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SUMMARY
The ability to encode the direction of imagemotion is fundamental to our sense of vision. Direction selectivity
along the four cardinal directions is thought to originate in direction-selective ganglion cells (DSGCs)
because of directionally tunedGABAergic suppression by starburst cells. Here, by utilizing two-photon gluta-
mate imaging to measure synaptic release, we reveal that direction selectivity along all four directions arises
earlier than expected at bipolar cell outputs. Individual bipolar cells contained four distinct populations of
axon terminal boutons with different preferred directions. We further show that this bouton-specific tuning
relies on cholinergic excitation from starburst cells and GABAergic inhibition from wide-field amacrine cells.
DSGCs received both tuned directionally aligned inputs and untuned inputs from among heterogeneously
tuned glutamatergic bouton populations. Thus, directional tuning in the excitatory visual pathway is incre-
mentally refined at the bipolar cell axon terminals and their recipient DSGC dendrites by two different neuro-
transmitters co-released from starburst cells.
INTRODUCTION

Retinal bipolar cells are excitatory glutamatergic interneurons

that transfer visual information from photoreceptors to the inner

retina, where ganglion cells form the output to the brain (Euler

et al., 2014). There are 15 molecularly distinct types of bipolar

cells in the mouse retina, each carrying different types of visual

information, including luminance change, spatial contrast, tem-

poral dynamics, and chromatic content (Euler et al., 2014;

Franke et al., 2017; Shekhar et al., 2016).

Informationabout thedirectionofmovingstimuli isencodedbya

specialized class of retinal ganglion cells, direction-selective gan-

glion cells (DSGCs) (Barlowet al., 1964),which receive inputs from

GABAergic/cholinergic starburst amacrine cells as well as gluta-

matergic bipolar cells. There are four groups of DSGCs, each of

which responds to one of the four cardinal directions (dorsal,

ventral, nasal, and temporal)withmaximal spiking in their preferred

direction but only minimal spiking in the opposite (null) direction

(Vaney et al., 2012). The four cardinal preferred directions are

aligned with the optic flow projected onto the retina during self-

motion along the body andgravitational axes, allowing theDSGCs

to efficiently analyze self-movement-induced visual motion (Sab-

bah et al., 2017). Thus, the cardinal direction selectivity of DSGCs

embodies the fundamental coordinate of movement through

space (Rasmussen and Yonehara, 2020; Sabbah et al., 2017).
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A body of literature supports the consensus that the cardinal

direction selectivity emerges first at DSGC dendrites, because

of directionally tuned GABAergic inhibition from starburst cells

(Briggman et al., 2011; Euler et al., 2002; Vaney et al., 2012; Yo-

nehara et al., 2011). The apparent direction selectivity in the

excitatory postsynaptic currents recorded from DSGCs (Fried

et al., 2005; Sun et al., 2006; Weng et al., 2005) has been sug-

gested as an artifact caused by voltage-clamping errors in so-

matic recordings (Poleg-Polsky and Diamond, 2011). Indeed,

subsequent studies that have imaged extracellular glutamate

at DSGC dendrites without identifying the types of input bipolar

cells (Park et al., 2014; Yonehara et al., 2013), or intracellular cal-

cium in axon terminals of a small range of specific bipolar cell

types (Chen et al., 2014; Yonehara et al., 2013), have failed to

identify directionally tuned activity in bipolar cells. However,

there is anecdotal evidence to the contrary showing that

voltage-clamping errorsmay not fully explain the apparent direc-

tion selectivity in excitatory inputs (Percival et al., 2019), and

none of the reports have incorporated comprehensive analyses

of functionally classified bipolar cell types.

Although synapses from starburst cells to bipolar cells have

not been anatomically identified, several lines of evidence have

suggested the possibility that acetylcholine (ACh) released

from starburst cells could modulate the bipolar cell outputs.

Notably, a pharmacological study showed that alpha-7 nicotinic
or(s). Published by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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ACh receptors (a7-nAChRs) are selectively expressed in type 7

(T7) ON and type 2 (T2) OFF bipolar cells (Hall et al., 2019), which

have synaptic connections with ON-OFF DSGCs (Helmstaedter

et al., 2013). Importantly, a recent finding enabled by two-photon

acetylcholine imaging using a genetically encoded ACh indicator

showed that starburst cell boutons transmit directionally tuned

ACh signals to neighboring DSGC dendrites (Sethuramanujam

et al., 2021). These two findings point to a hypothesis that bipolar

cell inputs to DSGCs could be modulated by starburst cells in a

direction-selective manner.

To test this hypothesis, we performed two-photon glutamate

imaging fromvirally labeled T7 and T2 bipolar cell axonal boutons

and examined the directional tuning of their glutamate release.

We found that a subset of axonal boutons showed direction

selectivity aligned with all four cardinal directions. Pharmacology

and electron microscopy (EM) reconstruction revealed that the

directional tunings are mediated by bouton-specific cholinergic

excitation from starburst cells in the preferred direction and

GABAergic inhibition fromawide-field amacrine cell in the null di-

rection. DSGCs received both directionally tuned and untuned

glutamatergic inputs. The preferred directions of tuned inputs

were aligned with their spiking preferred direction. These high-

light how retinal cardinal direction selectivity emerges in the retina

utilizing different cellular components and neurotransmitters.

RESULTS

Multiplexed axonal direction selectivity in retinal
bipolar cells
We tested the potential role of cholinergic signaling in T7 and T2

bipolar cell outputs. Subretinal injection of an adeno-associated

virus (AAV) vector of serotype 8BP/2 (Cronin et al., 2014), con-

taining a CAG promoter, preferentially labeled T7, T2, and rod bi-

polar cells (X. Duan, personal communication on CAG promoter

tropism; Figure 1A). This was confirmed by inspecting the strat-

ification depths of labeled bipolar cell axon terminals in mice in

which starburst cell processes were labeled with tdTomato (Fig-

ures 1B and 1C; Figures S1A and S1B) (Euler et al., 2014; Hall

et al., 2019; Tsukamoto and Omi, 2017). This strategy allowed

us to target these bipolar cell types with a glutamate sensor

SF-iGluSnFR.A184S (Marvin et al., 2018) for imaging of light-

evoked glutamate release from axon terminals of T7 and T2 bipo-

lar cells (Figures 1D and 1E; Figures S1C–S1K). Many neigh-

boring axonal boutons exhibited correlated noise (Figure 1D;

Figures S2F–S2H), indicating that they belonged to the same bi-

polar cell (Franke et al., 2017; Liang et al., 2018). Strikingly, mo-

tion stimuli revealed heterogeneous directional tuning in boutons

of individual T7 and T2 bipolar cells (Figures 1F and 1G; direction

selective index [DSI], 0.19 ± 0.12, T7 boutons; Figure S2C, 0.18 ±

0.14, T2 boutons). To screen for false-positive tunings, we sub-

jected the observed direction selectivity to shuffling testing and

circular variance assessment (Figures S2A and S2B). Of all T7

boutons, 37.8% exhibited significant direction selectivity (Fig-

ure 1F). Each of these boutons preferred one of the four cardinal

directions associated with the ON-OFF DSGC firing patterns

(Figures 1H and 1I; Figures S2D and S2E) (Sabbah et al., 2017;

Vaney et al., 2012), without any bias toward a specific direction

per cell (p values > 0.1, Hodges-Ajne test). The clustering of tun-
ing directions along the four cardinal axes was also observed in

individual bipolar cells (Figures S2I–S2M).

The differently tuned boutons tended to be separated by dis-

tances above a certain path length on the axonal branch (Figures

2A–2C; space constant, 16.4 mm) and were often found on

different branches. The passive cable model, simulating electri-

cal spreads, revealed that with a 500-mmpath length, which is an

unrealistic distance in mouse bipolar cells, the signal dropped to

50% of the source level (Figures 2D–2F), allowing for the estab-

lishment of independent tunings. This suggests that independent

subcellular tuning is not explained by the passive electrical

decay alone and would need additional mechanisms. Together,

these results suggest that the axonal boutons of individual T7

and T2 bipolar cells contain four distinct populations, with

each bouton being tuned to one of the four cardinal directions.

Thus, these bipolar cell types perform multiplexed axonal sub-

cellular computation of direction selectivity.

Starburst cells mediate the direction-selective
glutamate release
Starburst cells are the key cell type for generating cardinal direc-

tion selectivity in DSGCs (Vaney et al., 2012; Yonehara et al.,

2011). Given the specific expression of a7-nAChRs in T7 and T2

bipolar cells (Hall et al., 2019), we reasoned that the observed di-

rection selectivity in these bipolar cells may rely on cholinergic

transmission from starburst cells. To test this hypothesis, we

selectively ablated starburst cells by intravitreal injection of diph-

theria toxin to Rosa-iDTR 3 ChAT-IRES-Cre mice (Figures 3A–

3C; Figures S3A–S3D). We found that starburst cell ablation

almost abolished the direction selectivity in both T7 and T2 bou-

tons (Figures 3D–3G; DSI, 0.23 ± 0.17 in control; 0.11 ± 0.06 in

starburst cell ablated; Figures S3E–S3G, T2 boutons). The

response amplitudes to the preferred and null direction motion

were reduced and increased, respectively, by starburst cell abla-

tion (Figure 3H). These results demonstrate that starburst cells are

necessary for direction selectivity in the T7 and T2 axon terminals.

Axonal integration of tuned excitatory and inhibitory
inputs
We sought to understand neurotransmission mechanisms by

which starburst cells mediate the direction selectivity of bipolar

cells. One potential mechanism is the enhancement of release

in response to the preferred direction mediated by a7-nAChRs

(Hall et al., 2019). In addition, GABAergic inhibition from wide-

field amacrine cells may be involved (Huang et al., 2019), driven

by voltage-gated sodium channels (NaV).

