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Abstract

The processing of visual information by retinal starburst amacrine cells (SACs) involves
transforming excitatory input from bipolar cells (BCs) into directional calcium output. While
previous studies have suggested that an asymmetry in the kinetic properties of bipolar cells
along the soma-dendritic axes of the postsynaptic cell could enhance directional tuning at the
level of individual branches, it remains unclear whether biologically relevant presynaptic
kinetics contribute to direction selectivity when visual stimulation engages the entire
dendritic tree. To address this question, we built multicompartmental models of the bipolar-
SAC circuit and trained them to boost directional tuning. We report that despite significant
dendritic crosstalk and dissimilar directional preferences along the dendrites that occur
during whole-cell stimulation, the rules that guide BC kinetics leading to optimal directional
selectivity are similar to the single-dendrite condition. To correlate model predictions to
empirical findings, we utilized two-photon glutamate imaging to study the dynamics of
bipolar release onto ON- and OFF- starburst dendrites in the murine retina. We reveal diverse
presynaptic dynamics in response to motion in both BC populations; algorithms trained on
the experimental data suggested that the differences in the temporal release kinetics are
likely to correspond to heterogeneous receptive field (RF) properties among the different BC
types, including the spatial extent of the center and surround components. In addition, we
demonstrate that circuit architecture composed of presynaptic units with experimentally
recorded dynamics could enhance directional drive but not to levels that replicate empirical
findings, suggesting other DS mechanisms are required to explain SAC function. Our study
provides new insights into the complex mechanisms underlying direction selectivity in
retinal processing and highlights the potential contribution of presynaptic kinetics to the
computation of visual information by starburst amacrine cells.
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eLife assessment

This important study uses a combination of computational modeling and glutamate
imaging to show how a particular synaptic organization referred to as space-time
wiring contributes minimally to a dendritic computation that occurs in the retina. The
evidence supporting the claims of the authors is compelling, incorporating new
findings regarding dynamic receptive field properties, an improvement over previous
modeling and experimental results based on static visual stimuli. The work will be of
interest to retinal neurobiologists and neurophysiologists interested in dendritic
computations.

Introduction

Starburst amacrine cells play a crucial and well-established role in the computation of direction-
selectivity (DS) in the mammalian retina (Demb, 20072 ; Mauss et al., 2017 (% ; Wei, 2018 2 ). SACs
can be broadly categorized into two subtypes: ON and OFF cells, both of which receive excitatory
inputs from diverse populations of bipolar cells. In mice, the majority of input synapses onto SACs
are concentrated in the proximal two-thirds of the radially symmetric dendritic tree, while the
distal dendrites house the output synapses (Ding et al., 2016 (2 ; Vlasits et al., 2016 ®). Individual
SAC branches exhibit robust calcium responses to objects moving in the outward direction (away
from the soma); consequently, different parts of the dendritic tree demonstrate distinct directional
preferences (Chen et al., 2016 3; Ding et al., 2016 (2; Euler et al., 2002 @ ; Koren et al., 2017 &;
Morrie & Feller, 2018 2 ; Poleg-Polsky & Diamond, 2016 (4 ; Poleg- Polsky et al., 2018). SACs are
essential for generating DS in direction-selective ganglion cells (DSGCs); they provide a
combination of cholinergic excitation and GABAergic inhibition that specifically target co-
stratifying DSGCs sharing the directional preference of the releasing site (Briggman et al., 2011 2;
Fried et al., 2002 (¥; Kostadinov & Sanes, 2015; Lee et al., 20102 ; Morrie & Feller, 20153 ; Pej et
al., 2015 ; Sethuramanujam et al., 2021 3; Soto et al., 20192 ; Wei et al., 2011 & ; Yonehara et al.,
2011@; Yonehara et al., 2016 ().

Numerous mechanisms have been proposed to contribute to the establishment of direction
selectivity in SACs. For example, network mechanisms, such as feedback inhibition onto
neighboring SACs or SAC- derived cholinergic excitation of presynaptic BCs, were shown to
enhance DS (Ding et al., 2016 2 ; Hellmer et al., 2021 2; Munch & Werblin, 20067 ; Poleg-Polsky et
(2 ). However, it is worth noting that SACs maintain their directional tuning in the absence
of cholinergic and GABAergic transmission (Chen et al., 2016 @), indicating that other mechanisms
must contribute to directional tuning. Other proposals emphasized the involvement of cell-
autonomous processes that encompass dendritic voltage gradients sustained by tonic excitation
from BCs (Gavrikov et al., 2003 2 ; Hausselt et al., 2007 2) and fine-tuned morphology that imposes
membrane filtering of postsynaptic signals (Tukker et al., 2004 (2; Vlasits et al., 2016 2 ). While
these mechanisms can contribute to the development of direction selectivity to some degree, they
fall short in predicting the experimentally observed levels of directional tuning. In addition, it
remains unclear whether these requirements for tonically active presynaptic release described in
the rabbit are fulfilled in the mouse circuit, and cells with abnormal shapes still exhibit near-
normal levels of direction selectivity (Morrie & Feller, 2018 (%).

Recently, a reformulation of the classical Hessenstein-Reichardt correlator model has been
proposed, which emphasizes the kinetic properties of glutamatergic inputs sampled by SAC
dendrites as contributing factors to DS (Greene et al., 2016 (7 ; Kim et al., 2014 ). Known as the
“space-time wiring” model, this formulation is based on connectomic reconstructions of bipolar—
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SAC contacts. Both ON- and OFF-SAC dendrites tend to stratify closer to the middle of the inner
plexiform layer (IPL) as they branch out from the soma. This unique stratification pattern enables
SAC dendrites to receive inputs from different types of BCs in their proximal and distal regions
(Ding et al., 2016 2; Greene et al., 2016 (2; Kim et al., 2014 ). Importantly, functional studies have
uncovered a positive correlation between the transiency of BC axonal release and the distance
from the boundaries of the IPL (Baden et al., 2013 ; Chen et al., 20143 ; Euler et al., 2014 (&;
Franke et al., 2017 (2). Specifically, BC types that stratify closer to SAC somas (OFF- SACs: BC1-2; ON-
SACs: BC7) exhibit prolonged release, whereas more distal types (OFF-SACs: BC3-4; ON- SACs: BC5)
tend to respond with a transient pattern. According to the space-time wiring hypothesis, these
regional differences facilitate a more effective summation of excitatory inputs in the outward
direction.

