian function®! (but see52:53). Strong RF-
DF correlations require that synaptic input strength is relatively even across the dendritic
arbor. Inhibitory RFs are usually broader than excitatory RFs®*, because the lateral extent
of inhibitory connectivity is greater than that of excitatory bipolar cells. Under scotopic
conditions, particularly when visual stimuli are delivered from darkness, excitatory inputs to
OFFas are weak and evoked input is predominantly inhibitory®:12:55.56 \We postulated that
OFFa inhibitory RFs would be smaller than their DF if they were dominated by input from
central Alls.

To test this, we recorded light-evoked postsynaptic currents under scotopic conditions from
aGCs and measured RF dimensions (Figure 7). Vertical and horizontal bars of light (0.5
R*/rod/s) were presented at different xand y displacements, respectively and responses in
each spatial dimension were fit with a Gaussian function (Figure 7A; see STAR Methods);
the resulting space constants (14 and Ay) were averaged together (Arg). For comparison
with anatomical dimensions, RF diameter was calculated from the region over which the
function remained >5% of peak (2v3-Agg; Figure 7D).

To measure the DF diameter in the same experiments, cells were filled with Alexa 488
during whole-cell recording and imaged after the experiment (Figure 7A, right); a convex
polygon drawn around the dendritic arbor was used to calculate the average diameter of the
DF. In s-ONas, the excitatory RF diameter was highly correlated with DF diameter (7= .84,
n =12, p=.00059; Figure 7A,D). s-OFFas, by contrast, exhibited inhibitory RFs that were
narrower than (n = 19, p= 6x1079, paired £test) and poorly correlated with their DFs (7=
-.11, p=.65; Figure 7B,D). As a result, s-OFFa RF area constituted a smaller fraction of
its DF area when compared to s-ONas (p = 1.6x107°, Mann-Whitney test). RF dimensions
were not altered significantly by TTX (RF diameter in TTX: 95 + 11% of control, n =8
OFFas, p=0.19, paired #test; Figure S5), indicating that RFs measured this way were not
influenced by surround inhibition from wide-field, spiking ACs®’. In separate experiments
in which photopic stimulation evoked reliably detected EPSCs, RFs were generally larger
than in scotopic conditions; the photopic IPSC RF diameter in OFFas was similar to the
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DF diameter but still smaller than the EPSC RF diameter, whereas in s-ONas inhibitory and
excitatory RFs exhibited similar dimensions (Figure S6).

All RFs, measured by evoking PSPs with 0.5 R*/rod/s stimuli, were wider than (p =
4.3x1077, paired ttest) and poorly correlated with their DFs (r= -0.15, p = .65; Figure
7C,D). All RFs were narrower than s-OFFa RFs (p = 2.3x1077, ttest; Figure 7D),
suggesting that s-OFFa. inhibitory RFs are inherited from multiple Alls. The distribution

of All inputs required to generate the s-OFFa inhibitory RF was estimated by deconvolving
the average All RF Gaussian from that of the s-OFFa inhibitory RF (red line, Figure 7E;
see STAR Methods). This prediction most closely matched the spatial distribution of ON
layer All—s-OFFa synapses in the EM dataset (black line, Figure 7E), suggesting that
perisomatic inputs from All heavily influence OFFa inhibitory RFs. Accordingly, when we
blocked ON/GCL inputs specifically with local strychnine puffs (as in Figure 6), inhibitory
RFs recorded in s-OFFas became broader (131 % 12% of control, n = 8, p= 3x107°, paired
ttest) due primarily to reduced responsivity in the RF center (Figure 7F,G).

Discussion

Our results reveal an unexpected route for visual signals through the rod pathway of the
mammalian retina. Anatomical and physiological data show that a small minority of Alls
inhibit the somatic region of OFFas, conferring high visual sensitivity and small inhibitory
RFs. The close proximity of RB inputs to these outputs within All arboreal dendrites ensures
efficient signal transfer from single RBs to OFFas. This previously unrecognized motif

1) disobeys the laminar segregation of inputs and outputs within narrow-field (NF) ACs
mediating “crossover inhibition” in the IPL, 2) generates RFs that are poorly predicted by
dendritic dimensions and 3) reveals heterogeneous synaptic organization within a single cell

type.