To test these possibilities, we mapped the effects of pharma-

cological manipulation on individual boutons along the T7 axonal

branches (Figures 4A and 4B). We found that blockade of both

a7-nAChR by a-Bungarotoxin (a-Bgtx) and NaV by tetrodotoxin

(TTX) diminished the directional tuning. These revealed that bou-

tons could be classified into four groups based on their sensi-

tivity to the blockers (Figure 4C; Figures S4D–S4G): 23% were

sensitive to both a-Bgtx and TTX; 10% and 32% were sensitive

only to a-Bgtx or TTX, respectively; and 35% were sensitive to

neither. Boutons that were sensitive to both a7-nAChR and

NaV blockade showed significantly higher directional tuning un-

der control conditions (DSI, 0.38 ± 0.1; Figure 4D) compared to
Neuron 109, 2928–2942, September 15, 2021 2929



Figure 1. Type 7 bipolar cell axon terminals display cardinal direction selectivity

(A) SF-iGluSnFR.A184Swas selectively targeted to type 2 (T2), type 7 (T7), and rod bipolar cells (green). Magenta, starburst cells labeled by tdTomato. OPL, outer

plexiform layer; IPL, inner plexiform layer; GCL, ganglion cell layer.

(B) Cross-sectional view (top) and tangential view (bottom; at the depth of the arrowhead in C) of two-photon images of a labeled T7 bipolar cell (green) and

starburst cells (magenta).

(C) Cross-sectional intensity of iGluSnFR (green) and tdTomato (magenta) fluorescence in (B). Arrowhead, depth in IPL at which two-photon imaging was

performed. Gray bands, depth of ON and OFF tdTomato signals.

(D) Field of view during glutamate imaging. Axonal boutons with high noise correlation are indicated by the same color. Gray, unclassified boutons. Yellow lines,

example regions of interest for (E).

(E) Glutamate signals during motion stimuli (gray, individual trials; black, average) and directional tuning (right) in boutons shown in (D).

(F) Direction-selective index (DSI) histograms of ON (n = 1,031, 5 retinae) boutons (gray). Yellow, identified tuned boutons (n = 390).

(G and H) DSI (G) and preferred direction (H) of boutons shown in (D). Dotted gray lines, rough border of each cell. Tuned boutons were labeled by the white line (G).

(I) Density plots of directional tuning in all ON (left) and tuned (right) boutons. Distance from center, DSI. Angle, preferred direction. T, temporal; D, dorsal; N, nasal;

V, ventral.

See also Figures S1 and S2.
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Figure 2. Passive cable model to simulate electrical spreads of activities along bipolar cell axon terminal branches

(A) Directional tunings of five tuned boutons (green dots) of a T7 bipolar cell.

(B) Directional tunings of tuned (dark gray) and untuned (light gray) boutons on different bipolar cells (Figure 1D). Colors, angles. Black lines, axonal branches.

(C) Left: histogram of path length between tuned boutons. Colors, average difference in the preferred direction. Right: relationship between path length and the

average difference in the preferred direction (circles). Blackline, a fitted logistic function. Gray dotted line, space constant.

(D) Passive cable model to simulate electrical spreads of activity from a bouton (‘‘0 mm’’) to neighboring boutons with different path lengths (5–800 mm).

(E) Relationship between path length and amplitude decay.

(F) Simulated effects of activity spread between neighboring boutons that are tuned to different directions.
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other boutons and contained the majority of directionally tuned

boutons (67.1%, Figures S4H and S4I). In contrast, a-Bgtx did

not affect direction selectivity in the starburst-cell-ablated

retinae (Figures S3H, S3K, and S3L). These results suggest

that starburst cells mediate the ACh-dependent component of

direction selectivity in bipolar cell terminals.

Importantly, a-Bgtx and TTX affected the response amplitudes

in the preferred and null direction, respectively, in the tuned, but

not untuned, boutons (Figures 4E and4F). The angles of preferred

directionsof tunedboutonswerenot significantly affectedbyboth

a-Bgtx andTTX (FigureS4K).However, the clusteringof tuningdi-

rections to cardinal axes tended to be blurred by TTX and not by

a-Bgtx (Figure S4L). Thesemight indicate that NaV-dependent in-

hibition could shunt the electrical spread across the axonal pro-

cess, establishing the functional separation in individual boutons.

Indeed, tuning in a7-nAChR-blocked boutons was further attenu-

atedbysubsequentblockadeofNaV (FiguresS4Q–S4S). Thevari-

ance of preferred directions (Figure S4T) and the correlation (Fig-

ures S4U and S4V) among boutons was significantly reduced by

TTX and not by a-Bgtx. On the other hand, a-Bgtx and TTX did

not affect the response time (Figure S4J). These pharmacological

effects were not attributed to adaptation or changes of conditions

of retinal tissue over the experiment (Figures S4A–S4C). The dis-

tribution of tuning direction at all ACh-sensitive boutons did not

show clear bias along cardinal axes (Figure S4M), suggesting

that there exists a specific mechanism that allows tuned boutons

to selectively receive cardinally tuned cholinergic inputs among

inputs tuned in all directions.
The effect of NaV blockadewas occluded by pre-application of

SR95531 and TPMPA, which block GABAA and GABAC recep-

tors, respectively (Figures 4G and 4H). This reveals that NaV-ex-

pressingwide-field cells (Figure S4P), rather thanNaV-expressing

bipolar cell types (Badenet al., 2011;Matsumotoet al., 2019;Sas-

zik and DeVries, 2012), mediate directional tuning. Importantly,

starburst cell ablation abolished the direction selectivity of wide-

field inhibition (Figure S3I). The effect of TTX was larger in star-

burst-cell-ablated retinae than those in control retinae (Fig-

ure S3M). These results collectively suggest that NaV-expressing

wide-field cells that suppressbipolar axonal boutons are inhibited

by starburst cells in the preferred direction of the bipolar cell. The

inhibition in the null direction was stronger with a large stimulus

size (Figures S4N–S4P). On the other hand, cholinergic excitation

in the preferred direction was best evoked by small stimulus size

(Figure S4P). Therefore, cholinergic excitation andwide-field inhi-

bition likely work at different spatial scales, leading to robust di-

rection selectivity across a wide range of stimulus sizes.

Anatomy of microcircuits converging onto the axonal
boutons of T7 bipolar cells
To anatomically confirm the involvement of starburst and wide-

field amacrine cells in the direction-selectivity computation of bi-

polar cells, we used a serial block-face electron microscopy

(SBEM) dataset (Ding et al., 2016).We reconstructed a T7 bipolar

cell that formed synapses with ON-OFF DSGCs (Figure 5) (Ding

et al., 2016; Sabbah et al., 2018; Sethuramanujam et al., 2021),

traced all synapses from amacrine cells, and reconstructed the
Neuron 109, 2928–2942, September 15, 2021 2931



Figure 3. Starburst cell ablation abolished direction selectivity in retinal bipolar cell axon terminals

(A) Starburst cells in Rosa-iDTR 3 ChAT-IRES-Cre mice were selectively ablated by diphtheria toxin.

(B) Confocal images of ChAT signals in the ganglion cell layer in Rosa-iDTR (�/�) (left) and Rosa-iDTR (+/�) (right).

(C) Starburst cell density. Gray circles, 16 images from five Rosa-iDTR (�/�) and four Rosa-iDTR (+/�) retinae.

(D and E) DSI for labeled T7 bipolar cell axons in starburst-cell-ablated retina (D) and responses to motion stimuli in three example boutons shown in (D) (E). Gray

and black, each trial and an average, respectively.

(F) DSI histograms in Rosa-iDTR (�/�) (gray; 491 boutons, 4 retina) and Rosa-iDTR (+/�) (magenta; 382 boutons, 5 retinae) retinae.

(G) The fraction of untuned (light gray) and tuned (dark gray) boutons in Rosa-iDTR (�/�) (left) and Rosa-iDTR (+/�) (right) retina.

(H) Response amplitude in the preferred and null direction in Rosa-iDTR (�/�) (gray) and Rosa-iDTR (+/�) (black) retina. ***p < 0.001.

See also Figure S3.
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amacrine cell dendritic/axonal processes (Figure S5). The recon-

structed amacrine cells fell into two categories: wide-field cells

with long axon-like processes (31%) and non-wide-field cells

with highly branched processes (69%) (Figures 5A–5D; Figures

S6A–S6C). None of the non-wide-field cells were identified as

starburst cells, which is consistent with previous reports (Chen

et al., 2014; Yamada et al., 2003) and suggests that cholinergic
2932 Neuron 109, 2928–2942, September 15, 2021
signaling from starburst cells to T7 bipolar cells might be medi-

ated by the recently identified non-synaptic, locally tuned forms

of transmission (Sethuramanujam et al., 2021). Of the terminal

branches with output ribbon synapses, 40% received synapses

from wide-field cells (Figure 5E).

By scanning the axons of wide-field cells that formed synapses

with the referenceT7bipolarcell axon terminal,we foundsynapses



(legend on next page)
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from starburst cells to the axons of wide-field cells, but not in the

vicinity of the ribbon synapse between the bipolar cell and DSGC

(Figures 5F–5H). Interestingly, the estimated preferred directions

ofwide-field cells varied among the terminal branchesof the T7bi-

polar cell arbor (Figure 5I, left), indicating thatGABAergic inhibition

of T7cell boutons is tuned todifferent directions (Figure1I). Further

reconstruction of another T7 bipolar cell and the associated wide-

fieldandstarburst cells confirmedsimilarwiringpatterns (Figure5I,

right; Figures S6D–S6H).

Together, these anatomical, genetic, and pharmacological an-

alyses suggest a model in which two circuit mechanisms underly

direction selectivity in T7 bipolar cells (Figure 5J). The first is

preferred direction enhancement mediated by ACh non-synapti-

cally transmitted from starburst cell (Sethuramanujam et al.,

2021) via a7-nAChR (Figure 4E). In contrast, co-released GABA

should not be transmitted because our EM reconstruction and

a previous physiological study (Chen et al., 2014) did not identify

GABA synapses from starburst cells on T7 bipolar cell axonal

boutons.

The second is null direction suppression mediated by NaV-

dependent GABA from wide-field cells (Figure 4F). This GABA

release is inhibited in the preferred direction by presynaptic star-

burst cells via identifiedGABAergic synapses (Figure5H). Theacti-

vation of wide-field cells in the null direction should not depend on

cholinergic excitation througha7-nAChRas indicatedbyour phar-

macology (Figure 4E); however, we cannot exclude a possibility

that it depends on non-a7-nAChRs such asM2AChR,which is ex-

pressed in GABAergic amacrine cells (Yan et al., 2020).

