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direction-selective information may be

encoded by a single retinal neuron, like in

the visual cortex.
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SUMMARY
Bipolar cells (BCs) are integral to the retinal circuits that extract diverse features from the visual environment.
They bridge photoreceptors to ganglion cells, the source of retinal output. Understanding how such circuits
encode visual features requires an accounting of themechanisms that control glutamate release from bipolar
cell axons. Here, we demonstrate orientation selectivity in a specific genetically identifiable type of mouse
bipolar cell—type 5A (BC5A). Their synaptic terminals respond best when stimulated with vertical bars
that are far larger than their dendritic fields. We provide evidence that this selectivity involves enhanced exci-
tation for vertical stimuli that requires gap junctional coupling through connexin36. We also show that this
orientation selectivity is detectable postsynaptically in direction-selective ganglion cells, which were not pre-
viously thought to be selective for orientation. Together, these results demonstrate howmultiple features are
extracted by a single hierarchical network, engaging distinct electrical and chemical synaptic pathways.
INTRODUCTION

In the retina, light signals detected by photoreceptors are

relayed to output ganglion cells via bipolar cells (BC), a diverse

set of second-order excitatory interneurons. BCs serve to ‘‘filter’’

the neural representation of visual scenes formed by photore-

ceptors and create complex spatiotemporal patterns of activity

in the inner retina.1–3 This transformation serves as the first

step in feature extraction, a process that enables a limited num-

ber of ganglion cells to efficiently relay visual information to

higher brain centers.4 Determining the precise types of opera-

tions carried out by different types of BCs is central to our under-

standing of how hierarchical networks in the retina process

visual information.

BCs inmouse retina comprise�15 types defined rigorously by

a combination of functional, morphological, and/or molecular

criteria.1,4–7 Classic electrophysiological studies have shown

that BCs have relatively simple concentric center-surround

antagonist receptive field (RF) structures that differ in their size,

polarity, and kinetics.8–15 However, BC output is highly non-

linear due to the voltage-gated channels associated with trans-

mitter release. This makes the axonal terminal a critical point of

regulation central to many computations performed by amacrine

cells in the inner retina.16,17 For example, recent glutamate

sensor imaging studies demonstrate that selectivity for features

such as object direction and orientation, traditionally thought to

be detected at the level of amacrine and ganglion cells, are

already manifest in BC terminals.18,19

Determining how feature extraction occurs in the inner retina is

not trivial, however, as BCs receive profuse electrical and
This is an open access article under the CC BY-N
chemical synaptic input at their axon terminals from diverse

amacrine cells/and or other BCs. Previous studies have empha-

sized the role of inhibition of BC terminals, which is a powerful

way that a huge variety of amacrine cells can control the spatio-

temporal properties of BC output.1,20–23 Alternatively, some

amacrine cells, including the AII and A8 types, among others,

provide excitatory signals to BC terminals via gap junctions.

These may play specialized roles in the circuit.24–27 In addition,

gap junctions also appear to connect neighboring BCs, which

appear to non-linearly affect spatial integration.10,26,28–32 Finally,

even once feature selectivity is realized at the level of individual

BC terminals, understanding how this information is relayed to

downstream ganglion cells has proven to be a challenge owing

to uncertainties in the precise functional connectivity

patterns18,19

In this study, we examined the functional properties of BCs

that drive the direction-selective ganglion cell (DSGC) circuit in

the mouse retina, focusing on type 5A BCs (BC5As; also referred

to as BC5i33). BC5As can be genetically tagged in the KCNG4-

Cre mouse line.34 The glutamatergic input from BCs to DSGCs

lacks any directional bias; direction selectivity originates instead

primarily within the network of GABAergic/cholinergic starburst

amacrine cells (starbursts18,35–39). We were thus surprised to

find that BC5As encode the orientation of visual stimuli, appar-

ently due to pronounced functional and anatomical asymmetries

in the interactions with the network of wide-field (WF) amacrine

cells. Convergent results from pharmacology and genetic

knockout (KO) strategies as well as anatomical circuit tracing

indicate that orientation selectivity in BC terminals arises through

electrical coupling, possibly with a distinct type of wide-field
Cell Reports 42, 112030, February 28, 2023 ª 2023 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Orientation selectivity in type 5A bi-

polar cell axon terminals

(A) Confocal image of the fixed KCNG4-Cre 3

GcaMP6f mouse retina showing bipolar cells (BCs;

cyan). An individual BC was loaded with Alexa 488

(white) using a sharp electrode prior to fixation.

(B) En face view of presumptive type 5A BC (BC5A)

axon terminals (cyan) imaged in the living whole-

mount KCNG4-Cre 3 GcaMP6f mouse retina using

two-photon microscopy. BC terminals were imaged

at the same depth in the inner plexiform layer as the

ON dendrites of ON-OFF DSGCs (magenta, which

was identified by their spiking properties and loaded

with SR-101 prior to the imaging session). The circle

indicates the example ROI for which light responses

are shown in (C).

(C) Calcium responses from an example ROI (see B)

evoked by static bars (50 3 500 mm, 8 orientations)

illustrating orientation selectivity in BC terminals.