Alls “cross over” within the ON layer

Segregated ON and OFF signaling in the IPL is a consistent hallmark of vertebrate retinas®8.
ON and OFF bipolar cells provide excitatory input to ON and OFF GCs in the inner

and outer IPL, respectively, strongly correlating morphology and physiology®9-62 (but
seeB3.64) Wide-field (WF, typically GABAergic) and NF (glycinergic) ACs influence this
circuitry in different ways: WFACs typically mediate lateral interactions within IPL strata,
conferring surround feedback or feedforward inhibition to bipolar terminals or GC dendrites,
respectively52:65 and also inhibiting other ACs®6. NFACs relay signals between IPL layers
— “crossover” inhibition8’ that can influence feedforward signals locally via “push-pull”
interactions with excitation®62:68 NFACs, including Alls, are thought to reinforce the ON-
OFF segregation by providing ON-driven inhibition to the OFF layer, or vice versa3. We
show here that Alls contradict this convention, providing powerful feedforward inhibition
onto OFFa somas and proximal dendrites in the ON layer.

All ON/GCL inputs exert a disproportionate influence on OFFa RFs

Consistent with previous reports#8, we found that synaptic inputs to OFFas are distributed
evenly across the dendritic arbor (Figure 1, S2), an arrangement that typically ensures a
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close agreement between DF and RF dimensions®®. Our physiological experiments revealed,
however, that All inputs to the proximal dendrites, soma and axon cause s-OFFa. inhibitory
RFs to be smaller than expected from the dimensions of the dendritic arbor (Figure 7D).
Each All ON/GCL input synapse could provide a larger inhibitory conductance than All
synapses in the OFF layer, and/or ON/GCL inputs could exert more influence by virtue

of their electrotonic proximity to the soma. We favor the latter mechanism, which likely
accentuates the impact of ON/GCL inputs on light-evoked changes in spiking.

Does the mouse retina contain multiple All subtypes?

In the retina, physiological and molecular classifications of bipolar and ganglion cell

types agree remarkably well1.62.70-72 and cells of one type exhibit consistent connectivity
patterns with other cell types’3. One previous study divided Alls into two subtypes based
on visual sensitivity’4, but two observations suggest that the different Alls described here
do not correspond to those proposed subtypes. First, our EM observations provided no
evidence that ON/GCL-projecting Alls would exhibit distinct light sensitivity: Alls making
ON/GCL synapses received similar RB input compared to those that did not. Second,
whereas the previously proposed subtypes constituted roughly equal parts (55%/45%) of
the All population, only 11% (14/127) of the Alls studied in the SBFSEM dataset made
ON/GCL chemical synapses.

Reliable connectivity between cell types requires that their processes overlap in space

and, in many cases, that cells express specific cell-adhesion molecules’®76. All arborial
dendrites appear to target OFFa somas selectively amidst many other options, suggesting
that molecular cell-cell interactions may dictate specific connectivity. A distinct subtype of
Alls may express a particular adhesion molecule recognized by OFFas; alternatively, Alls
could be molecularly homogeneous but only those located above OFFa somas are afforded
the geometric opportunity to make ON/GCL contacts. Alls appear to constitute a single cell
type with respect to gene transcription’’, favoring the second possibility.

Relevance to visual signaling in OFFas

The circuit features described here may underlie the high sensitivity of OFF GCs’8, but
specific roles for this pathway in night vision remain to be determined. A recent report
suggests that some visually guided behaviors in scotopic conditions rely primarily on ON
pathway signals’. ONas receive convergent input from ~10,000 rods* 79, likely conferring
sensivity to low spatial frequencies and ambient luminance. The OFF pathway that we
describe gives rise to smaller RFs that may confer greater sensitivity to high-frequency
scotopic signals (e.g., edges, stars). These distinct pathways may provide complementary
visual information required for fundamentally asymmetric signaling tasks in the ON and
OFF pathway when photons are scarce®0.

STAR Methods
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources should be directed to and
will be fulfilled by the lead contact, Jeffrey Diamond (diamondj@ninds.nih.gov).
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Materials Availability—This study did not generate new unique reagents.

Data and code availability—All data reported in this paper, as well as any additional
information required for its analysis, are available from the lead contact upon request. This
study did not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were performed in accordance with protocols approved by the NINDS
Animal Care and Use Committee (ASP-1344). Mice (either sex) were maintained on a 12:12
light-dark cycle and provided free access to food and water. Prior to electrophysiological
experiments or immunohistochemistry, mice were deeply anaesthetized with isoflurane
(Baxter) and euthanized via decapitation.

METHOD DETAILS

SBFSEM Analysis—A 3D SBFSEM dataset (k0725) of a 50x210x260 pm?3 block of
P30 C57BL/6 mouse retina (13.2x13.2x26 nm3 voxels24) was analyzed as described
previously457. Alls were identified based on morphological characteristics and synaptic
input from RBs. RB inputs were distinguished by their location deep in the IPL

and presynaptic ribbons that are larger than those in CB terminals®-14. The s-OFFa

and t-OFFa were identified by soma diameter and dendritic ramification in the distal
IPL. Skeletonization and annotation were performed manually using Knossos82. Voxel
coordinates were tilt-corrected and normalized either to the positions of the ON and OFF
SACs?4. Soma diameter was determined by tracing the soma perimeter with a convex
polygon, calculating the area and then the average diameter (i.e., the diameter of a circle of
the same area).