The wiring motif showed that the cell body of the starburst cell

that connectedwith thewide-field cell was located about 180 mm

off to the preferred side from the T7 bipolar cell (Figure 5H). Our

model simulation (Figure S7) revealed that both wide-field cell

and bipolar cell axonal bouton showed clear direction selectivity

(Figure S7H) under the displacement of starburst cell and the

alignment of the orientation of this starburst cell process and

the preferred axis of the bipolar cell (Figures S7I–S7K).

DSGCs receive tuned glutamate inputs from subsets of
bipolar cell types
We next sought to test whether the directional tuning in T7 and

T2 bipolar cells is received by ON-OFF DSGCs by targeting

DSGCs labeled in the retinae of Cart-IRES-Cre mice (Kay

et al., 2011) with iGluSnFR (Marvin et al., 2013). The recorded

DSGCs showed reliable directional firings (Figures S8A–S8D).

Strikingly, two-photon imaging of iGluSnFR-labeled DSGC den-
Figure 4. Blockade of a7-nAChR and NaV reduced direction selectivity
(A) Motion responses of T7 bipolar cell axonal boutons before (control) and du

respectively. The location of boutons 1 and 2 are indicated in (B).

(B) Directional tuning of boutons on axonal branches (black lines) of a T7 bipolar c

a-Bgtx; orange, TTX). The sensitivity types of boutons are depicted by red circles

triangles (sensitive only to TTX), and gray-filled circles (neither).

(C) The fraction of bouton types. Five bipolar cells.

(D) Summary of DSI changes due to blockade in the four bouton types (126 both

(E and F) Amplitude change index in applications of a-Bgtx (E) or TTX (F). Positive

gray and light gray, response to preferred and null direction, respectively.

(G) DSI changes by GABA receptor blockade (SR95531 + TPMPA) and additiona

(H) Amplitude change index in GABA receptors blockade (left) and additional TT

See also Figure S4.
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drites (Figures 6A and 6B; Figures S8E and S8F) revealed that

DSGCs receive both directionally tuned and untuned glutamate

inputs (Figures 6B–6D). To identify T7 and T2 bipolar cell inputs,

we performed unsupervised clustering based on response ki-

netics and characterized functional bipolar cell types (Franke

et al., 2017; Matsumoto et al., 2019) (Figures S8G-S8K). We

identified six ON groups along the ON arbor (Figure 6E, G1–

G6) and six OFF groups along the OFF arbor (Figures S8I–S8K,

G7–G12) of DSGC dendrites. Of these, groups G3 (ON) and

G11 (OFF) were selectively modulated by a7-nAChR blockade

(Figure 6F; Figure S8L). Importantly, the G3 group displayed a

heterogeneous response to these blockers, similar to T7 bipolar

cells (Figure S8M); 25% of inputs were sensitive to both TTX and

a-Bgtx (compared to 23% of T7 boutons).

Among the 12 groups, G3 and G11 contained a prominently

high fraction of directionally tuned inputs (Figures 6G and 6H;

38.4% and 34.1%, G3 and G11, respectively; Figures S8N and

S8O). These directional tunings were diminished by a7-nAChR

and NaV blockade (Figures S8P and S8Q). G3 and G11 showed

larger response amplitudes than other groups, suggesting that

G3 and G11 undergo cholinergic enhancement (Figures S8R

and S8S). These results collectively suggest that G3 and G11

correspond to inputs from T7 and T2 bipolar cells, respectively.

DSGCs receive sparse, directionally aligned glutamate
inputs
Intriguingly, directional tuning of G1 and G3 were biased toward

the preferred direction of each DSGC firing (Figures 7A–7C).

When considered alongside the results from axon terminal imag-

ing (Figure 1I), these data suggest that DSGCs receive inputs

matched to their preferred direction from among a heteroge-

neously tuned range of T7 and T2 bipolar cell boutons in addition

to untuned inputs.

To test whether an overall input to DSGC is tuned or not, we

segmented DSGC dendrites in different spatial scales and

modeled the global tuning across dendrites as an average of

all segments (Figures 7D, 7E, and 7F, gray). The magnitude of

global tuning was significantly lower than that of DSGC firing

(Figure 7G).

In contrast to this weak global tuning, the local tuning, which

was determined as an average of tuned local dendritic segments

at a fine scale (Figure 7E, left), showed strong directional tuning

(Figures 7F, cyan, and 7G). Importantly, the magnitude of

selectivity in the local tuning and the fraction of tuned local seg-

ments were significantly correlated with direction selectivity in
in bipolar cell axon terminals
ring a-Bgtx or TTX applications. Gray and black, each trial and an average,

ell. The effects of the blockade are indicated by polar plots (gray, control; cyan,

(sensitive to both a-Bgtx and TTX), red diamonds (sensitive only to a-Bgtx), red

, 52 a-Bgtx only, 177 TTX only, and 191 neither, 4 retinae).

and negative values, increases and decreases by blockers, respectively. Dark

l application of TTX. 56 boutons, 3 retinae.

X (right). ***p < 0.001. Blue asterisk, p < 0.001.



Figure 5. Amacrine cells form synapses with axon terminal branches of a T7 bipolar cell

(A) A synapse between a wide-field amacrine cell (yellow) on a terminal branch of a T7 bipolar cell (light green). Arrowhead, a presynaptic site of the amacrine cell.

(B and C) En face (top) and orthogonal (bottom) views of partially reconstructed wide-field (B) and non-wide-field (C) cells that are presynaptic to the T7 terminal

branches. The T7 axon terminal is shown in black.

(legend continued on next page)
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individual DSGC firings (Figures 7H and 7I). The magnitude of

such local tuning decreased at larger spatial scales of segmen-

tation (Figure 7E, right, and 7F, length constant, 4.7 mm), which

simulated the large region of interest (ROI) sizes in previous im-

aging studies (Park et al., 2014; Yonehara et al., 2013). Therefore,

while overall glutamate input is not strongly tuned, some local

dendritic segments receive strongly tuned inputs.

Finally, we tested the effects of the a7-nAChR blockade on the

tuning of DSGCs using two-photon targeted patch-clamp re-

cordings from EYFP-labeled ON-OFF DSGCs in retinae isolated

from Oxtr-T2A-Cre; Thy1-STOP-EYFP mice (Sethuramanujam

et al., 2021). We found that a7-nAChR blockade reduced the di-

rection selectivity of DSGC firings (Figures 8A–8C). Furthermore,

the amplitude of inhibitory inputs to DSGCs in the null direction

was decreased by a-Bgtx (Figures 8D–8F), suggesting that the

dendritic processes of starburst cells are excited by T7 and T2

bipolar cells, as previously shown (Greene et al., 2016; Kim

et al., 2014). These results collectively suggest a contribution

of T7 and T2 bipolar cells to direction selectivity of DSGC, poten-

tially via enhancing excitation in the preferred response and

driving inhibition from starburst cells in the null response.

DISCUSSION

Previous work has established the view that starburst-cell-to-

ganglion-cell synapses are the only sites involved in the compu-

tation of cardinal motion direction selectivity in the retina (Chen

et al., 2014; Park et al., 2014; Yonehara et al., 2013). Instead,

our results show that cardinal direction selectivity first emerges

in the axon terminals of bipolar cells and that this axonal direction

selectivity is due to cholinergic excitation from starburst ama-

crine cells and GABAergic null direction suppression from

wide-field amacrine cells. These fine microcircuit mechanisms

are implemented at the spatial scale of axonal branches in

such a precise way that directionally tuned outputs can be trans-

mitted to functionally aligned DSGC types.

Intriguingly, previous DSGC glutamate imaging (Park et al.,

2014; Yonehara et al., 2013) and bipolar cell axon terminal cal-

cium imaging (Chen et al., 2014; Yonehara et al., 2013) have

failed to identify tuned terminals. This discrepancy could be

due to the following three reasons. First, imaging populations

in the past studies versus specific cell types in this study. The

population of tuned inputs was not evident in all pooled inputs

(Figure 6G; Figure S8N). The weak directional tuning in the over-

all glutamate inputs across DSGC dendrites (Figure 7F) could be
(D) Axon terminal branches of a T7 bipolar cell (black lines). Circles, input synapse

output dyad ribbon synapses from the bipolar cell. Green square, a dyad ribbon

(E) The fraction of input types that have ribbon synapses in (D).

(F and G) Electron micrograph (F) and 3D reconstruction (G) of a starburst-to-wid

(H) The wiring between a starburst cell (magenta), wide-field cell (yellow), and

starburst-to-wide-field cell synapse (red arrow) indicates an estimation of the wi

(I) Mapping of estimated null directions of wide-field cells (red arrows) on the axon

Right: the cell shown in Figure S6F.

(J) Schematic of potential circuit mechanisms. In the preferred direction (left), the T

arrow) from a starburst cell (middle and bottom red), whereas the wide-field cell (

(right), a wide-field cell inhibits the bipolar cell bouton, and a DSGC dendrite is inhi

cell (bottom red) (Briggman et al., 2011).

See also Figures S5–S7.
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overlooked without a prior knowledge of highly tuned local in-

puts. Second, use of larger ROIs can blend different tuning types

(3–20 mm in Park et al., 2014; see also Yonehara et al. 2013)

compared to those in this study (3.1 ± 1.8 mm for DSGC dendritic

imaging, Figure S8F; 2.4 ± 1.4 mm for axon imaging, Figure S1L).

Importantly, the dendritic hotspots of highly tuned inputs were

only identifiable when the segmentation size was small enough

(Figure 7). Third, assessments of tunings by axonal bouton

Ca2+ imaging (Chen et al., 2014) can underestimate the tuning

strength because of potential nonlinear Ca2+ signals in the

axon terminals (vonGersdorff et al., 1998). Notably, the response

amplitudes in our glutamate imaging were set within a linear

range (Figure S1M; R2, 0.98).