Faint lines are individual trials, and dark lines are the

average across 3–5 trials. Responses were

measured under control Ringer’s (black) or in drugs that are known to block spike-dependent wide-field GABA inhibition (TTX, blue) or most other types of

feedforward and feedback inhibition (TTX + CNQX + UBP-310, orange).

(D) Distribution of OSI values across the population in control (n = 16 retina, 362 ROIs). Overlayed are the cumulative distribution for responses measured in

control (black), TTX (blue), and TTX + CNQX + UBP-310 (n = 5 retina, 84 ROIs, same ROIs used for all conditions). TTX slightly reduced selectivity (control OSI =

0.16 ± 0.01; TTX OSI = 0.13 ± 0.009, p < 0.05), but this effect was lost in the added presence of CNQX + UBP-310 (OSI = 0.15 ± 0.01, p = 0.3).

(E) Distribution of angles across the population shows that most BCs have a strong preference for vertical bars (90�).
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amacrine cell endowed with vertically oriented processes.

Finally, we also investigated how these distinct properties of

BC5As shape the responses of downstream DSGCs.

RESULTS

BC5As are tuned for vertically oriented stimuli
Functional imaging revealed that BC axon terminals respond

most strongly to light bars that are vertically orientated in space

(Figure 1). In these experiments, we imaged light-evoked

changes in GCaMP6f signals in BC5A axon terminals labeled

in the GCaMP6f 3 KCNG4-Cre mouse line (green channel).34

These terminals arborized at the same depth within the inner

plexiform layer as the ON dendrites of DSGCs (red channel; Fig-

ure 1B), which were loaded before the imaging experiment (see

STAR Methods). Having a depth marker helped us exclude sig-

nals from dendrites of ON and OFF alpha ganglion cells, which

also express GCaMP6f in the KCNG4-Cre mouse line.40 The

persistence of light-evoked Ca2+ signals in a cocktail of iono-

tropic glutamate receptor blockers that block ganglion cell re-

sponses also confirmed their presynaptic origin (Figure 1C).

Finally, at the end of the imaging experiment, BC terminals

were reconstructed within a small volume that captured the initial

axon stalks to confirm their identity as BC5As (Figure 1A).

Individual BC terminals (Figure 1D) exhibited surprisingly

strong orientation tuning as quantified using an orientation selec-

tivity index (OSI; calculated as the vector sum of peak responses

measured across 8 stimulus orientations; see STAR Methods).

Tuning varied considerably across individual terminals, but

most responded best to vertically oriented stimuli (Figures 1C–

1E). These results are unexpected as previous studies have

indicated that BC5As have a classic center-surround antago-

nistic RF organization responding strongly to stimuli presented
2 Cell Reports 42, 112030, February 28, 2023
over small circular areas (�50 mm in diameter) and exhibiting

strong suppression by larger stimuli1,41–44.

Amacrine cells with long, radially asymmetric processes ori-

ented along the horizontal or vertical axes have previously

been suggested to drive orientation selectivity in downstream

retinal neurons (reviewed by Antinucci and Hindges45). Such

asymmetric wide-field amacrine cells, through GABAergic

synapses, could generate a postsynaptic preference for orien-

tations perpendicular to the amacrine cell’s (AC) biased

anatomical orientation. On the other hand, excitatory electrical

synapses might impose a preference for the AC’s own orienta-

tion. To test whether inhibitory or excitatory mechanisms un-

derlie orientation selectivity in BC5As, we next used a series

of pharmacological manipulations to perturb select elements

of the circuit.

First, we tested the effects of TTX, which blocks regenerative

sodium currents and, thereby, the GABAergic inhibition from

spiking wide-field ACs.41,46 The effect is quite selective; TTX

leaves release from BCs and other ACs relatively undisturbed.

This abolished surround inhibition but only slightly reduced

orientation selectivity (Figures 1C–1E and S1). We could not

determine the tuning properties of the surround inhibition

because inhibition cannot be observed consistently by calcium

imaging; the voltage at BC terminals may often be subthreshold

for activation of Ca2+ channels. Although we cannot rule out the

possibility that orientation selectivity in BC5A terminals is partly

shaped by GABAergic inhibition,19 this inhibition does not

appear to play an obligatory role in the process.

Next, we examined the additional effects of ionotropic

glutamate receptor antagonists (50–100 mM CNQX and 10 mM

UBP-310, which block AMPA and kainate receptors, respec-

tively). This cocktail is expected to block feedforward and lateral

inhibitory pathways mediated by a variety of types of ACs and
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Figure 2. Connexin36-containing gap junc-

tions are required for conveying remote exci-

tation

(A) Robust calcium responses evoked from outside

the BC’s conventional excitatory receptive field

(�size of its dendritic field). For remote stimulation,

two bars, separated by a 50 mm gap, were placed

along the vertical axis as schematized on the top

left. By contrast, horizontal bars often caused a

decrease in resting calcium, indicating the recruit-

ment of wide-field inhibition (which was sensitive to

TTX; Figure S1). In the BC5A-specific CX36 KO line

(KCNG4-Cre 3 Gjd2fl/fl), remote stimulation evoked

inhibitory responses only (or no response at all).