Immunohistochemistry (Figure 2A-D)—Whole retinas were dissected from C57BL6-
WT mice (~P60) and fixed in 4% paraformaldehyde (PFA) in 0.1M phosphate buffer
solution (PBS) for 20 min at room temperature (RT), then rinsed with PBS. Retinas were
pre-incubated for 5 h at RT or overnight at 4°C in blocking solution containing 10%
donkey serum (Sigma, MO), 2% BSA, 0.5% Triton X-100 and 0.1% sodium azide in

PBS. Retinas were then incubated for three nights at 4°C with primary antibodies against
RBPMS (guinea pig polyclonal, 1:500; Phosphosolution), GlyRa (rabbit monoclonal,
1:500; Synaptic Systems) and SMI132 (mouse monoclonal, 1:500; Millipore-Sigma) in
blocking solution. Retinas were then rinsed 3 times in PBS, incubated overnight at 4°C
with secondary antibodies against guinea pig (donkey, Alexa Fluor 488, 1:500; Invitrogen),
rabbit (donkey, Cy3, 1:500; Jackson ImmunoResearch) and mouse (donkey, Cy5, 1:500;
Jackson ImmunoResearch) in blocking buffer, rinsed in PBS and thereafter mounted with
DAPI mounting medium (Mector Labs). Immunoreactivity was imaged using a confocal
microscope (Zeiss LSM 580, 20x/1.0NA objective).

Single-cell immunolabeling (Figure 2E-H)—GCs in whole-mount retinas were filled
with 4% Neurobiotin through a whole-cell patch electrode, then fixed for 15 mins at RT

in artificial cerebrospinal fluid containing 4% paraformaldehyde. Post-fixation, retinas were
washed in 0.1M PBS, pre-incubated overnight at 4°C in blocking solution containing 5%
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donkey serum and 0.5% Triton in PBS and then incubated for 3 nights at 4°C with primary
antibody against GlyRa; (mouse monoclonal mAb2b, 1:500; Synaptic Systems) in blocking
solution. Retinas were subsequently rinsed in PBS, incubated with a secondary antibody
against mouse (goat anti-mouse 488, 1:000; Invitrogen) and streptavidin conjugated to Alexa
Fluor 568 (1:1000; Invitrogen), rinsed in PBS and mounted using Vectashield anti-fade
mounting medium (\Vector labs).

Images were acquired using a confocal microscope (Leica SP8, 63x/1.4NA objective).
Image stacks encompassing the entire GC (soma and dendritic arbor) were acquired,
median-filtered in F1JI (NIH) and visualized with Amira software (Thermo Fisher
Scientific). Individual GCs were masked in 3D via the LabelField function in Amira. Once
a GC was isolated in a 3D mask, the GlyRa; receptor channel was multiplied with the

GC mask to isolate the GlyRa; signal within the GC. For quantification of the GlyRa
signal within the ON (soma and dendritic arbor within the ON lamina) and OFF (dendritic
arbor within the OFF lamina) arbors of the GC, the volume of GlyRa.; signal within the
RGC compartment and above background (threshold of 3 standard deviations above the
noise peak applied to eliminate background pixels) was estimated and normalized to the GC
compartment volume (see also 83).

NEURON Modeling—A compartmental model (NEURON simulation software84)
comprised a soma (20 pm diameter, 1 compartment) connected to a dendrite (100 um

long, 0.5 um diameter, 10 compartments; Figure 3C). Membrane capacitance, resistance and
resting potential were 1 uF-cm=2, 100 uS-cm=2 and —60 mV, respectively; axial resistance
was 100 Q-cm. Gap junctions in arboreal dendrites may offer alternative conduction
pathways, but most are located closer to the soma2:6 and were neglected in this simplified
simulation. An excitatory synaptic conductance (E., = 0 mV), introduced at different points
along the dendrite (see Figure 3C), was represented as:

t
8syn = gmax(;)e T

where gmax = 250 pS and t =2 ms.