Two main methodologies were taken to examine the existence of the space-time wiring hypothesis
in the bipolar-SAC circuit. First, with the caveat that the long, thin dendritic processes in SACs
impose significant challenges for an effective space clamp (Poleg-Polsky & Diamond, 2011 &
Stincic et al., 2016 @), it is possible to measure the distance-dependence of BC dynamics by
analyzing somatic excitatory postsynaptic currents. Although one study reported substantial
differences in the shape of the recorded currents, primarily in the OFF-SACs (Fransen & Borghuis,
2017 @), a second group that recorded from ON- SACs failed to replicate this finding (Stincic et al.,

A second method utilized genetically encoded fluorescent glutamate sensors, such as iGluSnFR, to
directly study the dynamics of BC release (Borghuis et al., 2013 @; Marvin et al., 2013(%). An
examination of glutamate release dynamics confirmed the diverse signaling patterns within the
lamina of the inner plexiform layer accessible to SAC dendrites (Franke et al., 2017 ; Gaynes et
al., 2022 3; Strauss et al., 2022 @). Furthermore, excitatory drive to ON-DSGCs, which share many
glutamatergic inputs with ON-SACs, was found to consist of units with distinct release dynamics,
theoretically supporting the type of directional computation proposed by the space-time wiring
hypothesis (Matsumoto et al., 2019 @). Finally, a project published last year described the
asymmetric distribution of Kinetically distinct iGluSnFR signals in ON- SACs (Sri
2022@®).

However, as the investigation of BC signaling has predominantly focused on release dynamics to
static stimulus presentations, the question arises: Can responses to flashed stimuli accurately
represent the release waveforms produced by moving objects?

The receptive field engagement in response to a continuously moving stimulus follows a
sequential pattern, with the surround being activated first, followed by the center. As a result, the
motion response profile becomes a complex function, influenced by factors like RF size, temporal
characteristics, and stimulation velocity (Strauss et al., 2022 (%). This integration mode stands in
stark contrast to the simultaneous activation of RF components observed during flashes of static
objects. Indeed, our research has revealed a significant distinction in BC release between
stationary and moving probes (Gaynes et al., 2022 ). This discrepancy emphasizes the limited
capacity of flash responses to predict the fundamental characteristics of BC responses to motion
accurately and highlights the importance of examining directional capabilities in SACs with
physiologically relevant stimuli.

An additional crucial factor to consider is the dependence of the presynaptic response waveform
with respect to the direction of activation. The space-time wiring model posits that BCs generate
similar glutamatergic drive in both outward and inward directions. Yet, this assumption may be
challenged when moving objects appear within the bipolar RF. Signal processing in such scenarios
fundamentally differs from stimuli that are flashed or continuously moving, and these differences
can vary significantly among different types of BCs (Gaynes et al., 2022 (%; Strauss et al., 2022(2).
The intricacies of signal transformation within the BC network give rise to important
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considerations regarding the application of advanced visual protocols utilized in previous studies
to investigate the DS properties of SAC dendrites. These protocols were specifically designed to
target a small patch of retina beneath a single SAC dendrite or induce circularly-symmetric
shrinking or expanding motion to elicit consistent responses across the dendritic tree (Euler et al.,
2002 (Z; Hausselt et al., 2007 2 ; Koren et al., 2017 2; Oesch & Taylor, 2010 % ). Nonlinear
integration in BCs triggered by these visual stimuli may unintentionally introduce a directional
bias to BC activation - contradicting the fundamental assumptions of the space-time wiring

hypothesis (Gaynes et al., 2022 @).

Due to the challenges associated with examining the relevance of the space-time wiring model in
the context of single dendritic computations, we opted instead to focus on understanding the
directional performance of SACs when the entire dendritic tree is stimulated. Our approach
involved the integration of machine-learning algorithms with multicompartmental models of the
bipolar-SAC network. In addition, we employed glutamate imaging techniques to record the
waveforms of excitatory synaptic drive experienced by ON- and OFF-SACs during object motion.
We reconstructed the underlying RF structure that supports different bipolar release shapes and
subsequently combined them into a detailed model. By doing so, we sought to gain insights into
how diverse RF characteristics of BCs contribute to the directional performance observed in SAC,
while also comparing them to the maximal theoretical capabilities of space-time models achieved
with synthetic presynaptic RFs. Our findings indicate that the receptive field diversity observed in
bipolar cells generates response profiles that have the potential to contribute to SAC DS but to
levels significantly below the maximum theoretical capabilities observed with synthetic RFs.
Overall, by combining machine learning techniques, multicompartmental modeling, and
glutamate imaging, our study provides insights into the complex relationship between BCs and
SACs in the context of direction selectivity.

Results

SAC morphology imposes substantial signal attenuation

but does not preclude inter-branch interactions

Calcium signals occurring in the terminal dendrites of starburst amacrine cells exhibit remarkable
direction selectivity, both when visual stimulation is focused on the recorded dendrite and when
stimuli engage the entire dendritic tree (Chen et al., 20162 ; Ding et al., 2016 (3 ; Euler et al.,

2002 3; Koren et al., 2017 2; Morrie & Feller, 20182 ; Poleg-Polsky & Diamond, 2016 (% ; Poleg-
Polsky et al., 2018 (®).

Because the precise nature of SAC function when a stimulus encompasses the entire cell remains
unclear, our first goal was to determine whether whole-cell activation should be understood as a
combination of multiple independent processing units or as the sequential recruitment of
interacting dendrites. The distinctive dendritic morphology of SACs, characterized by long and
narrow-diameter processes, was proposed to lead to the compartmentalization of individual or
sister branches and significant signal attenuation to other dendrites (Masland, 20052 ; Poleg-
Polsky et al., 2018 (3). Yet theoretical studies suggested the presence of non-trivial dendritic
crosstalk (Ding et al., 2016 (& ; Tukker et al., 2004 (®).