(B and C) Peak response to remote stimulation in

wild-type (B, n = 7) and CX36 KO retinas (C, n = 5).

Dashed lines indicate 95% confidence interval for

response distribution observed in the BC5A-spe-

cific CX36 KO retina.

(D) Responses to bars of different lengths placed

along the vertical or horizontal axis shown for wild-

type (black) and BC5A-specific CX36 KO (red) BCs

(average response, dark; individual trials, light

traces).

(E) Average peak responses to bars of different sizes

in wild-type (n = 6) and in CX36 KO BCs (n = 5). Note

that spatial integration beyond the BC center receptive field is only observed along the vertical axis in the wild-type retina. In the BC5A-specific CX36 KO retina,

the optimal size of the stimulus matches the size of BC dendritic fields. Responses are normalized to those evoked by a small square (50 3 50 mm). Error bars

represent ± SEM.
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horizontal cells in the inner and outer retina, respectively, as well

as a major component of the rod pathway mediated through the

AII ACs.24,46,47 In the presence of this cocktail of antagonists, the

residual glutamatergic responses of ON BCs are presumably

mediated by metabotropic glutamate receptor 6 (mGluR648,49)

expressed at their dendritic tips. These responses persisted

but were often weaker than under control conditions, suggesting

that the BC5A light response normally includes a contribution

from the rod-AII amacrine-BC5A circuit. Consistent with this

notion, the response amplitude could easily be recovered by

increasing the stimulus intensity. Remarkably, under these

reduced conditions, BC5As continued to exhibit robust orienta-

tion selectivity (Figure 1C). These findings demonstrate that the

orientation selectivity in BC5A terminals is independent of direct

or indirect ionotropic glutamate signaling pathways. This raises

the interesting possibility that the mGluR-mediated ON signals

generated in the dendrites of single BCs in the outer retina are

re-shaped into orientation-selective (OS) signals by gap junction

connections in the inner retina.

To test the coupling hypothesis further, we next examined

whether BC terminals responded to stimuli outside the BC’s

classical RF (Figure 2). Indeed, we found that robust responses

in BC5A terminals could be evoked even when a mask (�50 3

50 mm) was used to occlude the center RF to prevent the direct

stimulation of BC dendrites in the outer retina (Figure 2A). On

average, the surround responses were significantly stronger

when stimuli were placed along the vertical compared with the

horizontal axis. Importantly, surround excitation was not

observed when the major gap junction protein expressed by

BC5As (connexin36 [CX36]5) was genetically knocked out spe-

cifically in BC5As (and possibly a few ganglion cells) using
KCNG4-Cre3Gjd2fl/fl mice (Figure 2A). The ratio of the response

evoked by vertical to horizontal bars was significantly higher in

BCs measured in wild-type versus the BC5A-specific CX36-

KO retina (Figures 2B and 2C). These results indicate that

CX36-containing gap junctions mediate lateral excitatory signals

to BC5A terminals.

In a separate series of experiments, we also measured the

spatial area over which BC5As integrated information. In wild-

type terminals, the peak amplitude of response continued to in-

crease even when the bars were larger than their dendritic

fields. For vertical bars, the optimal size was �2–4 times the

size of typical BC dendritic fields.50 This elongation of the BC

RF was significantly less pronounced when tested with horizon-

tal bars. By contrast, BC5As lacking CX36 responded best to

small spots that approximately matched the size of their den-

dritic fields (50 mm; Figure 2E). In these mutant retinas, longer

bars often engaged the inhibitory surround, which manifested

as light-evoked decreases in Ca2+ (Figure 2D). These results

indicate that the extended spatial integrative properties of

BC5As are highly reliant on CX36-mediated gap junction

coupling.

Asymmetric wiring of the wide-field ACs to BC5A
terminals
Electron microscopic analysis showed that orientation bias was

also evident in the synaptic connectivity between wide-field AC

and BC5A terminals. In a publicly available serial block-face

electron microscopic volume of mouse inner plexiform layer,51

we first identified large numbers of BC5As, based on their rib-

bon synaptic contacts onto DSGCs and starburst ACs, as pre-

viously described.51 These BCs were distinguished from other
Cell Reports 42, 112030, February 28, 2023 3



Figure 3. BC5A and BC7 axon terminals receive profuse synaptic contacts from specific types of wide-field amacrine cell types with

asymmetric dendritic fields

(A) Top-down view of WF(5A) cells as viewed from the vitreal side. These cells were back traced from their postsynaptic contact points on BC5A terminals, the

latter of which also serve as the dominant input source to WF(5A) (Table S1).

(B) Cross-sectional views showing the stratification of WF(5A) cell processes (colored profiles in A) with respect to the ON and OFF starburst plexuses (gray

bands).

(C) Cross-sectional views showing the stratification of BC5A axon terminals in the same tissue block.

(D–F) WF(7) amacrine cells and their preferred bipolar target (BC7s), depicted for the panels just described (A–C).

(G) Depth profiles of selected BC types (BC solid lines) relative to the ON and OFF starburst processes (filled gray peaks).

(H) Close matches in stratification between WF(5A) amacrine cells and BC5A bipolar terminals and between WF(7) amacrine cells and BC7 terminals.