Live tissue preparation and electrophysiology—Eyes were removed from adult
mice (P30-80) of either sex and retinas were isolated at room temperature (ChR2 and

Ca?* imaging experiments) or 32-34°C (scotopic RF measurements and somatic puff
experiments) in bicarbonate-buffered Ames media (Sigma) equilibrated with carbogen (95%
0,/5% COs»). Tissue was trimmed and mounted GCL up (i.e. whole-mount), placed under a
two-photon laser-scanning microscope (Zeiss 510 or Scientifica Hyperscope) and superfused
during experiments with Ames (which contains 1.1 mM Ca and 1.2 mM Mg) at 30-34°C
(4-8 mL/min). For experiments examining retinal signaling in response to visual stimuli,
mice were dark adapted for >2 hrs prior to dissection and retinas were isolated under
infrared illumination (940 nm LED light source, Thorlabs). Retinas used for Ca2* imaging
experiments were isolated under dim red light. Cells within the whole-mount retina were
selected for recording under differential interference contrast (DIC) optics (940 nm): aGCs
were identified by their large soma size, and Alls by their pear-shaped somas that jut into
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the IPL from the INL. To access the cells for recording, a small hole was torn in the inner
limiting membrane with a patch pipette, which was then replaced with a second pipette for
recording.

Cell-attached and whole-cell recordings were made with an electronic amplifier
(MultiClamp 700B, Molecular Devices) controlled with custom software written in IgorPro
or Matlab (Symphony: https://symphony-das.github.io). Patch electrodes (1.5mm OD
borosilicate glass, 4-5 MQ for GCs, 5.5-6.5 MQ for Alls) were filled with internal solution
(280-285 mOsm, pH 7.4) containing (mM): 90 CsCH3SO3 or KCH3SO3, 20 TEA-CI, 4
MgATP, 0.4 NaGTP, 10 EGTA, 10 Na, Phosphocreatine, 10 HEPES.

Ca?* indicator imaging—Ca?* indicator imaging experiments were performed on a
Zeiss (Thornwood, NY) LSM-510 confocal microscope (40x/1.0 DIC W Plan-Apochromat
objective) controlled by ZEN 2009 software and custom macros (lIgor Pro, WaveMetrics,
Lake Oswego, OR). Alls were patched in whole mounts and filled with a Cs*-based
intracellular solution containing Alexa 594 hydrazide (50 uM; Thermo Fisher Scientific)

to visualize cell morphology and the Ca2* indicator Fluo-5F (150 pM; Thermo

Fisher Scientific). No additional intracellular Ca2* buffers were present during imaging
experiments. Imaging commenced 10-15 minutes after establishing whole-cell recordings
to allow dyes to diffuse throughout the cell. Alexa 594 and Fluo-5F were excited by
543-nm He-Ne and 488-nm Ar lasers. Transient indicator signals were evoked by 100

ms voltage steps applied through the recording pipette every 15-20 seconds, measured

in (bidirectional) frame scan mode (10.4 Hz) and low-pass filtered (2-5 Hz) offline.
Glutamatergic transmission and light responses were routinely blocked pharmacologically
by DNQX (20 uM; Abcam), R-CPP (5 uM; Tocris Bioscience) and L-AP4 (20 uM, Abcam)
before imaging started. Image analysis was performed using custom macros in lgorPro.
Individual lobular and arboreal varicosities were analyzed as single regions of interest
(ROIs) and all data are presented as AF/F. Z-stacks (1 um intervals, 4 images averaged at
each zlevel) were acquired at the end of each experiment to reconstruct cell morphology.

Optogenetic stimulation—Optogenetic stimulation experiments were performed on
Zeiss LSM-510 (40%/1.0 NA objective) and a Nikon C1 (40x/0.8 NA objective).
Neurod6“"eand Ai27 (Gt(ROSA)26Sor) lines were crossed to yield mice that expressed
ChR2 and tdTomato in Alls and at least one other narrow-field AC type. Alls were
distinguished from other labelled amacrines due to their stronger tdTomato expression and
their arboreal dendrites that extended through the entirety of the IPL and sometimes into
the GCL (the dendrites of other labelled ACs were constrained to IPL sublaminas 1-4).
ChR2 was activated with a 500 ms spot scan from a 488 nm Ar laser centered over an

AC soma. Stimulation timing was verified by diverting a fraction of the laser light to a
photodiode. ChR2-evoked IPSCs were recorded from GCs in whole-cell voltage clamp
(Vhotd = +10 mV) with a Cs-based internal solution supplemented with Alexa488 (50 uM).
Photoreceptor-driven light responses to the 488 nm laser were eliminated by blocking all
glutamatergic synaptic transmission in the retina (e.g. eliminating bipolar transmission)
with L-AP4 (20 uM; Abcam), UBP 310 (25 pM; Abcam), NBQX/DNQX (10 uM/20

UM; Abcam) and D-AP5/R-CPP (25 uM/5 uM; Tocris Bioscience). All-GC distance was
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determined by collecting a composite z-stack and measuring the linear distance between the
centers of the All (red) and GC (yellow) somas in the x-y plane.