It remains unknown how the small fraction of tuned glutamate

inputs could affect the DSGC tuning. The modeling of net gluta-

mate inputs to individual DSGCs (Figure 7) suggests that it is the

tuning magnitude of highly tuned local, rather than global, inputs

that are better correlated with the tuning of DSGC. In this sce-

nario, a small number of enhanced inputs that are highly tuned

along DSGC’s preferred direction would effectively escape the

shunting by GABAergic inhibition from starburst cells, transmit-

ting sufficient dendritic spiking to evoke somatic spiking. Such

dendritic local interaction of excitatory and inhibitory conduc-

tances was indeed suggested to be the cause of the space-

clamp issue (Poleg-Polsky and Diamond, 2011). Our

hypothesis is supported by previous demonstrations of the

importance of ‘‘fine-grained’’ dendritic local excitation/inhibition

balance in determining the selectivity at DSGC soma through

generating local dendritic spikes (Jain et al., 2020; Sethuramanu-

jam et al., 2021). Future studies should investigate whether and

how DSGC dendrites integrate sparse tuned and dominant

untuned inputs to produce tuned spiking outputs (Johnston

et al., 2019).

Although synapses from T7 and T2 bipolar cells to DSGCs

identified in our EM reconstruction were not abundant (3.4%

and 15.3%, respectively), these bipolar cells seemed to

contribute to direction selectivity in DSGCs (Figure 7I). Here,

we propose two potential factors that could explain the apparent

discrepancy between the anatomical and functional connectiv-

ity. First is the amount of released glutamate per synapse. The

directionally tuned inputs from T7 and T2 bipolar cells were

potentiated compared with untuned inputs (Figures S8R and

S8S), pointing to ACh signaling as an amplification mechanism.

Interestingly, recent studies identified multivesicular glutamate

releases in neocortical pyramidal neurons (Holler et al., 2021)
s made by wide-field (yellow) and non-wide-field (cyan) cells. Green diamonds,

synapse from the bipolar cell onto its apposing DSGC.

e-field cell synapse (magenta, starburst cell; yellow, wide-field cell).

T7 bipolar cell (green). The vector connecting the starburst cell soma to the

de-field cell’s null direction.

terminals of two reconstructed T7 bipolar cells (black). Left: the same cell as (D).

7 bouton (green) and the DSGC dendrite (gray) receives ACh excitation (orange

yellow) is inhibited by GABA from a starburst cell (top red). In the null direction

bited and excited by GABA and ACh, respectively, co-released from a starburst



Figure 6. DSGCs receive tuned glutamate inputs from subsets of bipolar cell types

(A) The reconstructed morphology of ON and OFF dendritic arbors of an ON-OFF DSGC that was filled with Alexa 594. Colored dots, sites of glutamatergic input

from identified six groups (E).

(B) Two-photon image of the field of view indicated in the gray rectangle in (A).

(C and D) Glutamate signals duringmodulating spot (C) andmotion stimuli (D) in ROIs (white squares in B). Gray and black, each trial and an average, respectively.

Colors indicate input groups.

(E) Average modulating spot-evoked responses in the six identified ON groups (G1–G6). Gray shade, SD.

(F) Top: example glutamate signals from G2 (upper) and G3 (lower) groups in response to static flash before (left) and after (right) the blockade of a7-nAChR by

a-Bgtx. Gray and colored, each trial and an average, respectively. Bottom: amplitude change index showing the effects of a-Bgtx application. 43 G1, 36 G2, 25

G3, 38 G4, 43 G5, and 20 G6 input, 3 retinae.

(G and H) DSI histogram of all ON inputs (G) and six ON groups (H). Gray and yellow, untuned and tuned inputs, respectively. Insets: the fraction of untuned and

tuned inputs. 152 G1, 127 G2, 112 G3, 189 G4, 163 G5, and 67 G6 inputs, 5 retinae. ***p < 0.001.

See also Figure S8.
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and bipolar cells in the larval zebrafish retina (James et al., 2019),

further supporting the possibility of heterogenous glutamate

release amount. Second is the use of receptor types at each syn-

apse. DSGCs use multiple types of glutamate receptors, and the

actual excitatory drive, which cannot be measured by the

iGluSnFR signal, depends on the types and local amount of

these receptors (Sethuramanujam et al., 2017). Thus, the gaining

of a correlational anatomical background of the functional syn-

aptic strength remains an important challenge. Nevertheless, a

prior study showed that genetic perturbation of T7 bipolar cells

impaired direction selectivity in ON-OFF DSGCs (Shi et al.,

2011), supporting the idea that the sparse anatomical T7 inputs

indeed have a functional impact. Notably, T7 bipolar cells would

influence the tuning of DSGCs partly through driving GABA from

starburst cells (Figure 8). Although the spatiotemporal model
to establish centrifugal direction selectivity in starburst cells

(Greene et al., 2016; Kim et al., 2014) does not require tuned in-

puts from bipolar cells, tuned T7 inputs, if any, may further shape

the tuning of starburst cells. Although our pharmacological a7-

nAChR blockade could not dissect the effects of tuning in T7

from spatiotemporal summation, this hypothesis could be tested

by future glutamate imaging from starburst cell processes and

independent manipulation of the tuning and amplitude of T7

inputs.

A previous EM reconstruction study reported sparser T7-

DSGC synapses (1.1%; Helmstaedter et al., 2013) compared

with this study (3.4% by EM reconstruction [Figure S5D] and

11.8% by DSGC dendritic imaging [Figure S8H]). However,

Helmstaedter et al. (2013) were only able to identify the number

of ‘‘contacts,’’ which may not necessarily reflect the number of
Neuron 109, 2928–2942, September 15, 2021 2937



Figure 7. DSGCs receive direction preference-matched glutamatergic inputs

(A) Directional tunings in G3 inputs (black dots) on the ON andOFF dendritic arbors of an ON-OFFDSGC (gray lines). Red bars, the directional tunings in individual

inputs (length, DSI; angle, preferred direction).

(B) Left: directional tunings in tunedG3 inputs. Arrow length and angle, DSI and preferred direction, respectively. Right: firing in the DSGC shown in (A). Arrow, the

vector sum of motion responses. T, temporal; D, dorsal; N, nasal; V, ventral.

(C) Directional bias determined along the preferred direction of the recipient DSGC (light gray) and a randomly selected direction (dark gray). 216 G1, 180 G2, 157

G3, 254 G4, 153 G5, and 89 G6 inputs, 6 retinae.

(D) Matrix of motion-evoked glutamate inputs to a DSGC (right; 136 inputs; 15% of inputs were tuned) sorted by DSI (left color map). White and black, tuned and

untuned, respectively (middle).

(E) Top: heatmaps denoting DSI at the local segment with spatial scales of 4.5 mm (left) and 19.5 mm (right). White and gray squares, tuned and untuned segments,

respectively. Darkest blue, segment without inputs. Bottom: directional tunings in two tuned segments (1 and 2 shown in top).

(F) Top: local tunings at 4.5 and 19.5 mm (cyan) segmentation size and global tuning at 4.5 mm (gray) in a DSGC (D). Thick line and shaded, average and SD,

respectively. Bottom: the relationship between the size of segmentation and direction selectivity for local (blue) and global (gray) tunings. Circles and error bars,

average and SD of six DSGCs, respectively. Thick line, fitted Gaussian function.

(legend continued on next page)
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Figure 8. Effects of the tuned glutamate inputs on ON-OFF DSGC activity

(A) Firing responses (top, spike raster plots; bottom, spike rate) to motion stimuli recorded from anON-OFF DSGC in control (black) and a-Bgtx (cyan) conditions.

(B) DSI in control (gray) and a-Bgtx (cyan), and DSI determined by shuffled directional tuning (white). Circles, 6 DSGCs.

(C) Firing rate in the preferred (left) and null (right) direction.

(D) Inhibitory postsynaptic currents (IPSCs) recorded from anON-OFFDSGC evoked by the leading (left, ‘‘ON’’) and trailing (right, ‘‘OFF’’) edge of amoving spot in

the preferred and null direction of DSGC firings.

(E) DSI determined by ON (left) and OFF (right) IPSC. Circles, 6 DSGCs.

(F) Comparisons of response amplitudes in ON and OFF IPSCs. *p < 0.05, **p < 0.01.
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synapses. In contrast, our EM dataset (k0725; Ding et al., 2016)

allowed us to identify synapses based on swelling of the mem-

brane and presynaptic microstructures (i.e., synaptic ribbons

and vesicles). These technical differences could explain the

discrepancy between prior and present connectome results.

We found that the G1 group also included a tuned subset

that was insensitive to the blocking of a7-nAChR (Figures 6F

and 6H). G1 might correspond to T5o bipolar cell from the rela-

tionship between physiological clustering of glutamate inputs to

ON DSGC and SBEM reconstruction (Matsumoto et al., 2019),

although this is a hypothesis based on several inferences.

Future experiments should confirm this by recording from

genetically labeled cell types (Shekhar et al., 2016). In our gluta-

mate imaging, G1 constituted 21% and G3 (T7 bipolar cells)

constituted 56% of all tuned inputs, showing the physiological

dominance of G3/T7 bipolar cells in providing tuned ON inputs

to DSGCs.

Althoughwe intended to block a7-nAChR by a-Bgtx in the pre-

sent study, previous pharmacology reported that a-Bgtx also

blocks the GABAAR b3 subunit (McCann et al., 2006). Notably,

it is reported that there are no significant differences in expres-

sion of GABAAR b3 across bipolar cell types (Shekhar et al.,

2016), supporting our suggestion that the direction-selective

component of glutamate releases from T7 and T2 that was
(G) DSI in DSGC firings (dark gray), global tuning (light gray), and local tuning (cyan

6 DSGCs.

(H) Difference in preferred direction angle between the firing and modeled glutam

(I) Left: the relationship between direction selectivity in local tuning (4.5 mm segm

firing. Right: the relationship between the proportion of tuned local segments an
affected by a-Bgtx should be mediated by a7-nAChR rather

than GABAAR b3 subunit.