(I) Synaptic inputs from WF(5A) (small gold squares) onto a single BC5A terminal (pink). Red squares mark all other synaptic inputs to this terminal. The WF(5A)

amacrine cells making these synapses are shown in the vicinity of the terminal.

(J) The BC7 terminal is shown in green, synaptic inputs from WF(7) cells are in gold, and other inputs are in red.

(K) Polar plots of the relative abundance of processes at specific orientations amongWF(5A) amacrine cells (green) andWF(7) amacrine cells (purple). The dorsal-

ventral axis was determined by the previously well-described asymmetric distributions of starburst and DSGC contacts as well as the asymmetric dendrites of

specific retinal ganglion cells (see main text for details).
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type 5B and 5C subtypes by their distinct stratification

(Figures 3C and 3G) and the regular tiled mosaic formed by

their terminal arbors.33,51
4 Cell Reports 42, 112030, February 28, 2023
We then identified all conventional (non-ribbon) synaptic con-

tacts onto BC5A terminals and traced the identified presynaptic

partners. We found that the vast majority (50/55; 91%) derived
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Figure 4. Glutamatergic inputs to DSGCs

mediated by NMDA receptors are orientation

selective

(A) Dendrite of a TRHR + DSGC filled with the red

calcium indicator X-Rhod-5F. The DSGC was

voltage clamped to 0mV to relieve theMg2+ block of

NMDA receptors. Colored circles indicate the two

example ROIs illustrated in (C). Scale bar, 5 mm.

(B) Calcium responses from 15 ROIs in control

conditions or after application of theNMDA receptor

antagonist (10 mM D-AP5).

(C) Two example ROIs show different levels of

orientation selectivity in neighboring dendritic re-

gions, indicating their relative independence.

(D and E) Distribution of OSI (D) and angles

(E) calculated from peak DF/F values at individual

ROIs (n = 5 DSGCs, 62 ROIs).
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from what appeared to be a single wide-field amacrine type

(Figures 3A–3C). These usually appeared as single, unusually

straight processes that narrowly co-stratified with BC5A termi-

nals (Figures 3A and 3H). Thus, AC input to BC5A terminals ap-

pears to be dominated by a single member of the class of

GABAergic wide-field ACs,52,53 which we thus refer to as WF5A.

Of the large numbers of synaptic contacts onto BC5A termi-

nals, a few could be traced back to their parent cell bodies within

the volume (Figure 3A). These exhibited a relatively regular

spacing of cell bodies, typical of retinal mosaics formed by sin-

gle-cell types. We also observed a few synapses on the BC5A

axonal shaft, but owing to their sparsity, we did not analyze

them further. BC5A terminals were the major synaptic target

for these WF ACs as well as the main source of their excitatory

ribbon synaptic input (Table S1), although other bipolar types

stratifying at the same depth also provided some input.

Notably, theseWF ACs exhibited a highly asymmetric distribu-

tion of orientations within the volume, withmanymore processes

oriented along the dorsoventral (DV) axis of the retina than in

other orientations (Figures 3I and 3K). The DV axis was inferred

from the asymmetric dendritic fields of several types of ganglion

cells54,55 and was confirmed by asymmetric connectivity from

starburst ACs to DSGCs.51,56 This asymmetric distribution of

WF amacrine processes contrasts with the symmetrical patterns

of surround inhibition noted here and in previous studies (Fig-

ure 2F).41 However, a similar analysis for BC7s revealed a

near-identical asymmetric distribution ofWF input from a distinct

type of sparsely branching WF ACs (Figures 3D–3F, 3J, and 3K).

The skewed orientation distribution of WF processes aligns

with the orientation preference of the BC5As that they target.

Because the orientation selectivity of BC5As relies on electrical

synapses as shown earlier, the oriented processes of WF ACs

seem likely to confer orientation selectivity upon BC5As via elec-

trical synapses (see discussion).

Orientation-selective responses in downstream
ganglion cells
Our data do not provide direct evidence for orientation-selec-

tive glutamate release from BC terminals because GCaMP6f
signals are highly non-linear and reflect only global Ca2+ levels

in BC terminals. Furthermore, DSGCs and other targets of

BC5A input may combine information from other BCs, possibly

diluting OS tuning at the postsynaptic level. To address these

issues, we next measured light-evoked NMDA receptor-medi-

ated Ca2+ responses in dendrites of a single DSGC type—the

posterior-motion-coding ON-OFF TRHR+ DSGCs (p-DSGCs;

Figures 4A–4C). These responses reflect the strength of individ-

ual BC inputs to DSGCs, including those from BC5As. To

isolate NMDA receptor-mediated Ca2+ influx, DSGCs were

voltage clamped at �0 mV (cationic synaptic reversal potential;

see STAR Methods), which served to relieve NMDA receptors

from their Mg2+ block, inactivate voltage-dependent Ca2+

channels, and thereby minimize the potential for synaptic

voltage escape.57

Under these conditions, robust Ca2+ signals were detected

in ‘‘hot spots’’ (regions of interest [ROIs]) along the dendrites,

presumptive sites of glutamatergic synaptic input. These re-

sponses could be blocked by the bath application of a selective

NMDA receptor antagonist (50 mM D-AP5), confirming that the

light-evoked Ca2+ signals were mediated by NMDA receptors.