To investigate whether the dendritic geometry and passive parameters support the hypothesis of
independent computations in isolated dendritic compartments, we conducted a
multicompartmental NEURON simulation to assess signal attenuation in reconstructed SACs. For
our experiments, we selected a specific recording location on a terminal dendrite (Figure 1A,
indicated in red) and administered 100 ms-long 10 pA current steps at various dendritic locations
(Figure 1A®2). Consistent with prior studies, we observed a significant increase in signal
attenuation as a function of the distance from the recording site (Stincic et al., 2016 (% ; Tukker et
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al., 20043; Vlasits et al., 2016 %). On average, approximately 40% of the injected signal was
detectable at the recording location when the injection site was within the same branch, whereas
stimulating other dendrites yielded negligible responses (Figure 1A, B).

By utilizing the built-in NEURON ’impedance’ class to investigate signal propagation in relation to
morphology, we observed a significant >20-fold attenuation on all branches distanced from the
recording location by the soma. Notably, even sister dendrites sharing a common second-order
bifurcation displayed a considerable >5-fold signal reduction (Figure 1A ).

Subsequently, we examined whether dendritic isolation persists when multiple co-active inputs
are present, which more accurately represents the activation pattern elicited by global motion. In
mouse SACs, BCs innervate the proximal two-thirds of the dendritic tree (Ding et al., 2016 %;
Vlasits et al., 2016 (3). To replicate this arrangement, we distributed 200 synaptic inputs within a
circle of 110 um radius centered on the soma (Figure 1C(%). Each synapse exhibited a conductance
of 0.1 nS and was stimulated by a 100 ms-long pulse.

Initially, we activated all the synapses that innervated dendrites sharing a common second-order
branch. The peak voltage response following focal stimulation was measured at 10.9+3.3 mV
(mean+SD, n=100, Figure 1C%). Next, we performed a similar manipulation, now stimulating
excitatory synapses on the remaining dendritic tree (Figure 1C2). Notably, the depolarization
recorded from the same branch during the stimulation of other dendrites was higher, reaching
13.2+1.9 mV (Figure 1C(®%).

Hence, despite the substantial decrease in inter-dendrite signal propagation resulting from the
cell’s morphology and passive characteristics, the model predicts significant voltage interaction
throughout the cell. This observation can be attributed to the disparity in the number of active
inputs between the two conditions. Specifically, the combined length of dendrites sharing a
common second-order parent constitutes less than 10% of the entire dendritic tree’s length. This
proportion also applies to the number of synapses involved in focal or global stimuli. Thus,
although the efficacy of individual focal synapses is considerably more pronounced (Figure 1A%,
B), the larger number of inputs on other dendrites compensates for the signal attenuation caused
by an individual synapse - leading to a comparable response to focal and global activation
patterns (Figure 1C®).

Development of a machine-learning model for

enhancing direction selectivity in BC-SAC interactions

Our findings highlight the existence of long-distance interactions between synaptic inputs that
extend beyond the boundaries of a single dendritic compartment. Unless explicitly mentioned
otherwise, all subsequent simulations and experiments described below employed full-field
moving bars. This choice is physiologically relevant as SACs exhibit a high degree of direction
selectivity in response to such stimuli (Chen et al., 2016 ; Ding et al., 2016 3 ; Euler et al., 2002 (2;
Koren et al., 2017 &2; Poleg-Polsky & Diamond, 2016 (2 ; Poleg-Polsky et al., 2018 ). Additionally,
full-field stimulation circumvents the nonlinear processing of edges and emerging objects in BCs
(Gaynes et al., 2022 (Z; Strauss et al., 2022 @), which could potentially influence the interpretation
of responses to stimuli appearing within the SAC receptive field (see discussion).

Previous studies suggested that differences in release profiles between proximal and distal BCs
could contribute to directional tuning in isolated SAC dendrites, especially if proximal inputs
exhibit more sustained and delayed dynamics (Fransen & Borghuis, 2017 3 ; Greene et al., 2016 (3;
Kim et al., 20142 ; Srivastava et al., 2022 (@). However, do similar activation profiles promote
direction selectivity during whole-cell integration? To investigate the impact of spatial differences
in input kinetics on directional tuning, we extended the multicompartmental SAC model to include
BCs, modeled as point neurons with center-surround receptive fields, each proving a single
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Figure 1

Modeling reveals substantial dendritic crosstalk in SACs despite significant voltage attenuation.

A) Reconstructed morphology of a mouse SAC, with dendrites color-coded based on voltage attenuation towards the
recording site (indicated in red). The bottom panel displays example voltage responses to a 100 ms-long current pulse
injected at one of four positions denoted by circles. The black and red traces represent the potentials at the injection and
recording sites, respectively.

B) Analysis of signal attenuation in SAC dendrites relative to the recording site marked in panel A, as a function of distance
from the soma (negative values indicate positions on the opposite side of the dendritic tree).

C) Comparison of peak depolarization resulting from synaptic stimulation of the recorded branch (labeled as 'single
dendrite’; stimulated area shaded in grey) with the impact of driving synapses on other dendritic sites excluding the target
branch (right, light grey). The combined activation of all inputs is shown for reference (dotted)
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excitatory input to the postsynaptic SAC. Following the space-time model, we considered two
distinct populations of BCs innervating the proximal and distal postsynaptic regions (Figure 2A%,
B). BCs within the same population shared identical RF characteristics, but the timing of their
responses varied to account for the spatiotemporal progression of the visual stimulus over the
simulated circuit.