Visual stimulation—Visual stimuli were controlled by Symphony, generated with a
customized DMD projector (4500 Light Crafter, Texas Instruments8®) and a 405 nm LED
(Thorlabs), attenuated by neutral density filters (~6 log units) and routed through the
microscope condenser, which was adjusted so that images were in focus at the level of

the rod outer segments. Spectral and power densities were measured at the sample plane
and converted to R*/rod/s as previously described®. Scotopic RFs of All amacrine cells and
GCs were probed with 50 x 500 um? bars (250 ms) that elicited 0.1-1 R*/rod. Excitatory
RFs of s-ONas and Alls were probed at 50 and 25 um intervals, respectively; inhibitory
RFs in s-OFFas were probed at 25 pm intervals. Responses to bars at each location were
averaged and baseline subtracted prior to measuring amplitude by averaging over a window
100-350 ms following stimulus onset. Bars were presented 5-10 times at each location and
in two orthogonal directions (i.e., 0° and 90°). In some photopic experiments, responses
were obtained with bars oriented at 0°, 36°, 72°, 108° and 144°. In these cases, responses
to 72° and 108° bars were averaged together to approximate the 90° case, then averaged
together with the 0° data. Response amplitudes were plotted versus bar position and fit by a
sum of two Gaussians (one for the center and a second, larger one of opposite polarity for
the surround). Surround amplitudes typically were small relative to those in the center.

Puff application of strychnine—Contributions from somatic glycine receptors were
examined by locally puffing strychnine onto the GC soma while recording responses to
small (50 um diameter) spots (17 ms flash) positioned in the center of the GC’s RF. Puff
pipettes (6-8 MQ) were filled with 2-10 uM strychnine (to block glycine receptors) and 50
uM Alexa594 (to monitor the diffusion of the puff and estimate strychnine concentration
over space and time). Small holes were torn into the inner limiting membrane on either side
of the GC somas to create room for the pipettes. This step required particular care to ensure
that synaptic connections in the GCL remained intact. Puffs were applied (Picospritzer,
Parker; ~3 PSI) for 300 ms prior to the flash; trials were repeated at 5-6 s intervals.

Flashes of four different intensities were presented, and average responses (5-7 trials) were
obtained for each flash strength in each condition (control, puff, wash). Data from the first

8 flashes in each condition were excluded from further analysis to allow for adaptation to
the mechanical puff. Average responses were smoothed (10 ms box filter) prior to measuring
minimum spike rate or maximum INH current. Spike suppression was calculated by dividing
response minimums by the baseline firing rate. Strychnine concentrations were estimated by
measuring average Alexa594 fluorescence within a ~15 um2 ROI and normalizing this to the
maximum fluorescence signal (near the pipette tip or within the pipette).

Estimating the distribution of All inputs from RF dimensions (Figure 7E)—
Under scotopic conditions, the spatial dimensions of the s-OFFa. inhibitory RF can be
expressed as the convolution of a function describing the average All RF with a function
describing the spatial distribution of All inputs onto the s-OFFa (weighted by the relative
strength of the inputs across space). Both the s-OFFa and All RFs are well described by
Gaussian functions (Figure 7), so the weighted distribution of All inputs also should be
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well described by a Gaussian function. This distribution was estimated by deconvolving the
average All RF Gaussian from the s-OFFa inhibitory RF Gaussian (Figure 7E). As the
variances of Gaussian distributions add under convolution, the space constant of a Gaussian
describing the weighted All input distribution (A inputs) can be calculated from the space
constants of the other two Gaussian functions (Aaj re and As-OFEa RE):

2 2
AAIT inputs =\ 45 — OF Fa RF — “AIT RF

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed using Igor Pro. Reported n values indicate number

of cells. Except where noted, normally distributed (as determined by the Jarque-Bera test)
group data values are reported as mean + SD and compared with a #test. Otherwise, data
are compared with a Wilcoxon rank test. Pearson’s correlation coefficient (r) and correlation
significance was calculated with a one-tailed linear correlation test (Igor Pro). Significant
differences were concluded if p<.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
All amacrine cells make dendrosomatic synapses exclusively onto OFFa ganglion cells.
Only Alls located directly above OFFa ganglion cells make dendrosomatic contacts.
All dendrites express voltage-gated calcium influx near synaptic outputs.