Approximately half of the ROIs were strongly tuned for orienta-

tion (36 of 62), and like the BC5A terminals, they responded

best to vertically oriented bars (Figure 4D). Thus, optical imag-

ing of NMDA receptor-mediated Ca2+ responses provided

an independent verification that many BC inputs to DSGCs,

some presumably from BC5As, are tuned for vertical

orientation.

Orientation-selective information was also present in the

spiking patterns of TRHR + p-DSGCs (Figure 5A). The strength

of this orientation selectivity is comparable to that observed in

the population of orientation-selective ganglion cells (OSGCs)

of the mouse retina58 (Figures 5E and 5H). Additionally, robust

orientation selectivity was observed when pharmacological ma-

nipulationswere used to disrupt direction selectivity mediated by

starburst ACs. Specifically, when starburst output was blocked

using DCG-IV,59 direction selectivity was completely abolished,

while orientation selectivity remained intact (Figures 5B, 5F,

and 5H).
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Figure 5. Orientation and direction selectivity

in DSGCs are driven by distinct synaptic

mechanisms

(A) Tuning curves constructed from the spiking re-

sponses from TRHR + p-DSGCs evoked by moving

(black) or static (blue) bars (eight directions or ori-

entations). Note, that the DSGCs respond best to

vertical bars that are orthogonal to their preferred-

null motion axis.

(B) Blocking starburst amacrine cell output using a

mGluR2 receptor agonist (DCG-IV) abolishes di-

rection selectivity but leaves orientation selectivity

intact.

(C) Tuning curves constructed from the spiking re-

sponses from all four populations of ON-OFF

DSGCs evoked by moving (black) or static (blue)

bars (eight directions or orientations).

(D) Conditional CX36 KO in KCNG4-Cre abolishes

the responses to oriented bars across all pop-

ulations of DSGCs, consistent with the effects of the

KO on BC5As (Figures 2A–2D). However, responses

to small moving spots remain direction selective,

similar to control.

(E and G) Distribution of OSI values recorded from

TRHR + p-DSGCs (E, n = 52) and from all four

subtypes of ON-OFF DSGCs (G, n = 40) in control

conditions (difference between TRHR + p-DSGCs

and all DSGCs is not significant [n.s.]).

(F and H) Average DSI and OSI values for different

conditions. p-DSGCs (n = 10), DCG-IV (n = 10), all

DSGCs (n = 40), and CX36 KO (n = 13). Manipula-

tions that disrupt starburst amacrine cell function

(DCG) abolish direction selectivity but have little

effect on orientation selectivity. By contrast,

knocking out CX36 in BC5As disrupts orientation

selectivity while leaving direction selectivity in

DSGCs relatively intact (note that orientation

selectivity in the OFF pathway is still observed in the

BC5A-specific CX36-KO; Figure S2). *p < 0.005,

**p < 0.05, calculated as paired (DCG) or unpaired

t test.
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In the general population of ON-OFF DSGCs that we identi-

fied ‘‘blindly’’ based on their ON-OFF responses and their di-

rection-selective tuning properties, we observed an orientation

selectivity that was similar to that of TRHR + p-DSGCs

(Figures 5C, 5G, and 5H). Moreover, the preferred orientation

was always orthogonal to the DSGC’s preferred-null axis

(defined by moving stimuli). As DSGCs were not genetically

identified, the cardinal direction each cell encoded was not

clear in these experiments, and tuning properties were aver-

aged across the entire population (Figure 5C).

Interestingly, orientation selectivity was not present in any of

the DSGCs when CX36 was deleted quite selectively in BC5As

in the KCNG4Cre 3 Gjd2fl/fl mouse retina (Figures 5D and 5H),

which we have shown eliminates BC5A orientation tuning and in-

duces suppressive responses to large bars (Figure 2). In

contrast, the directional-tuning properties of DSGCs in this

mouse line appeared to be intact (Figure 5D). Furthermore, orien-

tation selectivity was observed in the OFF responses of these

ganglion cells, which were apparent in roughly half the recorded

DSGCs (Figure S2), confirming the ON specificity of the genetic

manipulation. Together, these results suggest that gap junction
6 Cell Reports 42, 112030, February 28, 2023
mechanisms, possibly between BC5A and WF5A, play a central

role in enabling DSGCs to detect the orientation of features in the

visual world, although how they contribute to orientation tuning

in superior/inferior DSGCs remains to be examined.

DISCUSSION

In this study, we demonstrated that the axonal terminals of BC5A

respond best to vertically oriented bars, a response property that

appears to rely on an asymmetric pattern of electrical coupling.

In addition, synaptic inputs to BC5A terminal arbors arise over-

whelmingly from processes of a single type of WF ACs that are

also oriented along the vertical axis, raising the possibility that

these may serve as the prejunctional partners. Finally, orienta-

tion-selective information appears to be faithfully transferred to

downstream ganglion cells, including posterior-coding DSGCs,

which in turn can relay this feature to higher visual centers.