To investigate which bipolar dynamics promote postsynaptic direction selectivity, we employed a

objective. In the initial generation or iteration of the algorithm, the parameters describing RF
properties of the proximal and distal BC populations were randomly selected. We stimulated the
network with horizontally moving bars and recorded calcium signals on terminal SAC dendrites
near the horizontal axis. Direction selectivity index (DSI) was computed from the peak calcium
values (Figure 2B(Z, C). Initially, DSI levels were very low (mean (+SD) DSI = 7+3%, Figure 2(2-
$1), with variations among the models due to random initialization. The next generation of
candidate solutions was formed by selecting the highest-scoring models to replace the below-
average performers. To avoid overfitting, the models were trained with a range of stimulus
velocities. Next, the RF properties of the BC population, as well as the global postsynaptic
properties (axial resistance, leak, and voltage-gated calcium channel conductance), were subject to
random mutations, and this cycle was repeated for 100 generations.

Figure 2D (% illustrates an exemplary solution achieved by the evolutionary algorithm, which
displays transient distal inputs and slower, delayed proximal BCs. Whole-cell integration of these
inputs in the SAC resulted in a significant directional preference (DSI across all velocities was
37+3%, Figure 2E).

Notably, the directional tuning profile was found to be dependent on the specified training goal of
the model. In our standard configuration, we considered the mean DSI and the amplitude of
calcium levels across the recorded dendrites as performance metrics. Including calcium amplitude
was crucial in ensuring the robustness of the signal. Models solely rewarded based on DSI levels
often evolved strategies that aimed to minimize voltage and calcium levels. This effect was most
evident at slow stimulation speeds (Figure 2(%-S2). These solutions maximized DSI by capitalizing
on the steep nonlinear voltage dependence of the voltage-gated calcium channels near their
activation threshold. At these membrane potentials, calcium responses to inward moving stimuli
can be almost zero, such that even minute calcium influx at the outward direction will be
associated with a significant DSI (Figure 22 -S2). However, the solution is unstable as the DSI is
exceedingly sensitive to minor perturbations in local voltage. Consequently, while threshold-based

20043; Wu et al., 20233).

In contrast to the predictions of the threshold-based strategy, physiological somatic excitatory
currents (Figure 2% -S2) and dendritic calcium responses in SACs exhibit consistent peak levels
across the velocity spectrum (Ding et al., 2016 &3; Koren et al., 2017 &2). Furthermore, the
performance of the threshold-based approach, as measured by DSI, only marginally surpassed the
standard configuration (Figure 2 2-S2).

Presynaptic RF parameters influencing

optimal directional performance in SACs

To assess the relative contribution of BC kinetics to the resulting direction selectivity, we modified
the model such that all presynaptic cells shared the same receptive field formulation. It is worth
noting that even with the requirement of identical properties in the bipolar population, the
algorithm could explore a vast parameter space by adjusting both the RF properties of presynaptic
cells and the postsynaptic integration parameters. However, despite this flexibility, the resulting
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Figure 2

Evolutionary algorithm-based model enhances directional voltage
responses in SACs, reproducing key features of the space-time model.

A-B) Schematic representation of the bipolar-SAC circuit model. B, left, demonstrates the spatial components of the bipolar
RF center (grey) and surround (dashed) components. The spatiotemporal RF components were convolved with horizontally
moving bar stimuli (B, center) to generate the inputs for the multicompartmental SAC model (B, right). Two distinct bipolar
groups, each with a unique RF formulation, innervated the proximal and more distal SAC dendrites. B, right, simulated SAC
outputs are color coded by their DSI levels. The degree of postsynaptic direction selectivity was measured within 30 ym from
the horizontal axis (these outputs are highlighted with black strokes).

C) The evolutionary algorithm training process involved iterative selection and mutation steps. Each generation included
candidate solutions for bipolar RF templates (top row) that were integrated into SAC dendrites (middle row) and ranked
based on the directionality and amplitude of calcium signals (bottom row). The best solutions underwent mutation and were
propagated to the next generation.

D) Example response dynamics of the proximal (blue) and distal (orange) BCs (top), representative voltage (middle), and
calcium (bottom) signals recorded from a SAC dendrite (location as in Figure 12). Dots represent peak response amplitudes
in inward (grey) and outward (black) stimulation directions. The model was trained on five velocities (top, units: mm/s).

E) Mean (xSD) directional tuning achieved by the model (solid circles, n = 15). Open circles represent the optimal direction
selectivity index (DSI) in a bipolar-SAC model with an identical formulation of proximal and distal BCs. In this scenario,

direction selectivity is mediated by voltage filtering in SAC dendrites.
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simulations achieved only a fraction of the DS observed with spatially varying receptive fields
(Figure 2E (@). This result, obtained by integrating realistic BC responses with morphologically
detailed SACs, suggests that the space-time wiring model could have a major influence on
directional computations in biological circuits.

Using a similar approach, we further investigated the contribution of individual RF parameters to
SAC DS. In the modified model described above, all RF parameters in the proximal and distal
presynaptic cells were clamped to the same values. Below, we constructed similarly structured
models but allowed a single parameter to differ between the BC populations. Previous studies
demonstrated that space-time wiring yields the highest DS levels when presynaptic units exhibit
different activation lags or response transiency (Fransen & Borghuis, 20172 ; Kim et al., 2014 ;
Matsumoto et al., 2019 ; Srivastava et al., 2022 @). Consistent with this, models in which
proximal and distal BCs differed only in their response delay or decay times showed DSI levels
close to those observed in the full model (29+2% and 35+3%, respectively, Figure 3(2).

Notably, temporal differences in BC responses were not solely influenced by these parameters; we
also found that the spatial extent of the RF could introduce an activation lag, which was inversely
proportional to RF size: neurons with wider RFs can respond to a moving object sooner compared
to their immediate neighbors with smaller RFs. In line with this observation, the optimal solutions
in the full model evolved towards larger RF centers in the distal bipolar cells (42+15 ym vs. 3249
um, Figure 3C@). The difference in receptive field size was more pronounced when center width
was the only varying RF parameter (97+18 um vs. 22+3 um), resulting in a measurable lag
(approximately 135 ms for stimulus velocity = 0.5 mm/s, Figure 3(@). The impact of spatial RF
properties on directional tuning was not as pronounced as the temporal RF characteristics but
managed to elevate the DS by about two-fold over the space-invariant configuration (DSI = 19+4%,
p<10"M vs. identical BCs, Figure 3C ).