All dendrosomatic inputs render OFFas highly sensitive to narrow visual stimuli.
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Figure 1 1. All ACs make chemical synapses onto OFFa. GC somas
(A) Retina schematic (modified81). 4, gap junctions; »@®, chemical synapses. Z, All

synapses onto OFF CB axon terminals; 2, All synapses onto OFF GC dendrites; 3, proposed
output synapses onto OFF GC somatic region. R, rod photoreceptor; C, cone photoreceptor;
RB, rod bipolar cell, All, All amacrine cell; On CB, ON cone bipolar cell; Off CB, OFF
cone bipolar cell; Off GC, OFF ganglion cell; On GC, ON ganglion cell; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer;
GCL, ganglion cell layer.

(B-C) SBFSEM micrographs showing All synapses onto a s-OFFa soma (B) and a t-OFFa
dendrite (C). Scale bar applies to (B,C). See Figure S1 for serial EM sections. See Table S1
for quantitative summary.

(D) Skeletonized s-OFFa with all inhibitory inputs annotated. Lower panel, transverse view;
gray plane indicates ON-OFF border in IPL25. See Figure S2 for annotated excitatory inputs.
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(E) Histogram showing dendritic stratification of identified OFFas in the EM dataset,
relative to those of identified ON and OFF starburst amacrine cells (SACs).

(F) Soma locations of Alls providing inputs to s-OFFa in the OFF (black circles) and/or ON
layers (blue squares) of the IPL. Gray circles and gold squares indicate Alls connected to the
t- OFFa.. See Figure S3 for inputs from other ACs.

(G) Summary plot showing the total synaptic contacts from Alls to the s-OFFa versus
retinotopic (x-)) distance between All and GC somas. Diamonds indicate the number of
ON/GCL contacts.

(H-J) As in (D,F,G) for the t-OFFa.. Scale bar in (H) applies to (D,F,H,1).

(K-L) 3D images of s-OFFa. (K) and t-OFFa (L) GC somatic region. Alls inputs are
color-coded to indicate those arising from the same All. Scale bar applies to both panels.
Please mention Figures S1-S3 and Table S1.
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Figure 2 I. OFFa GCs express GlyRs densely in their somatic region
(A-D) Fluorescence micrographs of the GCL of a WT mouse retina incubated in antibodies

to the GC marker RBPMS (A), GlyRa; (B), the aGC marker SMI-32 (C) and a merged
image (D). White arrows point to the same aGC somas in each panel. Scale bar in (A)
applies to (A-D).

(E-G) Side (Zgp) and top-down (bottom) views of three neurobiotin (magenta) filled GCs (s-
OFFa (E), t-OFFa (F) and ON-OFF DS (G)) showing the GlyRa, signal (green) contained
within a 3-D mask generated from the neurobiotin fill of the GC soma and proximal
dendrites.

Magenta/green overlap appears white.

(H) Quantification of the GlyRa, signal (as a percentage of the neurobiotin signal) within
the three GC types. The soma and the proximal dendritic arbor were included in the ‘ON’
arbor quantification, (n = 3 GCs of each type; n = 3 animals).
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Figure 3 I. Localization of RB inputs and chemical synaptic outputs in All arboreal dendrites
(A) Plot showing the IPL depth of 32 All terminal dendrites making ON/GCL synapses onto

the s-OFFa (closed gold circles) and t-OFFa. (open gold circles). For clarity, dendrites are
rendered as straight lines. Inputs from RBs indicated in blue. Bottomn, histogram showing
IPL depth of RB inputs and outputs to OFFa.s.

(B) RB inputs and All outputs shown as in (A), except that All terminal dendrites have
been straightened and aligned by their ends to compare linear distance along each dendrite
between RB inputs (blue) and All outputs to OFFas (gold). Bottom, histogram showing
locations of inputs and outputs relative to the dendrite terminus. Triangles indicate median
values.

(C) Electrotonic model comparing simulated EPSPs, recorded near the end of the dendrite
(blue) or at the soma (gray), evoked by an excitatory synaptic conductance at varying
locations along the dendrite. Right, Simulated EPSPs projected onto an All release function
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derived from paired recordings between Alls and type 2 CBs!4. The release function
indicates the fraction of readily releasable vesicles released vs. presynaptic membrane
potential.
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Figure 4 1. Cay, channel-mediated Ca?* signaling in All lobular and arboreal dendrites
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(A) Top left, Fluorescence micrograph (x-z projection) of a recorded All filled with Alexa
594 and Fluo 5F. Red line indicates focal plane of imaged varicosities. Bottom left, Squares
indicate two typical varicosities imaged in a single x-y optical section. 7op right, Average
indicator AF/F signals in varicosities (colors correspond to squares, lower left) evoked by
100-ms voltage steps from —60 to 0 mV (10 mV increments, above). Bottom right, Indicator
peak AF/F as a function of voltage step in the two varicosities. Dashed line show smaller

responses scaled to facilitate comparison with the larger responses.
(B) 7op left, Fluorescence micrograph of a recorded All, similar to (A) except that the

indicator imaging focal plane (red line) was in the lobular region. Bottom left, A square
highlights a representative example of one lobular appendage in a single x-y optical section.
Top right, Average indicator AF/F signals in a varicosity (indicated by square in lower left)
evoked as in (A). Bottom right, Indicator peak AF/F as a function of voltage step in the

imaged varicosity.