In our EM tracing, each wide-field cell received input from a

single starburst cell (Figure 5H), although we cannot dismiss

the possibility of additional starburst-cell-to-wide-field-cell syn-

apses outside the block. Our model study showed that such

starburst-cell-to-wide-field-cell inhibition is critical in creating

tuned inhibition of T7 boutons (Figure S7H). Here, we propose

a shunting inhibition mediated by the activated GABA receptor’s

conductances. There are demonstrated examples in brain areas

such as the shunting of backpropagating action potentials in the

fast-spiking parvalbumin-expressing interneurons (Elgueta and

Bartos, 2019; Savanthrapadian et al., 2014) and axo-axonic inhi-

bition of pyramidal cell output by the chandelier cell (Howard

et al., 2005). Notably, if the wide-field cell dendrites are not

myelinated, the propagation of somatic NaV spikes could decay

(Huxley and St€ampfli, 1949); decayed axonal activity would be

more easily shunted by a single inhibitory input. Considering

that a 300-mm moving spot drove wide-field cell inhibition (Fig-

ure S4P), local wide-field cell dendrites would be excited by local

bipolar cell inputs near the GABA release sites. Thus, we specu-

late that somatic firings of wide-field cells would decay during

somatodendritic propagation, and GABA release at each synap-

tic site is subject to the regulation by local excitation/inhibition
) determined based on 4.5-mmsegmentation, and shuffled input (white). Circles,

ate input for observed and shuffled glutamate tuning.

entation; dark gray circle, observed; white circle, shuffled tuning) and in DSGC

d direction selectivity in DSGC firings. *p < 0.05, **p < 0.01, ***p < 0.001.
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balance. These ideas about the forms of parallel axonal process-

ing proximal to each GABA release site need to be tested by

future experiments.

The boutons that were sensitive only to TTX did not show di-

rection-selective responses (Figures 4D and 4F, ‘‘only NaV’’).

This result would indicate that the processes of wide-field cells

can be separated into two functional groups: direction-selec-

tive processes that connect to tuned boutons and non-direc-

tion-selective processes. Notably, wide-field cells are diverse,

making up at least 11 distinct types in the mouse retina

(Lin and Masland, 2006). Recent single-cell RNA-sequencing

analyses confirmed diverse genetically distinct wide-field

cell types (Yan et al., 2020). Thus, T7 and T2 bipolar cells

may be contacted by processes of a specific wide-field cell

population.

Given the electrical proximity across boutons in the same bi-

polar cells, what are the cellular mechanisms that ensure the

heterogeneous directional tuning across the boutons? We

speculate that the shunting inhibition (Jain et al., 2020) by

wide-field cells (Figures S4L and S4T) contributes to the func-

tional separation of proximal boutons. A large receptive field of

wide-field inhibition (Figures S4N–S4P) would enable efficient

shunting of the terminal processes before excitatory inputs

arrive at the terminal processes as shown in the model simula-

tion (Figure S7F).

What kind of mechanisms could establish the tuned glutamate

releases that are aligned with all four cardinal directions even

though ACh releases from starburst cells at individual synaptic

sites represent more than the cardinal directions (Figure S4M)?

Notably, activity-dependent (Bos et al., 2016) and protocad-

herin-dependent (Kostadinov and Sanes, 2015) mechanisms

have been suggested to facilitate the clustering of preferred di-

rections of DSGCs. Similar molecular and/or cellular mecha-

nisms that restrict the angle of inputs may be at work selectively

at tuned boutons in the bipolar cell.

Our results provide evidence of multiplexed axonal computa-

tion, in which target-cell-specific selectivity to sensory features

is established de novo at the level of axon terminal microseg-

ments that would not be apparent from cell body recordings.

Although we are not aware of other examples of axonal multi-

plexing, output synapse-specific regulation of transmission

plasticity has been shown in hippocampal pyramidal cells and

cerebellar Purkinje cells (Larsen and Sjöström, 2015) through

the synapse-selective expression of glutamate receptors (Bu-

chanan et al., 2012; Scanziani et al., 1998) and voltage-gated

Na and K channels (Hoppa et al., 2014; Kawaguchi and Sa-

kaba, 2015). In contrast, the regulation of T7 (and T2) bipolar

cell boutons is unique because it relies on axonal microseg-

ment-specific integration of excitation and inhibition from other

circuit components. Axonal subcellular computations could

explain previous discrepancies between the measurement of

somatic activity and axonal outputs such as chromatically se-

lective surround inhibition from horizontal cells to midget retinal

ganglion cells (Crook et al., 2011; Field et al., 2010), even

though the horizontal cells receive mixed inputs from different

cone types (Crook et al., 2011; Wool et al., 2018). Our finding

of the multiplexed axonal computation would expand the

repertoire of possible neural circuit mechanisms that could be
2940 Neuron 109, 2928–2942, September 15, 2021
tested for understanding neural computations in different brain

areas.

What is the advantage of encoding all four cardinal directions

rather than only one in individual T7 and T2 bipolar cells?

Because visual space is represented by a mosaic of bipolar cells

of the same type (Euler et al., 2014), multiplexed axonal direction

selectivity in T7 and T2 bipolar cells would be an efficient way of

encoding all four directions for both ON and OFF responses at

every point in the visual space, precluding the need for extra

cell types.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

chicken anti-GFP Abcam Cat#ab13970; RRID: AB_300798

goat anti-ChAT Millipore Cat#AB144P; RRID: AB_2079751

donkey anti-chicken IgY Alexa 488 Jackson ImmunoResearch Cat#703-545-155; RRID: AB_2340375

donkey anti-goat IgG Alexa 568 Invitrogen Cat#A11057; RRID: AB_142581

Bacterial and virus strains

AAV9.hSyn.Flex.iGluSnFr.WPRE.SV40 Penn Vector Core Cat#98931-AAV9

AAV-8BP/2-shortCAG.SF-iGluSnFR.A184S-

WPRE-SV40p(A)

Zurich Viral Vector Core Cat#v454

AAV1.Syn.Flex.GCaMP6f.WPRE.SV40 Penn Vector Core Cat#AV-1-PV2819

Chemicals, peptides, and recombinant proteins

Fentanyl Hameln Cat#007007

Midazolam Hameln Cat#002085

Medetomidine Hameln Cat#087896

Flumazenil Hameln Cat#036259

Atipamezole Orion Pharma Cat#471953

BAPTA Sigma Cat#A4926

QX-314-Br Sigma Cat#L5783

Neurobiotin Vector Laboratories Cat#SP-1120

Alexa 594 ThermoFisher Cat#A10438

SR95531 Sigma Cat#S106

TPMPA Sigma Cat#T200

Strychnine Sigma Cat#S0532

alpha-Bungarotoxin Tocris Cat#2133

Tetrodotoxin Tocris Cat#1078

Diphtheria toxin Sigma Cat#D0564

Experimental models: Organisms/strains

Mouse: C57BL/6J Janvier Labs RRID: MGI:6199139

Mouse: ChAT-IRES-Cre strain: Chattm2(cre)Lowl/MwarJ Jackson laboratory RRID: IMSR_JAX:02 8861

Mouse: Rosa-STOP-tdTomato strain:

Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J

Jackson laboratory RRID: IMSR_JAX:00

7905

Mouse: Cart-IRES-Cre strain: Cartpttm1.1(cre)Hze/J Jackson laboratory RRID: IMSR_JAX:02 8533

Mouse: Oxtr-T2A-Cre; Thy1-STOP-EYFP strain:

Cg-Oxtrtm1.1(cre)Hze/J strain: Cg-Tg(Thy1-EYFP)15Jrs/J

Jackson laboratory RRID: IMSR_JAX:03 1303;

RRID: IMSR_JAX:00 5630

Mouse: Rosa-iDTR strain: Gt(ROSA)26Sortm1(HBEGF)Awai/J Jackson laboratory RRID: IMSR_JAX:00 7900

Software and algorithms

MATLAB 2017b MathWorks https://www.mathworks.com/

products/matlab.html

LabVIEW National Instruments https://www.ni.com/labview

Python Python Software Foundation https://www.python.org/

Visual Stimulation SENS Software

(by Zoltan Raics)

http://raics.hu/zoltan/doku.php?id=software

Imaging SENS Software

(by Zoltan Raics)

http://raics.hu/zoltan/doku.php?id=software

SpaSM toolbox Open Source http://www2.imm.dtu.dk/projects/spasm/

(Continued on next page)
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LinLab 2 Scientifica https://www.scientifica.uk.com/products/

scientifica-linlab-2

MC700B Commander Molecular Devices https://mdc.custhelp.com/app/answers/

detail/a_id/20059/related/1/session/

L2F2LzEvdGltZS8xNTU1NzU0NzI0L3NpZC9OKjh

XTEljbw%3D%3D

SPOT imaging software SPOT Imaging Solutions https://www.spotimaging.com/resources/

downloads/

Knossos software package Open Source https://knossos.app/

webKnossos Open Source https://webknossos.org

ZEN Imaging Software ZEISS https://blogs.zeiss.com/microscopy/en/zen-

imaging-software-for-microscopy-new-quick-

guides-tutorials-available/

Other

Borosilicate glass micropipettes Sutter Instruments Item#BF100-50-10

Picospritzer III Parker Cat#051-0530-900
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RESOURCE AVAILABILITY

Lead Contact
Requests for further information and resources should be directed to Lead Contact, Keisuke Yonehara (keisuke.yonehara@dandrite.

au.dk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Further information should be addressed and will be fulfilled by Shai Sabbah (shai.sabbah@mail.huji.ac.il) for connectome data, or

Keisuke Yonehara (keisuke.yonehara@dandrite.au.dk) for physiological data and code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type mice (C57BL/6J) were obtained from Janvier Labs. ChAT-IRES-Cre (strain: Chattm2(cre)Lowl/MwarJ, Jackson laboratory

stock, RRID: IMSR_JAX:028861) were used for starburst cell imaging. ChAT-IRES-Cre crossed with Rosa-STOP-tdTomato

(Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, Jackson laboratory stock, RRID: IMSR_JAX:007905) were used for bipolar cell imaging.

Cart-IRES-Cre (strain: Cartpttm1.1(cre)Hze/J, Jackson laboratory stock:, RRID: IMSR_JAX:028533) was used for DSGC dendrite imag-

ing. Oxtr-T2A-Cre; Thy1-STOP-EYFP (strain: Cg-Oxtrtm1.1(cre)Hze/J, Jackson laboratory stock, RRID: IMSR_JAX:031303; strain:

Cg-Tg(Thy1-EYFP)15Jrs/J, Jackson laboratory stock, RRID: IMSR_JAX:005630) was used for electrophysiological recordings.

Rosa-iDTR (strain: Gt(ROSA)26Sortm1(HBEGF)Awai/J, Jackson laboratory stock, RRID: IMSR_JAX:007900) crossed with ChAT-IRES-

Cre was used for the genetic ablation of starburst cells. These mice were purchased from Jackson laboratory and maintained in a

C57BL/6J background. We used 8- to 16-week-old mice of either sex. Mice were group-housed throughout and maintained in a

12 h/12 h light/dark cycle with ad libitum access to food and water. All animal experiments were performed according to standard

ethical guidelines and were approved by the Danish National Animal Experiment Committee (Permission No. 2015-15-0201-00541

and 2020-15-0201-00452).