The space-time wiring model does not require dendritic isolation
Previous studies investigating the postsynaptic mechanisms underlying direction selectivity in
SACs have highlighted the importance of electrotonic isolation of terminal dendrites in promoting
directional signals (Ding et al., 20162 ; Koren et al., 2017 ; Poleg-Polsky et al., 2018 ). However,
since the space-time wiring mechanism primarily operates on presynaptic circuits, it may be less
reliant on postsynaptic compartmentalization. To test this hypothesis, we manipulated inter-
dendritic signal propagation by modifying the axial and membrane resistance properties of the
model in segments around the soma (Figure 4&).

As anticipated, increasing the axial resistance led to decreased somatic depolarization during
simulated visual responses (Figure 4A(%). The disparity in voltage attenuation between the
control configuration and the model with elevated axial resistance was particularly pronounced
when stimulating a single SAC branch, confirming the near-perfect isolation of dendrites (Figure
4B ). Conversely, reducing the barrier to signal propagation had the opposite effect (Figure

4A 2, B). Despite these variations in perisomatic electrical properties, all models generated by the
evolutionary algorithm achieved comparable DS levels (Figure 4C 2).

Collectively, these findings suggest that the effectiveness of the space-time wiring model relies
primarily on BC kinetics, which are influenced by the spatiotemporal properties of their receptive
field organization. In contrast, the specific details of postsynaptic integration appear to play a
lesser role in this DS mechanism.

Diversity of glutamatergic inputs in murine SACs

In the previous sections, we examined the theoretical implementation of the space-time wiring
hypothesis through detailed simulations of the bipolar-SAC circuit. To investigate the similarity
between the receptive field properties of mouse BCs innervating SACs and the optimal receptive
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Figure 3

Impact of BC RF components on DS performance.

A) Representative responses of bipolar dynamics (top); voltage (middle), and calcium (bottom) in SAC dendrites (stimulus
speed = 0.5mm/s) in a model where the proximal and distal bipolar RF formulations differed in a single parameter: response
lag ('delay’), rise/decay kinetics, or the spatial extent of RF components. The original, unconstrained configuration and a
model with identical RFs are included for comparison.

B-C) Mean (xSD) values of direction selectivity index (B) and the distribution of RF parameters in the proximal/distal
presynaptic groups (C) for each scenario (n = 10). Dotted lines in B indicate the mean values of the full and identical RFs
modes. Rise/decay kinetics are presented on a logarithmic scale. The spatial extent of the center and surround RF
components is expressed as the full width at half maximum (FWHM). * % * % p<10® vs. the full model. #### p<10® vs. the
identical RF model (ANOVA followed by Tukey’s test).
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Direction selectivity in the space- time wiring model is independent of dendritic isolation.

A) Representative voltage profiles and dendritic calcium signals in the original model (left), SAC with reduced inter-dendritic
interactions due to elevated internal resistance in the perisomatic area (middle), and a “hyperconnected” SAC model with low
signal attenuation in the dendritic tree (right).

B) Similar to panel A, but for models evolved to enhance DS signals in a single stimulated branch. The cell morphology is
color-coded based on voltage attenuation from a distal release site of the stimulated dendrite. Insets show voltage and

Full j Isolated j Hyperconnected )

calcium signals recorded on the opposite side of the cell.

C) Summary of directional tuning observed with different levels of compartmentalization, suggesting a minimal impact of

isolation on SAC performance. * p = 0.01 (ANOVA followed by Tukey's test).

John A. Gaynes et al., 2023 eLife. https://doi.org/10.7554/eLife.90456.2

11 of 49


about:blank#x-1699937012
https://doi.org/10.7554/eLife.90456.2
about:blank#x-1699937012
https://doi.org/10.7554/eLife.90456.2

7 eLife

fields predicted by our models, we conducted glutamate imaging using a two-photon microscope
on an ex-vivo retina preparation. To specifically target ON- and OFF-SACs, we virally expressed
floxed iGluSnFR in ChAT-Cre mice (Figure 5). 3-6 weeks after vector introduction, we performed
ex-vivo experiments using a wholemount retina preparation. Visual stimuli consisted of full-field
flashes and bars moving alternatively either from left to right or in the opposite direction at five
different velocities (Figure 5B (2) and oriented bars used to map RFs using the filtered back
projection approach (Figure 5C(2).

To analyze the diversity of BC signaling in response to motion, similarly responding pixels were
grouped into regions of interest (ROIs) (Figure 5SAZ, B). The time of response onset depends on
intrinsic RF properties shared among BC subtypes and the position of the RF relative to the moving
bar stimulus. To disentangle these components, we aligned the responses based on the mean 50%
rise time observed during stimulation in both leftward and rightward directions. This alignment
negated the dependency on the relative position of the RF, allowing us to focus solely on
differences in response kinetics to motion.

Next, we analyzed common response motifs across recording regions. We identified functional
release clusters using hierarchical clustering of the aligned and normalized dF/F waveforms
evoked by a single motion velocity (0.5 mm/s). This procedure was performed separately for ON
and OFF ROIs (n=334 and 135 regions, respectively, Figure 6A 7, C). We determined the optimal
number of functional clusters from the curve describing the within-cluster variance (Figure 6 & -
$1). The analysis identified seven groups for the ON-SAC population (Figure 6A %, 6-S1) and six for
the OFF-SACs (Figure 6C (2, 6-S1) as providing the optimal separation (Franke et al., 2017 (%;
Gaynes et al., 2022 @ ; Matsumoto et al., 2021 2; Matsumoto et al., 20192 ; Rasmussen et al.,
20203; Strauss et al., 2022 ). As BC dynamics vary systematically with axonal stratification level
in the IPL (Franke et al., 2017), we sorted the functional clusters based on their transiency of the
response dynamics, with C1 representing the most transient shape (Figure 6B, D).