(C) Woltage dependence of peak indicator AF/F signals in 103 arboreal (from 4 cells) and 29
lobular (from 3 cells) dendrites. Data in each varicosity were normalized to the AF/F signal

evoked by a voltage step to 0 mV.
(D) Average indicator signals in arboreal and lobular dendrites evoked by a step to 0 mV in
control conditions (black traces) and in the presence of Ca,1 channel antagonist isradipine
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(10 uM, red traces). Arboreal and lobular regions imaged in two different cells; control vs.
isradipine comparisons were made in the same varicosities within each cell.

(E) Summary showing effects of isradipine on peak indicator signals in arboreal (n = 97) and
lobular (n = 33) compartments of Alls.

(F-1) Ca2* indicator responses imaged in All dendrites at four different focal planes in

the IPL and GCL. /, fluorescence images of the Alexa 594-filled All superimposed on a
scanning DIC images of the tissue at the indicated depths relative to the top (0%) and
bottom (100%) of the IPL, i.e., (H-I) were imaged in the GCL. Dashed circle in (I) indicates
location of t-OFFa GC soma (see light responses in Figure S4). /i, fluorescence images of
All dendrites at indicated focal planes, with multiple ROIs indicated by squares. Squares

of the same color correspond to the same dendrite at different depths. 77/ indicator signals
measured in corresponding ROIs at different depths. Not All dendrites were recorded at All
depths.

(J) AF/F amplitudes as a function of IPL depth recorded from 75 dendrites in 4 Alls located
above aGCs. Each point represents a single ROI imaged at a particular IPL depth. Colors
correspond to examples shown in (F-1); black lines are other dendrites from the imaged cell.
Gray lines indicate ROIs from 3 other Alls.

(K) AF/F amplitudes recorded from 166 dendrites in 6 different Alls notlocated above an
aGC.

(L) Histogram comparing AF/F amplitude in the last (most distal) ROI to the second-last
ROI imaged in the same dendrites shown in (J-K). Please mention Figure S4.
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Figure 5 I. Direct synaptic connections between All ACs and OFFas
(A) Fluorescence micrographs of an s-OFFa filled with Alexa 488 (yellow) in a retina

expressing ChR and tdTomato under control of the NeuroD6 promoter.

(B) IPSCs (Vhoig = +10 mV) evoked by laser stimulation directed to the areas indicated

by white squares in (A). Responses at location #0 (gray trace, /eff) reflect visual responses

due to photoreceptor stimulation and were eliminated by blockers of bipolar cell activation.
Additional panels show IPSCs (botfom) evoked by stimulating individual Alls, which were
identified morphologically by their dendritic ramification pattern in the IPL (fop).

(C-E) Summary plots showing IPSC amplitudes recorded in s-OFFa. (C), t-OFFa (D) and

s-ONa (E) GCs and evoked by ChR activation of Alls, as a function of distance between
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the All and GC somas. Box plots in (C) and (D) compare median, range and quartiles of
responses to Alls located 0-36 um and 36-72 um from the recorded GC.

(F) Fluorescence micrograph showing a paired recording between a presynaptic All (red)
and a postsynaptic s-OFFa (yellow). White lines in lower (x-2) panel indicate focal planes
shown in (/-/f/). Scale bars apply to left and right panels, respectively.

(G) Averaged IPSC (Vpo1g = +10 mV) in s-OFFa shown in (F) evoked by step
depolarization of the presynaptic All.

(H) Summary data from 10 experiments showing the average IPSC amplitude vs. distance in
the x-y plane between recorded cells.
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Figure 6 I. ON/GCL glycinergic inhibition influences OFFa GC light responses
(A) Spike frequency plot showing responses in an s-OFFa to brief (10-ms) light flashes of

varying intensities.

(B) Summary data showing baseline and light-evoked minimum firing rates in 7 s-OFFas.
Asterisks indicate paired #test comparisons between evoked and baseline rates at each
intensity. ** = p< .01, *** = p< .001.