METHOD DETAILS

Retinal preparation
Retinae were isolated from the left eye of mice dark-adapted for 1 h before experiments. The isolated retina was mounted on a small

piece of filter paper (MF-membrane, Millipore), in which a 23 2 mm window had been cut, with the ganglion cell side up. During the

procedure, the retina was illuminated by dim red light (KL 1600 LED, Olympus) filtered with a 650 ± 45 nm band-pass optical filter

(ET650/45x, Chroma) and bathed in Ringer’s medium (in mM): 110 NaCl, 2.5 KCl, 1 CaCl2, 1.6 MgCl2, 10 D-glucose, 22 NaHCO3

bubbled with 5%CO2, 95%O2. The retina was kept at 35-36�C and continuously superfused with oxygenated Ringer’s medium dur-

ing recordings.
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Electrophysiology
Electrophysiological recordings were conductedwith an AxonMulticlamp 700B amplifier (Molecular Devices). Signals were acquired

using customized software on LabVIEW (National Instruments) developed by Zoltan Raics (SENS Software) and digitized at 10 kHz.

Borosilicate glass micropipettes pulled by a micropipette puller (P-97, Sutter Instrument) were used for recordings. The firing dis-

charges were recorded in cell-attached mode using pipettes filled with Ringer’s medium. To visualize the dendrites of recorded neu-

rons, Alexa 594 was added in intracellular solution (in mM): 112.5 CsCH3SO3, 1 MgSO4, 7.83 10�3 CaCl2, 0.5 BAPTA, 10 HEPES, 4

ATP-Na2, 0.5 GTP-Na3, 5 QX314-Br, 7.5 neurobiotin chloride. pH was adjusted to 7.2 with CsOH. The equilibrium potential for chlo-

ride was calculated to be ~�60 mV. Membrane potentials were held at 0 mV for recording the inhibitory postsynaptic current (IPSC).

The resistance of pipettes was 5-8 and 8-10 mOhm for cell-attached and whole-cell recording, respectively. The labeled cells were

targeted using a two-photonmicroscope equipped with amode-locked Ti: sapphire laser (Mai Tai DeepSee, Spectra-Physics), set to

940 nm, integrated into the physiological recording setup (SliceScope, Scientifica), as described previously (Matsumoto et al., 2019).

The two-photon fluorescence image was overlaid on the infra-red (IR) image acquired by a CCD camera (RT3, SPOT Imaging). The IR

light was generated by a digital light projector (NP-V311X, NEC) with a 750 ± 25 nm filter.

For pharmacological experiments, we used SR95531 (50 mM, Sigma) to bock GABAA receptors, TPMPA (100 mM, Sigma) to block

GABAC receptors, alpha-Bungarotoxin (0.1 mM, Tocris) to block a7-nACh receptors, and tetrodotoxin (1 mM, Tocris) to block Na+

channels. These agents were bath-applied during recordings. To assess the effects of alpha-Bungarotoxin and tetrodotoxin sepa-

rately (Figure 4), alpha-Bungarotoxin was washed out 20 min before application of tetrodotoxin (Figure S4A). The access resistance

of recording pipettes in the whole-cell recording was not changed before and after pharmacological blockades (Figures 8D–8F;

average ± SD, before, 8.35 ± 1.7 MU; after, 8.73 ± 1.7 MU; p = 0.16; changes of resistance, 6.2 ± 3%, 6 cells, 6 retinae).

AAV production
The production plasmid for AAV-8BP/2-shortCAG.SF-iGluSnFR.A184S-WPRE-SV40p(A) for bipolar cell imaging was developed by

Zurich Viral Vector Core by transferring the insert from pAAV.CAG.SF-iGluSnFR.A184S (Addgene #106198) (Marvin et al., 2018). The

plasmid encoding the AAV capsid 2/8BP2 (Cronin et al., 2014) was kindly provided by Jean Bennett (University of Pennsylvania). The

AAV was produced by Zurich Viral Vector Core (v454; 3.5 3 1012 GC/mL). AAV9.hSyn.Flex.iGluSnFr.WPRE.SV40 for ganglion cell

imaging was obtained from Penn Vector Core (#98931; 7.73 3 1013 GC/mL) (Marvin et al., 2013). AAV1.Syn.Flex.GCaMP6f.

WPRE.SV40 for starburst cell imaging was obtained from Penn Vector Core (#AV-1-PV2819; 2.13 3 1013 GC/mL).

Viral injections
Mice were anesthetized with an i.p. injection of fentanyl (0.05 mg/kg body weight; Actavis), midazolam (5.0 mg/kg body weight; Dor-

micum, Roche), and medetomidine (0.5 mg/kg body weight; Domitor, Orion) mixture dissolved in saline. We made a small hole at the

border between the sclera and the cornea with a 30-gauge needle. The AAV was delivered through a pulled borosilicate glass micro-

pipette (30 mm tip diameter). All pressure injections were performed using a Picospritzer III (Parker) under a stereomicroscope (SZ61;

Olympus). For targeting bipolar cells, 1 ml was pressure-injected through the hole into the subretinal space of the left eye. For target-

ing ganglion cells, 2 ml was pressure-injected into the vitreous of the left eye. Mice were returned to their home cage after anesthesia

was antagonized by an i.p. injection of flumazenil (0.5 mg/kg body weight; Anexate, Roche) and atipamezole (2.5mg/kg body weight;

Antisedan, Orion Pharma) mixture dissolved in saline and, after recovering, were placed on a heating pad for one hour.

Diphtheria toxin injections
To genetically ablate starburst amacrine cells, we used Rosa-iDTR (+/�) 3 ChAT-IRES-Cre mice and control Rosa-iDTR (�/�) 3

ChAT-IRES-Cre mice (Figures S3A and S3B). Diphtheria toxin stock solution was made from diphtheria toxin (D0564, Sigma), which

was dissolved in PBS (1 mg/ml), and stored at�80�C. Immediately before the injection, the injection solution (1 ng/ml) was prepared by

diluting the stock solution in PBS. First, we subretinally injected AAV-8BP/2-shortCAG.SF-iGluSnFR.A184S-WPRE-SV40p(A) to

target T7 and T2 bipolar cells for glutamate imaging. Nine days later, 2 ml diphtheria toxin was intravitreally injected into each of

both eyes. The eyes were re-injected with the same amount of diphtheria toxin two days after the initial injection.

Two-photon glutamate imaging
Three to four weeks after virus injection, we performed two-photon glutamate imaging. The isolated retina was placed under the mi-

croscope (SliceScope, Scientifica) equipped with a galvo-galvo scanning mirror system, a mode-locked Ti: Sapphire laser tuned to

940 nm (MaiTai DeepSee, Spectra-Physics), and an Olympus 60x (1.0 NA) or Olympus 25x (1.05 NA) objective. The retina was super-

fused with oxygenated Ringer’s medium. The iGluSnFR signals emitted were passed through a set of optical filters (ET525/50m,

Chroma; lp GG495, Schott) and collected with aGaAsP detector. Imageswere acquired at 8-12 Hz using custom software developed

by Zoltan Raics (SENS Software). Temporal information about scan timings was recorded by TTL signals generated at the end of

each scan, and the scan timing and visual stimulus timing were subsequently aligned during offline analysis.

Visual stimulation
The visual stimulation was generated via custom-made software (Python and LabVIEW) developed by Zoltan Raics (SENS Software).

For electrophysiological recordings, the stimulus was projected through a DLP projector (NP-V311X, NEC). The stimulus was
Neuron 109, 2928–2942.e1–e8, September 15, 2021 e3
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focused on the photoreceptor layer of the mounted retina through a condenser (WI-DICD, Olympus). The intensity was measured

using a photodiode power meter (Thorlabs), and the power of the spectrum was measured using a spectrometer (Ocean Optics).

The calculated photoisomerization rate ranged from 0.0025 to 0.013 107 photons absorbed per rod per second (R*/s) both for elec-

trophysiological recordings and two-photon imaging. For glutamate imaging, the stimulus was projected using a DLP projector

(LightCrafter Fiber E4500 MKII, EKB Technologies) coupled via a liquid light guide to an LED source (4-Wavelength High-Power

LED Source, Thorlabs) with a 400 nm LED (LZ4-00UA00, LED Engin) through a band-pass optical filter (ET405/40x, Chroma). The

stimuli were exclusively presented during the fly-back period of the horizontal scanning mirror (Matsumoto et al., 2019). The contrast

of visual stimulus (Cs) was calculated as

Cs = ðLs � LbÞ=ðLs + LbÞ
in which Ls and Lb indicate luminance intensity in stimulus and background, respectively.

Regions of interests (ROIs) detection
ROIs for glutamate signals were determined by customized programs in MATLAB. First, acquired individual images were spatially

aligned based on spatial cross-correlogram. The stack of adjusted images was filtered with a Gaussian filter (3 3 3 pixels), and

then each imagewas downsampled to 0.8 of the original using aMATLAB imresize function. The signals in each pixel were resampled

using the MATLAB interp function with a rate of 2 and smoothed temporally by a moving average filter with a window size of 2 time-

bin. Next, we computed the temporal correlation among the pixels within 10 mm of each other located during static flash stimulus

based on a raw cross-correlation (Crrrp;q):

Crrrp;q =

Z
FpðtÞ � Fqðt� tÞdt

in which Fp and Fq indicate glutamate signals in pixel p and q, respectively. The noise correlation (ncp;q) was then given by a

subtraction:

ncp;q = Crrrp;q � Crrsp;q

in which Crrs indicates trials-shuffled cross-correlation. The noise correlation was normalized as a score (NCp;q):

NCp;q = ðncp;q � Cncp;qDÞ
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Var½ncp;q�
q

in which C D and Var½� indicate mean and variance, respectively. We set a threshold of the correlation score at 0 time-lag as 0.5 to

determine which pixels were to be included as a single ROI. Then the response of each ROI (DFðtÞ) was determined as

DFðtÞ = ðFðtÞ � F0Þ=F0

where FðtÞ is the fluorescent signal in arbitrary units, F0 is the baseline fluorescence measured as the average fluorescence in a 1 s

window before the presentation of the stimulus. After the processing, responsive pixels were detected based on a response in-

dex (RI):

RIiP =

�
Ri

P �
�
CriPD+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var½riP�

q ����
Ri

P +

�
CriPD+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var½riP�

q ��

where Ri is a peak response amplitude during motion stimulus to direction i in ROI P, and riP indicates glutamate signals before the

stimulus (1 s period). The ROIs with the RI higher than 0.6 were determined as responsive.