Together, these newly defined circuit specializations support

the notion that in the mouse visual system, the vertical axis

may represent a key reference axis along which visual informa-

tion can be organized.60
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Mechanisms of orientation selectivity in BC terminals
Classic studies in the visual cortex suggest that the integration of

information from neurons with symmetrical RFs along a single

axis gives rise to orientation selectivity.61,62 In the retina, a variety

of inhibitory ACs, as well as a few types of output ganglion cells,

harbor dendritic processes that extend out along the horizontal

or vertical axes, making them orientation selective. Orientation-

selective ACs play an important role in shaping feature selectivity

in a select set of OSGCs by providing pre- and postsynaptic in-

hibition.45,63–65 Puzzlingly, however, orientation-tuned excitatory

inputs remain tuned in the presence of inhibitory receptor

blockers, indicating that additional excitatory mechanisms may

also shape orientation tuning.

Here, based on several lines of function evidence, we propose

that the electrical coupling of BC terminals to vertically oriented

AC dendrites modify their output properties and serve as the

substrate for orientation-tuned glutamatergic input to third-order

neurons. First, we found that BC terminals integrated visual infor-

mation over several hundred microns, far larger than their den-

dritic fields. Second, BC excitation could be driven by stimuli

outside the BC RF, requiring lateral connections. Third, orienta-

tion selectivity persisted under ionotropic glutamate receptor

blockade, which provides another strong indication that gap

junctions play an important role in its generation.46,47,66,67 The

loss of the extended spatial integration observed in the BC5A-

specific CX36 KO further supports this notion. The current re-

sults suggest that CX36 plays a pivotal role in shaping BC5A

feature selectivity.

BC terminals are known to be directly coupled to each other,

as well as select narrow-field ACs including AII and A8

ACs.12,28,30,31,68–70 Such coupling, in some cases, may almost

double the size of BC RFs.10,29 Consistent with this notion,

we found that BC5A terminal RF dimensions along the horizon-

tal axis were �twice the size expected based on their dendritic

fields. However, along the vertical axis, BC terminals integrate

information over distances �4 times those spanned by their

dendritic field (or even greater distances when chemical synap-

ses are blocked; Figure S3). This is more difficult to explain by

BC-to-BC coupling as it requires that the coupling to be asym-

metric, occurring preferentially along the vertical axis; there is

no evidence for such anisotropy. Recently, BC5As in the rabbit

retina were also found to be electrically coupled to another AC,

which remains to be identified (ACx26). Here, we propose that

BC5A terminals are electrically coupled to the vertical pro-

cesses of the WF ACs that were revealed in this study, i.e.,

the WF5As.

Electrical coupling between WF AC processes and BC5A ter-

minals would be expected to promote spatial integration along

the vertical axis since they are vertically oriented. There is evi-

dence that WF ACs harbor mixed electrical/chemical synap-

ses,71 which is a common motif that is observed in inhibitory

circuits in other brain areas.72 Moreover, a recent report demon-

strates that vertically oriented AC processes confer orientation

selectivity upon certain ganglion cells via gap junctions,73 setting

strong precedence for the proposed mechanism. Also, we

reasoned that if GABAergic inhibition was the dominant signal

from these oriented WF5A processes, then we might have ex-

pected BC terminals to be tuned along the horizontal axis, and
this tuning would be sensitive to ionotropic glutamate receptor

antagonists, which we did not observe experimentally.

DSGCs encode orientation and direction
DSGCs have been extensively studied over the past 60 years,

and thus it is somewhat surprising that their orientation-selective

properties have been previously overlooked. There are several

reasonswhy thismight be the case. First, classic studies demon-

strated that orientation information is conveyed by specialized

OSGCs that are distinct from DSGCs. Thus, much of the initial

effort aimed at understanding how these features are extracted

tended to be directed to specific cell types, i.e., studies probing

the mechanisms underlying direction selectivity focused on

DSGCs and mechanisms underlying orientation selectivity

focused on OSGCs (reviewed by Antinucci and Hindges,45

Mauss et al.,74 and Vaney et al.75).

Second, gap junctions are known to be experimentally labile

and regulated by ambient light levels, which may make orienta-

tion selectivity harder to characterize.76–78 The targeted optical

approaches used here greatly facilitated measurements and

enabled orientation-selective responses to be measured in rela-

tively ‘‘fresh’’ retinas. In addition, retinas were maintained under

relatively dark-adapted conditions where the level of gap junc-

tion coupling may be maximal.76 It is also worth pointing out

that in many recent studies, only part of the retina is stimulated,

either because the retinas are hemisected before being placed in

the recording chamber or because the light stimuli are presented

through a 403 or 603 objective, which only covers the classical

RFs of the cell. These studies would miss the orientation selec-

tivity that develops through longer-range connections. Finally,

a few studies carried out in both mouse and rabbit retina did

note orientation selectivity in certain DSGCs. However, a sys-

tematic relationship between the directional and orientation

axes was not observed, negating the idea that these features

were multiplexed.79,80 By contrast, here we show that the orien-

tation selectivity in all types of DSGCs is always orthogonal to the

preferred-null motion axis. ThismakesDSGCs similar to other di-

rection-selective neurons in downstream visual areas that tend

to have an orientation preference orthogonal to their preferred-

null axis, similar to what we have described here.