(C) Fluorescence micrograph of Alexa 488-filed s-OFFa, with approximate location of the
strychnine puffer pipette indicated schematically. Scale bar (20 um) applies to both views.
(D) Diffusion of Alexa 594 (red) from the puffer pipette, relative to an Alexa 488-filled
s-OFFa (white) at the times indicated in (E). Scale bars in (/) apply to lower panels. Circles
indicate ROIs measured in (E).

(E) Strychnine concentration at the soma (blue) and at the OFF layer dendrites (gray),
estimated by the Alexa 594 signal relative to that in the puffer pipette. Timing of light
flashes indicated in gold. Signals measured within the ROIs indicated in (D).

(F) s-OFFa. spike responses to light flashes (1.4 R*/rod) under control conditions (black),
immediately following a strychnine puff (red), and following strychnine wash.

(G) Summary plot (n = 7) showing minimum firing rate, as a percentage of baseline, versus
flash intensity under the different conditions described in (F).
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(H) Flash evoked IPSCs, recorded under the conditions described in (F).
(1) Summary plot (n = 8) showing IPSC amplitude versus flash intensity under the
conditions described in (F).
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Figure 7 I. All input condenses OFFa RFs
(A) EPSCs recorded from an s-ONa evoked by bars of light in different regions of its RF.

Right, fluorescence micrograph of recorded cell.

(B) IPSCs recorded from an s-OFFa evoked by bars of light in different regions of its

RF. Right, fluorescence micrograph of recorded cell. Also see Figure S5, which shows that
blocking surround inhibition with TTX does not influence these RF measurements.

(C) PSPs recorded from an All evoked by bars of light presented to different regions of its
RF. Right, fluorescence micrograph (side and top views) of recorded cell.

(D) Summary plot comparing DF diameter and RF width in s-ONas, s-OFFas and Alls. See
Figure S6 for RF dimensions measured in photopic conditions.

Curr Biol. Author manuscript; available in PMC 2023 January 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Grimes et al.

Page 32

(E) Histogram showing the spatial density distribution of All — s-OFFa inputs in the OFF
layer (gray) and ON layer (black), acquired from the EM dataset. Red dashed line indicates
predicted spatial distribution of All inputs to s-OFFas based on the relative size of their
RFs.

(F) IPSCs recorded from an s-OFFa evoked by bars of light in different regions of its RF in
control (black), immediately following puff application of strychnine in the GCL (red), and
following washout (grey).

(G) Summary graphs (n = 8) showing effects of local GCL strychnine puffs on s-OFFa
IPSC amplitudes (#gp) and RF dimensions (bottom). **: p=.002; ***: p=.00003.
Response recovery (“wash”) was acquired in 7 of 8 cells. Please mention Figures S5 and S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

a-GlyRa, (rabbit monoclonal) Synaptic Systems 146111
a-RBPMS (guinea pig polyclonal) Phosphosolution 1832-RBPMS
a-SMI32 (mouse monoclonal) Millipore Sigma 559844
streptavidin Alexa 568 conjugate Invitrogen S11226A
a-mouse (goat) Alexa 488 Invitrogen PIA32723
a-guinea pig (donkey) Alexa 488 Jackson ImmunoResearch 706-545-148
a-rabbit (donkey) Cy3 Jackson ImmunoResearch 711-165-152
a-mouse (donkey) Cy5 Jackson ImmunoResearch 715-175-150
Chemicals, Peptides, and Recombinant Proteins

Ames media Millipore Sigma A1420
NaCHO; Millipore Sigma S5761

Cs methanesulfonate Millipore Sigma C1426

K methanesulfonate Millipore Sigma 83000
TEA-CI Millipore Sigma T2265

Mg ATP Millipore Sigma A9187

Na GTP Millipore Sigma G8877
EGTA Millipore Sigma E8145

Na, phosphocreatine Millipore Sigma P7936
HEPES Millipore Sigma H3375
AlexaFluor 594 Thermo Fisher A10438
Fluo-5F Thermo Fisher F14221
DNQX abcam 120169
R-CPP Tocris 0247

L-AP4 abcam 120002
UBP 310 abcam 120168
NBQX abcam 120046
D-AP5 Tocris 0106
strychnine Millipore Sigma S0532
Deposited Data

SBFSEM data set Kevin Briggman k0725
Experimental Models: Organisms/Strains

mouse: wild-type: C57BL/6J Jackson Laboratory 000664
mouse: Neurod6-Cre: C57BL/6- Hprtm333(Ple281-icre/ERTZ)EMSIMmjax Jackson Laboratory 037063
mouse: Ai27: B6.Cg- GI(ROSA)26Sorm27. LCAG-COP4*H154R/dTomato)Hzel) | Jackson Laboratory 012567

Software and Algorithms

Symphony

https://symphony-das.github.io/
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