Mismatch between response lags

measured from flashed and moving stimuli
The original ’space-time’ model identified response delay, also known as ‘lag’, as the primary factor
influencing directional tuning(Kim et al., 2014(2). The interval between the presentation of visual

2013(@). Kim et al., 20142, proposed that Hessenstein-Reichardt correlator is implemented in the
bipolar-SAC circuit with a combination of delayed proximal and short-lag distal BCs. Lags are
typically identified from flash responses. In order to contribute to motion computations, the lag
should be an immutable feature of the visual response and persist with moving stimuli. Given the
difference in signal transformation between motion and flash responses (Figure 7% -S1) (Gaynes

stimulus characteristics. In Figure 7AZ, we present the correlation between response delay,
measured within the same ROISs for all glutamate clusters, for both moving and stationary stimuli.
For flashes, the lag was determined as the interval between the appearance of the stimulus and
the initiation of the fluorescent response. In the case of moving stimuli, we measured the interval
starting from the time the stimulus swept over the position of the cell.

Unexpectedly, our experimental findings have uncovered a reversed relationship in the response
delays (Pearson correlation coefficient, r = -0.98). Functional clusters with the longest lags in
response to flashes tended to respond quickest to moving bars (Figure 7A®). In certain clusters,
we observed negative delays in response to motion, indicating that glutamate release begins
before the moving bar reaches the position of the cell (Berry et al., 1999 (% ; Trenholm et al.,

2013 (). Negative delays are more likely in cells with wide RFs, leading us to suspect that early
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Figure 5

Recording of glutamatergic drive to SACs during full-field motion

A) Two-photon image of one example field of view (FOV) displaying the average iGluSnFR fluorescence (left) and the
processed dF/F signals (right). Floxed iGIuSnFR expression was induced using AAVs in ChAT-Cre mice.

B) Responses from the regions of interest (ROIs) indicated in panel A to horizontally moving bars (speed = 0.25 mm/s).

C) RF mapping using the filtered back projection technique. Top: Changes in fluorescence from three example ROIs in
response to bars flashed at 32 different spatial positions and five orientations. Bottom: Reconstructed spatial RFs. The yellow
square represents the estimated extent of the two-photon FOV shown in panel A. The black curves represent the x and y RF
profiles measured at the center of mass (indicated by white dotted lines).
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Diversity of glutamatergic responses to motion in ON- and OFF-SAC populations.

A, C) Left: the average glutamate signals in functional clusters determined from ROI responses to motion (speed = 0.5 mm/s,
color-coded by cluster identity). Shaded areas mark the standard deviation. The dotted line indicates the time of peak
response of cluster C1. Right, heatmaps of the responses from individual ROIs.

B, D) Mean (+SD) waveform characteristics measured from individual ROIs in each cluster. TI, transiency index. Clusters are

sorted based on their transiency.
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The onset of motion responses depends on the extent of the
receptive field and not on response lag measured with static stimuli

A-B) Correlation between the onset of motion responses and the static response lag (A), and RF width (B) color coded by
functional cluster identity. Clusters with the longest lags have wide RFs and earliest responses to motion.

C) Illustration of the interaction between two mechanisms contributing to the time of response onset. Cells with prolonged
visual processing delay will respond later to the presentation of a static stimulus (black). When moving bars are presented,
response timing depends on the processing time lag, the size of the receptive field and stimulus velocity.
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responders to motion possess spatially extensive RFs. Our observations supported this hypothesis,
as we discovered a clear relationship between the lag in response to moving stimuli and the
measured RF half-width (r =-0.99, Figure 7B 2).

Taken together, our results indicate a significant difference between the activation lag following a
flashed and moving stimuli. The spatial properties of the RF play a significant role in determining
the delay for motion responses but have no impact on the lag seen following the presentation of
full field flashes, which engage the entire RF regardless of its size.

Determination of RF characteristics from motion responses

To gain deeper insights into the signal processing underlying the glutamatergic signals to SACs, we
set to study the receptive field composition of the functional clusters. Toward this task, we decided
to train center-surround RF models to match the shapes of the recorded waveforms. We adapted
model formulation described above for simulating BC dynamics, with the addition of a filter to
account for iGluSnFR binding and unbinding dynamics, thereby simulating the sensor-mediated
filtering of glutamate signals drive (Armbruster et al., 2020 (Z; Hain & Moser, 2023 (Z; Srivastava et
al., 2022%). Separate evolutionary algorithm models were trained for each functional cluster,
utilizing five stimuli with different velocities to drive the model. The objective of the training was
to replicate the shape of the recorded fluorescent signals during the presentation of moving bars
at corresponding velocities (Figure 8A ).

Using this approach, we were able to faithfully reproduce the empirical glutamate dynamics
observed in the training dataset (Figure 8A 2, 8-S1). As an initial validation of the algorithm’s
predictive power, we compared glutamate signals to the response of the RF models measured
during the presentation of full- field flashes (Figure 8B (¥). Encouragingly, even though these
stimuli were not part of the training set, the simulated output reliably replicated experimental
waveforms, despite substantially different dynamics in many clusters (Figure 8B, 8-S1).

By leveraging the more interpretable stimulus-response dynamics of the full-field flash paradigm,
we could examine the match in individual model parameters to experimental responses. We found
a strong agreement between the rise time of the flash response and the predicted kinetics of RF
centers across all functional clusters (Figure 8C 2). Similarly, response delay in the models
reliably followed the lags seen in flash responses (Figure 8C®).

As a final validation of the novel RF mapping approach we developed, we examined the spatial
characteristics of the glutamate signals. Our models consistently converged on narrow RFs,
typically ranging from 50 to 100 pm for the majority of functional clusters, consistent with the
classical RF description for retinal BCs (Figure 8C %, 8-S1) (Euler et al., 2014 (%; Franke et al.,
2017 @; Kuo et al., 2016 (@; Schwartz et al., 2012 [@; Strauss et al., 2022 %; Turner et al., 20182 ;
Wienbar & Schwartz, 2018 ). Finally, in a close match with experimentally mapped RFs (Figure
7B @), the models predicted significantly more extensive RFs for ON-C1 and ON-C4, with half-
widths of 379 + 13 and 198 + 6.7 um, respectively (Figure 8C (%), strongly suggesting that RF
formulation derived from motion responses is accurate and could be used to predict signal
processing in untrained visual conditions.