Mechanistically, orientation and direction selectivity might be

expected to be linked as they both rely on an asymmetric inhib-

itory RF. However, here we found that pharmacologically or

genetically blocking starburst ACs, which are required for direc-

tion selectivity, did not affect orientation selectivity, at least for

the p-DSGC subtype. Interestingly, a recent structure/function

study of layer 2/3 (L2/3) pyramidal neurons in the visual cortex

also indicates that orientation and direction selectivity may be

shaped by distinct circuit mechanisms.81

Limitations of the study
The idea that Cx36-containing gap junctions between WF5A

and BC5A terminals play a critical role in generating orientation

selectivity is based on two lines of indirect evidence. Orientation

selectivity in BC5A terminals persists in the presence of

glutamate receptor antagonists but is abolished when gap

junctions are genetically deleted in these cells (using the

KCNG4Cre 3 Gjd2fl/fl mouse line34). In theory, it is possible that
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the developmental impact of the Cx36 deletion or the pharma-

cology may affect other aspects of the circuit and prevent the

expression of orientation selectivity. Unfortunately, we could

not directly detect gap junction plaques between BC5A and

WF5As in the current dataset.51 Higher-resolution transmission

electron microscopy, which can be used to visualize gap junc-

tions,26,71 will be needed to directly confirm the electrical

coupling between WF amacrine processes and BC5A terminals.

Regardless of the precise electrical and/or chemical nature of

their synaptic connection, the highly asymmetric distribution of

the WF amacrine processes and their profuse connectivity to

BC5A terminals strongly suggest that they contribute to orienta-

tion selectivity.

Another limitation of this study is that the proposed circuit

mechanism underlying vertical orientation selectivity in DSGCs

applies only to the sets encoding posterior or anterior motion.

For superior/inferior coding DSGCs that have a horizontal tuning

preference (orthogonal to their preferred-null axis), the mecha-

nisms are less clear. It is possible that other BCs in the circuit

are horizontally tuned and selectively drive these DSGCs and

not the posterior or anterior DSGCs. Arguing against this pros-

pect, however, anatomical studies suggest that overlapping

sets of BCs drive the four types of ON-OFF DSGCs that encode

the cardinal directions.6,51 It is also possible that inhibitorymech-

anisms contribute to orientation selectivity in superior/inferior

coding DSGCs by sign inverting the vertically tuned signals

arising from BC5A and/or other BC types in the circuit. A more

comprehensive analysis of the spiking, sources of synaptic

input, and anatomical connectivity patterns of other types of

DSGCs and BCs will resolve the apparent mismatch between

functional and anatomical results.

Conclusions
In the natural scene, there is a strong bias toward vertically ori-

ented edges (such as trees or blades of grass60), and thus it is

not surprising that there is also a bias for vertical orientation

selectivity in the visual system.19,82–84 However, although widely

observed, the functional advantage of orientation and direction

encoded by the same neuron remains to be firmly established.

One possibility is that mechanisms that shape orientation selec-

tivity serve to sharpen the directional tuning properties of

DSGCs, as has been observed for DS neurons in the fly retina.85

Alternatively, the processing of visual information through

vertically oriented filters (i.e., removal of the horizontal image

components) may simplify the task of encoding the direction

by posterior-coding ganglion cells and enable animals to navi-

gate more efficiently through their natural environments.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All animal procedures were performed in accordance with the Canadian Council on Animal Care (CCAC) and approved by the Uni-

versity of Victoria’s Animal Care Committee. Mice of both sexes, aged between P21-P140 were used for experiments. Animals were

group-housed in a 12-h dark/light cycle.

Experiments were performed using TRHR-eGFP (provided byDr.Marla Feller, UCBerkeley; RRID:MMRRC_030036-UCD) for pos-

terior DSGC recordings. For calcium imaging, the KCNG4-Cre mice (B6.129(SJL)-Kcng4tm1.1(cre)Jrs/J, JAX stock #029414) were

crossed with mice carrying a transgene for Cre-dependent expression of the calcium indicator GcaMP6f (Ai95D:B6J.Cg-

Gt(ROSA)26Sortm95.1(CAG�GcaMP6f)Hze/MwarJ, JAX stock #028865). To investigate the role of electrical coupling, a triple transgenic

was generated by crossing KCNG4-Cre x GcaMP6ffl/fl x Gjd2fl/fl line.86 To disrupt GABA release from starburst amacrine cells, the

ChAT-Cre mouse line (RRID: MGI_5475195) was crossed with a mouse strain carrying a floxed allele of Slc32a1 (Slc32a1tm1Lowl,

JAX stock # 012897).

METHOD DETAILS

Retinal preparations
Prior to retina extraction, mice were dark-adapted for 45–60 min to optimize light-evoked responses. Mice were anesthetized with

isoflurane and euthanized by cervical dislocation. Then the retina was extracted and dissected in Ringer’s solution (110 mM NaCl,

2.5 mM KCl, 1 mM CaCl2, 1.6 mM MgCl2, 10 mM glucose, and 22 mM NaHCO3) under dim red light. The retina was mounted on a

0.22 mmmembrane filter (Millipore) with a pre-cut square window approximately 2 mm2 in size through which the stimulus was pro-

jected onto the retina. The retina was viewed with infrared light using a Spot RT3 CCD camera (Diagnostic Instruments) mounted on

an upright Olympus BX51 WI fluorescent microscope equipped with a 40x water immersion lens (Olympus Canada). Throughout the

experiment, the retina was continuously perfused with warmed (�37�C) Ringer’s solution bubbled with carbogen (5%CO2:95%O2).