To evaluate reliability in responses, we computed the response quality index (QI) (Baden et al., 2016):

QI = Var½CCDr �t=CVar½C�tDr
where C is a matrix constructed by response DFðtÞ in all stimulus trials, and C Dx and Var½ �x denote the mean and variance across the

indicated dimension x. If all responses are identical in all stimulus trials, QI is equal to 1. The responses with higher than 0.6 QI were

determined as reliable (Figure S2A) (Baden et al., 2016), and used for the following analysis of response measures.

Response measures
To evaluate sensitivity to luminance increments (ON) or decrements (OFF), we used static flash spots (300 mm in diameter, 2 s in dura-

tion, 100% positive contrast). To evaluate release kinetics, we used modulating spots (Baden et al., 2016; Franke et al., 2017; Mat-

sumoto et al., 2019). The stimulus (300 mm in diameter) had four phases: static flashing spot of 100% contrast, one of 50% contrast,

one with increasing temporal frequency from 0.5 to 8 Hz, and one with increasing contrast from 5 to 80%.

To measure directional tuning and motion speed preference, we used a spot (300 mm in diameter, 100% positive contrast) moving

in eight directions (0-315�,D45�) at 800 mm/s. To analyze stimulus size-dependent changes of effects of pharmacological blockades,

we used a spot with different diameters (50, 100, 300, 500, and 1200 mm in diameter; Figures S4N–S4P). To dissect ON and OFF
e4 Neuron 109, 2928–2942.e1–e8, September 15, 2021
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postsynaptic currents, we used a 500 mm spot (Figures 8D–8F). To quantify direction tuning, direction selective index (DSI) and

preferred direction were defined as the length and angle of the sum of eight vectors divided by the sumof the lengths of eight vectors,

respectively. The preferred direction was defined by a direction that elicited the maximum response, and the null direction was the

opposite. DSI ranged from 0 to 1, with 0 indicating a perfectly symmetrical response, and 1 indicating a response only in the preferred

direction. To quantify response amplitudes, response to one of eight motion directions with the nearest distance from the preferred

direction was measured. Response amplitudes to the null direction were measured as a response to the opposite direction.

To quantify precisely the directional biases in motion responses, an angle of preferred direction (q) was defined by the vector sum:

q = tan�1

�X
i

sin i � Ri

.X
i

cos i � Ri

�

where i denotes the motion direction, and Ri denotes the response amplitude. The variance of preferred direction was determined by

circular variance (Figure S4T).

To quantify the effects of pharmacological blockers in light-evoked responses, we determined change index (CI):

CI = ðRblocker � RcontrolÞ=ðRblocker +RcontrolÞ
where Rcontrol and Rblocker denote response amplitudes in control and after blocker application, respectively (response amplitude

change index, Figures 4E and 4F). The preferred and null directions that were used for determining this index were determined in

the control condition and the same in all blocker conditions. To quantify the effects of blockers on response time, R was determined

as the time-to-peak in response to the preferred direction (Figures S3J and S4J).

The boutons with noise correlation higher than 0.5 during static light stimulus were assigned to the same bouton cluster (i.e., the

same bipolar cell; Figures S2F–S2H). To quantify the bias in a fraction of preferred direction fraction in boutons that belong to the

same bipolar cell, we defined the preferred direction bias index (PDBI) as a length of vector sum in the polar plot of preferred direction

fraction in boutons after assigning them to bipolar cells (Figure S2J). PDBI of 1 indicates that all of the boutons of the cell prefer the

same direction. To quantify orientational bias in a fraction of preferred direction in boutons that belong to the same bipolar cell, we

defined axis bias index (ABI):

ABI = ðFP � FOÞ=ðFP + FOÞ
where FP indicates bouton fraction in preferred axis, and FO indicates bouton fraction in the orthogonal axis. ABI of 1 indicates that

preferred directions of the boutons are aligned perfectly in one axis.

To evaluate clustering of preferred direction distribution, we performed k-means clustering using MATLAB k-means function (Fig-

ure S2L). Based on the result of k-means using the given cluster numbers (2-6 clusters), we calculated silhouette scores (SCi) to sum-

marize the quality of these cluster numbers (Bos et al., 2016):

SCi = ðbi � aiÞ=max½ai;bi�
where ai is an average distance between i and all other points included in the same cluster. bi is the smallest average distance be-

tween i and all other points. Silhouette score of 1 indicates that all data points are perfectly clustered.

To analyze firing responses in DSGCs (Figures 8A-8C), peri-stimulus time histogram (PSTH) of spike timing was computed (0.1 s

bin) and smoothed by a moving average filter (window size, 2 bins).

Screening of direction selectivity
To examine calculated direction selectivity by the statistical methods, we first performed a shuffling test for directional tuning of the

responsive boutons (Figures 1, 2, 3, and 4) or glutamatergic inputs (Figures 6, 7, and 8). For individual boutons or glutamatergic in-

puts, shuffled tunings (Ts) were generate by random shuffling among 8 directions with noise following normal distribution:

Td
s = td + n � NðMr ;SDrÞ

where Td
s denotes generated tuning value to direction d, and n denotes a noise value taken from a normal distribution with mean (Mr )

and SD (SDr ) of raw original tunings. To estimate a probability of false-positive (PFalse Positive) to test if the shuffled DSI is higher than the

original DSI, we performed Bootstrappingmethod (20000-time replications). Next, to screen validated tunings, we calculated circular

variance (CV ) of the tunings:

CV = 1�
����
X
d

Rde
i2qd

.X
d

Rd

����

whereRd denotes response in direction d, and qd denotes angle in direction d. The boutons or glutamatergic inputs withPFalse Positive <

0.05 and CV < 0.3 were identified as tuned boutons or inputs (Figure S2B).
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Clustering
The clustering for classifying glutamate inputs to DSGCs was based on the temporal kinetics in the responses to modulating spot, as

described previously (Baden et al., 2016; Franke et al., 2017;Matsumoto et al., 2019).We used a sparse principal component analysis

(sPCA) to extract temporal features in response to a modulating flash based on the SpaSM toolbox on MATLAB (Zou et al., 2006).

Next, we fitted a Gaussian mixture model based on the expectation-maximization algorithm using the MATLAB gmdistribution func-

tion to the dataset of detected sparse features. To determine the optimal number of clusters in themodel, we calculated the Bayesian

information criterion (BIC) score (Fraley and Raftery, 2002):

BIC = � 2 � lnðLÞ+ k � lnðnÞ
in which L is the log-likelihood of the model, k is the number of dimensions in the model, and n is the number of datasets. To separate

ON and OFF input groups, we first performed the clustering using responses to static flash (the first phase in modulating spot), then

we repeated the clustering, for the dissected eachONandOFF group, using the responses to thewhole stimulus phases in themodu-

lating spot. We sorted the detected clusters based on the similarity calculated by hierarchical clustering analysis using a standard

linkage algorithm by MATLAB linkage function (Figure 6E; Figures S8G, S8I, and S8J). We identified 12 groups (G1-G12; 6 ON

and 6 OFF groups) in the glutamate inputs to ON-OFF DSGCs.

Modeling of glutamate inputs to DSGC dendrites
To model directional tunings of glutamate inputs at the local dendrites of individual DSGCs, we segmented the DSGC dendrites in

different spatial scales (1.5, 3, 4.5, 6, 9, 12, 15.5, 19.5, 22, and 24.5 mm grids; Figure 7F). The directional tuning at each segment was

determined as an average of directional tunings of glutamate inputs that were assigned to the segment. The determined dendritic

segments were grouped into tuned or untuned segments based on the shuffling test and circular variance screening. The local tuning

at each spatial scale was determined as an average of directional tunings of the tuned segments. The global tuning at each scale was

determined as an average of directional tunings of all segments. The DSI in shuffled tuning in each DSGC was determined by the

formula used for the shuffling test (Figures 7G–7I).

Passive cable model
To simulate the electrical spreads on bipolar cell axon branches, we have constructed a passive cable model (Figures 2D and 2E)

using the anatomical parameters of bipolar cells described before (Oesterle et al., 2020; Oltedal et al., 2009): diameter in the

axon, 1.3 mm; membrane capacitance (Rm), 25 kU cm2; axial resistivity (Ri), 132 U cm. The source activity was modeled by an alpha

function f:

f =

�
t=t

�
� exp

�
1�

�
t=t

��

in which t is time, and t is a time constant (t = 30). Wemodeled decays of source activity in boutons at 5, 100, 300, 400, 500, 600, 700,

800 mm from the source bouton (Figures 2D and 2E):

Vx = V0 � exp
	
�x=l




l =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Rm=Ri

q

in which Vx and V0 indicate activity level at a point x and a source (x = 0), respectively. l indicates a length constant. The model direc-

tional tunings were generated by Bootstrapping (20000-time replications) using datasets pooling directional tunings of identified

tuned T7 axonal boutons (n = 126; DSIs > 0.3).

Modeling of response in bipolar cell axonal bouton
We modeled the activity of bipolar cell axonal bouton based on cholinergic excitation from starburst cell and GABAergic inhibition

from a wide-field cell that receives GABAergic inhibition from starburst cell (Figures S7A–S7E). To simulate response time course

in each circuit component, we used spatiotemporal receptive field estimated by dense noise stimulus that was constructed from

black and white pixels (15 mm in length, 50 3 50 matrix), each flickering randomly at 20 Hz (Matsumoto et al., 2019):

Fðx; y; tÞ =
Zt

rðtÞSðx; y; t + tÞdt

in which Fðx; y; tÞ is the receptive field at a location ðx; yÞ at delay t, rðtÞ is a response to dense noise, and Sðx; y; t + tÞ is the stimulus

input at the location. Themodel responsewas described by the spatiotemporal convolution of the stimulus input (Baccus et al., 2008;

Matsumoto et al., 2019):
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rðx; y; tÞ =
Zt

sðx; y; t� tÞFðx; y; tÞdt

in which rðx; y; tÞ is model response at location ðx;yÞ, sðx; y; t�tÞ is the stimulus input, and Fðx; y; tÞ is receptive field. The decay in

outputs of the linear filter wasmodulated by an exponential function with double-decay constants (Matsumoto et al., 2019). The stim-

ulus input was a square (300 3 300 mm) moving at 800 mm to 8 directions.