Realistic BC dynamics suggest a modest effect of the space-

time wiring on directional tuning in ON- and OFF-SACs

After establishing the diversity of excitatory dynamics during visual motion, we proceeded to
examine the extent to which their combination could enhance direction selectivity in SACs. To
achieve this, we replaced the synthetic bipolar description in the bipolar-SAC evolutionary
algorithm model with fits to experimentally determined glutamatergic waveforms. These fits
provided a deconvolved representation of the excitatory drive, which is more likely to
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Estimated RF properties from presynaptic responses to motion.

A) Center-surround RF model was trained using an evolutionary algorithm to match experimentally recorded waveforms in

2 .
AW ?_J\__L_LL—-L— L_“

Estimated RF
— 200pm

ON- SACs. Experimental data is color-coded as in Figure 6. The output of the seven models is shown in black.

B) Comparison between experimentally recorded responses to 4- second-long full- field flashes and the predictions of the

models (black).
C) Mean (£SD) RF properties measured from each of the models

(n =10 repeats for each cluster) are shown in black. The corresponding parameters determined experimentally are shown in
grey. Delay and rise time were measured from flash responses, and the FWHM of the center was analyzed from RF maps. The
right panel illustrates the predicted spatial extent of the center (grey) and surround (dotted black) receptive field

components in each functional cluster.

John A. Gaynes et al., 2023 eLife. https://doi.org/10.7554/eLife.90456.2

17 of 49


about:blank#x-1699937012
https://doi.org/10.7554/eLife.90456.2
about:blank#x-1699937012
https://doi.org/10.7554/eLife.90456.2

7 eLife

approximate the actual presynaptic signals reaching the SACs. We note that the difference
between the recorded and deconvolved waveforms was minimal, and utilizing the experimentally
recorded shapes did not significantly impact the subsequent results (data not shown).

We first considered a simplified case where two distinct bipolar populations targeted the proximal
and more distal postsynaptic regions. The timing of bipolar responses varied to account for the
spatiotemporal progression of the visual stimulus over the simulated circuit. Figure 9% illustrates
the peak DS index achieved with evolutionary algorithms trained to find the postsynaptic
properties (axial resistance, leak, and voltage-gated calcium channel conductance) that lead to
optimal directional performance for all possible proximal and distal functional cluster placement
combinations. In line with prior work (Fransen & Borghuis, 2017 ; Kim et al., 2014 2 ; Srivastava
et al., 2022 2; Stincic et al., 2016 (2; Wu et al., 2023 @), the optimal DS was attained when proximal
BCs with sustained waveforms were combined with transient distal cells. For ON-SACs, the highest
DSI = 17 + 2% was observed with inputs from ON-C6 (proximal) and ON-C2 (distal). In the case of
OFF-SACs, the inputs performed slightly better, with the highest DSI levels (21 + 3%) associated
with OFF-C1 and OFF-C5 (Figure 9). In contrast, SACs innervated by BCs with identical RF
formulation had substantially lower directional capabilities (DSI =5 + 1% for ON- SACs and 7 + 1%
for OFF-SACs, Figure 9 2). As in our previous experiments, we permitted the models to adjust both
passive and active postsynaptic properties. Our observations yielded a result consistent with what
we observed with synthetic BC inputs: the degree of measured directional selectivity did not
exhibit a significant correlation with the extent of dendritic isolation (Figure 9 2-S1).

It is possible that the restriction to innervation by two input populations precludes the model from
converging on a better solution. To take full advantage of the heterogeneity of the experimentally
measured signals, we examined if directional outcomes improve when SACs are allowed to
integrate over more presynaptic clusters. Inspired by a previous model (Fransen & Borghuis,

%), we distributed presynaptic BCs over concentric annuli, preserving input symmetry along
the soma-dendritic tip axis (Figure 10A ). Specifically, we grouped the inputs into ten ym-wide
bins based on their distance from the postsynaptic soma. Each bin was assigned a single functional
cluster RF description drawn at random. Now, the search algorithm evolved to determine the
spatial distribution of the recorded functional clusters that produced the most robust directional
tuning across a range of stimulus velocities (Figure 10@).

We observed that the simulations converged on similar solutions, irrespective of the initial
randomized cluster distribution. Optimal DS was achieved in both ON and OFF circuits when two
clusters dominated the proximal and distal innervation regions (Figure 10B ). Consequently, the
levels of DS obtained in these simulations did not significantly differ from the findings of the
simple proximal-distal parameter exploration presented earlier (ON-SACs: DSI = 17 + 5%, OFF-
SACs: DSI = 21 + 6%, Figure 10C-F (@). Based on these results, we can conclude that optimal
combination of excitatory signals has the potential to triple the level of directional tuning over
SAC-intrinsic mechanisms (Figure 10D (Z, F) (Tukker et al., 20042 ; Vlasits et al., 2016 3; Wu et al.,
2023 @).

Why do the solutions found with experimentally recorded glutamate waveforms underperform
compared to the synthetic model? Focusing on the clusters identified by our analysis as
contributing to the highest directional tuning, we note that although distal clusters (ON-C2 and
OFF-C1) had the shortest duration and fastest delays, their kinetics and RF description were about
two-fold longer than the optimal synthetic distal inputs (Figure 11 &, S11-1), with the largest
difference being the rise time dynamics of ON-C2 (303 + 110 ms vs. 45 + 12 ms for optimal model).
Even further pronounced were the differences in recorded vs. optimal proximal solutions. The
duration of ON-C6 and OFF-C5 were 1.25 + 0.49 sec / 1.28 + 0.34, respectively, compared to 0.31 +
0.15 sec measured for synthetic RFs. Similarly, the transiency indexes calculated for these clusters
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Figure 9

Directional tuning in bipolar-SAC models with experimentally recorded
excitatory waveforms segregated into proximal-distal regions.

A) Schematic representation of the evolutionary algorithm employed to maximize DS by utilizing deconvolved waveforms
from experimentally recorded clusters as the input.