For each experiment, the nasal axis of the retina wasmarkedwith a small cut.88 The orientation of the retina was varied across days to

ensure that the orientation selectivity we observed was not due to any potential bias in the experimental setup. For extracellular re-

cordings, electrodes were pulled to 3–6 MU and filled with Ringer’s solution. CNQX and DCG-IV were purchased from Tocris, TTX

and D-AP5 were purchased from Alomone, and UBP-310 was purchased from Abcam.

Visual stimulation
Light stimuli, produced using a digital light projector equipped with a 450 nm LED, were focused onto the outer segments of the pho-

toreceptors using the sub-stage condenser. Visual stimuli were created in the MATLAB environment (Psychtoolbox). For measuring

orientation-selectivity, 50 mm 3 500 mm bars were presented in 8 orientations. For DS measurements, 100 mm spots moving at

1000 mm/s in 8 directions were used. Surround stimuli consisted of a 50 mm 3 500 mm bar overlayed with a 50 mm 3 50 mm black

mask in the center. Increasing bars had a width of 50 mm and a length ranging from 50–500 mm. All stimuli were presented over a

dark background. The luminance was measured to be approximately 10 photoisomerizations/rod/s (R*/s) for control conditions

and was increased up to10-fold during CNQX + UBP-310 application or Cx36 KO conditions.

Sharp-electrode electroporation
To visualize single bipolar or ganglion cells, sharp electrodes (80–120 mU) were backfilled with 15 mM of sulforhodamine-101 (SR-

101, Sigma Aldrich) and then brought into contact with the cell of interest. Iontophoresis was achieved by applying the pulse function

in the MultiClamp 700B software (Molecular Devices) set at 50 ms51.

2-Photon image acquisition
For measuring Ca2+ signals mediated by NMDA receptors, TRHR+ DSGCs were voltage-clamped �0 mV using 3–5 MU electrodes

containing the calcium indicator X-Rhod-5F (500 mM, Life Technologies). A high chloride electrode solution was used (ECl- � 0 mV;

110mMCsCl, 1 mMMgSO4, 10 mMEGTA, 10mMHEPES, 5 mMQX-314). This ensured that no sizable inhibitory or excitatory light-

evoked synaptic currents were generated during the imaging experiment (Vhold �0 mV) thereby decreasing the potential voltage-

clamp artifacts associated with large currents. Imaging was initiated approximately 20 min after break-in, which allowed the calcium

indicator to adequately fill the DSGC dendrites.

For bipolar cell calcium imaging, the KCNG4-Cre x GcaMP6f mouse line was used with or without conditional CX36KO. To ensure

imagingwas performed in the proper retinal layer, DSGCswere identified by their characteristic spiking responses tomotion and then

filled with a red dye (sulforhodamine-101) via sharp electrode electroporation (see above) to visualize the dendritic arbor while cal-

cium responses were recorded from labeled bipolar cell terminals in green (Figure 1B).

Two-photon excitation was delivered using a Mai Tai Ti:Sapphire laser (Spectra Physics) tuned to 920 nm, guided by X/Y galva-

nometer mirrors (Cambridge Technology). Image scans were acquired using custom software developed by Dr. Jamie Boyd
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(University of British Columbia) in the Igor Pro environment. To prevent the light stimulus from contaminating the fluorescent

response, the LED projector used for presenting light stimuli was synchronized with the mirror turn-around signal. The PMT signals

were digitized at 1 MHz (PCI-6110, National Instruments) for image formation.

Calcium imaging analysis
All imaging analysis was performed using custom-written software by Dr. Benjamin Murphy-Baum in IGOR pro.87 ROIs of approx-

imately 3 mm were drawn around individual terminals or regions of dendrites and the signals were smoothed using a 2nd order

Savitzky-Golay filter. Peak DF/F values were calculated for each ROI. During the application of pharmacology, the same ROIs

were used across conditions.

QUANTIFICATION AND STATISTICAL ANALYSIS

DSI and OSI were calculated as the amplitude of the vector sum:

DSI =

P
RðqÞeiq

P
RðqÞ OSI =

P
RðqÞe2iq

P
RðqÞ

where R(q) is the response for q direction or orientation calculated from the peak spike rate. The preferred angle was calculated from

the resultant (DSI) or half phase of the resultant (OSI) of the vector sum. DSI or OSI ranged from 0 to 1, with 0 indicating a perfectly

symmetrical response, and 1 indicating a response in only one of eight directions or orientations presented.

Population data have been expressed as mean ± SEM and are indicated in the figure legend along with the sample size. Student’s

t-test (paired or unpaired depending on the samples) was used to compare values under different conditions, * indicates p < 0.005,

** indicates p < 0.05.
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