For the bipolar cell model, the activity in the cell body was modeled using the spatiotemporal receptive field that was estimated

based on experiments with blockades of a7-nAChR and GABA receptors (Figure S7A). The response amplitudes were scaled among

8 directions so that the model cell body does not have direction selectivity. To construct the starburst cell model, we have estimated

the receptive field by performing two-photon Ca2+ imaging from GCaMP6f-labeled ChAT-IRES-Cre cells (Figure S7B). The dendritic

arbor of a starburst cell was visualized by Alexa 594 delivered through recording pipettes. The estimated receptive field center and

release site were located at 30 and 120 mm from the soma, respectively, based on the findings of previous studies (Ding et al., 2016;

Poleg-Polsky et al., 2018; Vlasits et al., 2016). The release site for cholinergic transmission was placed at the same position as a bi-

polar cell tomediate cholinergic transmission with local tuning (Sethuramanujam et al., 2021). The direction selectivity in starburst cell

outputs was modeled by the measured Ca2+ responses to motion stimulus. For the wide-field cell model, we have modeled spatial

receptive field by a 2D Gaussian with the size of 400 mm (1 SD; Figure S7C) based on previous studies (Greschner et al., 2014; Ol-

veczky et al., 2003; Roska et al., 1998) and results of our pharmacology (Figure S4N, more than 300 mm spot stimulus activated in-

hibition from wide-field cell). For the temporal receptive field of wide-field cells, we have used a biphasic filter (Figure S7C) with 0.5

biphasic index (Greschner et al., 2014), and the time-to-peakwas the same that for starburst cells under an assumption that amacrine

cell types have similar synaptic delays. The peak amplitudes of each circuit component were scaled to response amplitude in the

bipolar cell bodymodel. The generatedmodels for each circuit component were integrated to simulate response in bipolar cell axonal

bouton (Figure S7E).

Connectomic reconstruction
To characterize the bipolar-cell inputs to a DSGC and the amacrine-cell input to bipolar cells, we analyzed a set of serial electron

microscopic sections of the adult mouse retina. The volume (k0725) is described in detail elsewhere (Ding et al., 2016). The vol-

ume was obtained from a young adult mouse (C57BL/6; 30 days of age) and fixed for 2 h at room temperature in 2% buffered

glutaraldehyde. A 1 mm2 sample obtained roughly midway between the optic disk and retinal margin was excised, stained with

heavy metals to reveal synaptic ribbons and vesicles and other intracellular detail, dehydrated, and embedded in Epon Hard. A

trimmed block (~200 mm x 400 mm) was imaged in a scanning electron microscope with a field-emission cathode (QuantaFEG

200, FEI Company). Back-scattered electrons were detected using a custom-designed detector and custom-built current ampli-

fier. The incident electron beam delivered about 10 electrons/nm2. Imaging was performed at a high vacuum. The sides of the

block were evaporation-coated with gold. The block face was serially cut as described elsewhere. Using a 26 nm section thick-

ness, 10112 consecutive block faces were imaged, yielding aligned data volumes of 4992 3 16000 3 10112 voxels (135 mosaics

of 3584 3 3094 images). This corresponds to a spatial volume of approximately 66 3 211 3 263 mm. The smallest dimension

corresponds to retinal depth, which ranged from the ganglion cell layer to the innermost part of the inner nuclear layer. The edges

of neighboring mosaic images overlapped by ~1 mm. Mosaics and slices were aligned offline to subpixel precision by Fourier

shift-based interpolation. The datasets were then split into cubes (128 3 128 3 128 voxels) for import into Knossos (https://

knossos.app/), a freely available software package for exploration and skeletonization of cell profiles in SBEM datasets. We

also used webKnossos (https://webknossos.org), a cloud- and browser-based 3D annotation tool for large-scale data analysis

of SBEM data.

Histology and confocal imaging
After the two-photon imaging experiments, retinae were fixed for 30 min in 4% paraformaldehyde in PBS and washed with PBS

overnight at 4�C on a shaker. The retinae were incubated in 30% sucrose in PBS for at least 3 h at room temperature (RT). To

enhance the penetration of antibodies, retinae were transferred in the sucrose buffer and frozen and thawed three times. After

washing with PBS, retinae were blocked for 3 h in blocking buffer (1% bovine serum albumin [BSA], 10% normal donkey serum

[NDS], 0.5% Triton X-100, 0.02% sodium azide in PBS) at RT. The retinae were incubated with primary antibodies (chicken anti-

GFP 1:1000 [abcam, ab13970; RRID: AB_300798]; goat anti-ChAT 1:200 [Millipore, AB144P; RRID: AB_2079751]) for 5 days at RT

in antibody reaction buffer (1% BSA, 3% NDS, 0.5% Triton X-100, 0.02% sodium azide in PBS), and secondary antibodies

(donkey anti-chicken IgY Alexa 488 1:200 [Jackson ImmunoResearch, 703-545-155; RRID: AB_2340375]; donkey anti-goat IgG

Alexa 568 1:200 [Invitrogen, A11057; RRID: AB_142581]) for one day at 4�C in antibody reaction buffer. After a final washing in

PBS, retinae were embedded in Fluoromount-G (eBioscience). The stained retinae were imaged using a confocal microscope

(Zeiss LSM 780) using a 40x (1.4 NA) or 63x (1.2 NA) objective. The images were acquired at 1024 3 1024 pixel (0.35 mm/pixel

for 40x; 0.22 mm/pixels for 63x), and the optical thickness of each imaging plane in z stack was 0.3 mm. The images were pro-

cessed and analyzed using MATLAB.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All analyses and statistical tests were performed by MATLAB 2017b (Mathworks). Population data were shown as mean ± SD. The

box in the boxplot marks the median, and 25th and 75th percentiles. The whiskers were determined by distances of 1.5 times the

interquartile range (IQR). To compare the differences in paired conditions, Wilcoxon singed-rank test was used (Figures 4D–4H,

6F, 7C, 7G, 8B, 8C, 8E, and 8F; Figures S3H–S3J, S4A–S4C, S4J, S4N–S4R, S4T, S8L, S8P, and S8Q). To compare the differences

in different groups, the Mann-Whitney-Wilcoxon test was used (Figures 3H and 4D; Figures S3H, S3J, S3M, S8R, and S8S). To

compare the differences in angles, the Watson-Williams test was used (Figure S4K). To evaluate the uniformity in angler distribution,

the Hodges-Ajne test was used (Figure 1I; Figure S2D). To compare the differences in fractions, a Chi-square test was used (Figure

3G). To test the significance in correlation, Pearson’s rwas computed and theMATLAB corr function was used to test the hypothesis

of no correlation against the alternative hypothesis of a nonzero correlation (Figure 7I). The fitting of the Gaussian function was based

on the least-square method in MATLAB (Figure 7F). No statistical tests were performed to predetermine sample size, but the sample

sizes in this study were similar or larger than those in previous publications (Chen et al., 2014; Park et al., 2014; Sethuramanujam

et al., 2021; Yonehara et al., 2013). The number of datasets was indicated in the result section and figure legend. Data collection

and analyses were not carried out blind to the conditions of the experiments.
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Direction selectivity in retinal
bipolar cell axon terminals
Akihiro Matsumoto, Weaam Agbariah, Stella Solveig Nolte, Rawan Andrawos, Hadara Levi, Shai Sabbah,*
and Keisuke Yonehara*
*Correspondence: shai.sabbah@mail.huji.ac.il (S.S.), keisuke.yonehara@dandrite.au.dk (K.Y.)

https://doi.org/10.1016/j.neuron.2021.11.004

(Neuron 109, 2928–2942.e1–e8; September 15, 2021)

In the originally published version of this article, there were errors in equations used to determine the length constant (Figures 2D–2F).

Although the parameters ri =Ri=pa
2 and rm = Rm=2pa should have been used (Hodgkin and Rushton, 1946, Proc. R. Soc. B.), ri =ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ri=pa2
p

and rm =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rm=2pa

p
were used instead. These errors were introduced because an online Brain Science Dictionary that we

relied on (https://dx.doi.org/10.14931/bsd.7666) had these errors in their equations. The author of the Brain Science Dictionary has

agreed on these errors in response to our inquiry and corrected these on 3 September 2021 (original article with errors: https://bsd.

neuroinf.jp/w/index.php?title=%E3%82%B1%E3%83%BC%E3%83%96%E3%83%AB%E7%90%86%E8%AB%96&direction=

prev&oldid=46764). These errors caused incorrect values in Figures 2D–2F and suboptimal discussion in the originally published

version of the article.

The errors do not affect the conclusions of the paper.

We apologize for this error. Figures 2D–2F and the related text, as well as the model parameters in STAR Methods, have been modi-

fied in the online version of the article.

Editorial note

This correction outlines an error in an underlying formula used to calculate lengths in a passive cablemodel. This model was added to

the paper at the request of reviewers and unfortunately was not checked carefully in re-review. The corrected model is now accu-

rately built but no longer fits entirely with the authors’ initial hypothesis as to how individual branches of bipolar cells can be tuned

independently. Thus, the biophysical mechanisms that shape the output of individual bipolar cell axonal branches remain to be fully

elucidated. However, the current correction has no bearing on the main conclusion of the paper, which is based on iGluSnFR

imaging.

The authors alerted the editors to the mistake after the paper was published online. The errors and their effects on the originally re-

ported findings have been discussed with and assessed by expert reviewers. We appreciate and respect the fact that the authors

came forward and expressed the need to correct their published report.
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Figure 2. Passive cable model to simulate electrical spreads of activities along bipolar cell axon terminal branches (original)

Figure 2. Passive cable model to simulate electrical spreads of activities along bipolar cell axon terminal branches (corrected)
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