B) Top: Direction selectivity achieved by the models when various combinations of input waveforms are targeted towards the
proximal and distal SAC dendrites. Squares and dots represent cases where the waveforms are identical for all bipolar cells.
Bottom: Representative calcium signals obtained from the best (left) and worst (right) combinations of input waveforms.
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Figure 10

Optimal DS with experimentally recorded excitatory waveforms.

A) Investigation of directional performance in a multicompartmental bipolar- SAC model innervated by functional clusters
experimental.

B) Illustration of an example solution superimposed on SAC morphology. The distribution of BC inputs was symmetrical
along the soma-dendritic axis based on their distance from the soma (Left: small circles and grey annuli). Deconvolved
waveforms from one of the experimentally recorded clusters were applied to all synapses within each bin. Output synapses
are indicated with large circles and color coded by the DSI. The degree of postsynaptic direction selectivity was measured
within 30 um from the horizontal axis (these outputs are highlighted with black strokes).

C) The spatial distribution of functional clusters producing optimal directional signals across 15 model runs. Input color
coding in B .and C as in Figure 6.

D) Top: overlay of the velocity tuning dynamics for ON-C2 and ON-C6, representing the most commonly observed proximal
and distal clusters. Bottom: calcium signals in a SAC dendrite generated by one of the evolved models. Dots indicate peak
response amplitudes in inward (grey) and outward (black) stimulation directions.

E) Directional tuning as a function of stimulus velocity, with the solid curve representing the mean (+SD) results obtained
from the model. Dotted, velocity tuning calculated from simulations with SAC innervation by a single functional cluster (see
Figure 9). ‘Space-time wiring’ improves directional selectivity over a wide range of stimulation velocities.

F-G) as in D-E, but for OFF-SACs.
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were around 0.4, while optimal synthetic waveforms had TI = 0.87 + 0.09 (Figure 11 ). Thus,
glutamate release in the bipolar-SAC circuit has slow dynamics that can mediate substantial, albeit
suboptimal, directional selectivity.

Discussion

In this study, through a combination of experimental approaches and computational modeling, we
have explored the theory and the evidence for bipolar organization supporting the space-time
wiring model. The original space-time wiring hypothesis was conceptualized for individual SAC
dendrites, and the difference in BC response shape was considered through the lens of the
dynamics of responses to static stimuli (Kim et al., 2014 (%). Although these circumstances were
thought to simplify the analysis of dendritic computations, it is now clear that signal preprocessing
in the bipolar population introduces unforeseen challenges to this approach: Our prior work
demonstrated a low correlation between the dynamics of BC responses to motion and static
stimuli (Gaynes et al., 2022 @). Here, we replicate this result on a new dataset (Figures 7%, 7-S2),
reinforcing the notion that signal kinetics, crucial to the space- time wiring model, are not a fixed
property of the cell but are instead dependent on the stimulus. For example, we demonstrate that
presynaptic signals can exhibit prolonged flash-lags yet generate early responses to motion, a
phenomenon explained by their spatial RF structure (Figure 72). In addition, it is vital to
consider the implications of using stimuli that activate only a small portion of the SAC dendritic
tree in isolation or all dendrites through the same stimulation pattern. Such stimulus designs are
likely to introduce nonlinear signal processing in BCs and, importantly, result in asymmetric
bipolar responses for different stimulation directions (Gaynes et al., 2022 (3 ; Strauss et al.,

2022 %). This poses a concern to the space-time model as it assumes consistent presynaptic
waveforms independent of the stimulus direction (Kim et al., 20142).

To overcome these issues, it becomes crucial to devise visual stimuli that effectively bypass both
limitations. One approach is to design stimuli that either appear or begin to move outside the
receptive field of the BCs innervating the postsynaptic cell. By doing so, we can ensure that the
stimulation does not trigger asymmetric responses and maintain the consistency of presynaptic
waveforms, as required by the space-time model. A simple stimulus that fulfills this criterion is a
continuously moving object that appears and disappears at a considerable distance (several
hundred microns) from the cells of interest (Gaynes et al., 2022 % ; Wu et al., 2023(%). By
employing this stimulus design, we can effectively mitigate the nonlinear signal processing in BCs
and preserve the foundational assumption of consistent presynaptic waveforms in the space-time
model. This approach allows for more accurate investigations into the dynamics of BC responses
across velocities and their contribution to the directional tuning in SACs and DSCGs.

While the use of full-field stimuli restricts the ability to investigate the responses of individual
branches with high granularity, it provides an opportunity to explore a broader question: the
potential impact of interactions among multiple dendrites on direction selectivity. Dendritic
compartmentalization in SACs is promoted by morphological factors (Tukker et al., 2004 ; Wu et
al., 2023 @) and by active processes, such as the presence of potassium channels (Ozaita et al.,

region, where it modulates communication between branches and maintains the output synapses
of SACs within the optimal range for effective DS processing (Ding et al., 2016 & ; Poleg-Polsky et
al., 2018 ). Similar enhancement of DS signaling is mediated by metabotropic glutamate

mechanisms, compartmentalization has little effect on directional tuning produced by the space-
time wiring model (Figure 4 ). This unexpected outcome highlights the distinction between pre
and postsynaptic computations within the bipolar-SAC circuit.
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Dynamics of glutamate release onto SACs are sluggish and more sustained
compared to the optimal excitatory drive produced in synthetic model.

Waveform parameters, measured for synthetic RFs driving optimal direction selectivity (squares) and for experimentally
determined functional clusters (filled circles - ON, open circles - OFF). Color coding as in Figure 6 2. Clusters identified as
best contributors for the Hessenstein-Reichardt correlator (proximal: ON- C2 and OFF-C1; distal: ON-C6 and OFF-C5) are
marked with arrows.
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In this study, we employed evolutionary algorithms, a powerful machine-learning method, to
investigate the mechanisms of DS computations in SACs. Evolutionary algorithms have broad
applicability and have been successfully utilized in examining the mechanisms of directional
computations of SACs before (Ezra-Tsur et al., 2021 ). Our work advances the mechanistic
understanding of the contribution of the space-time wiring model to stimuli that engage the
dendritic tree in an asymmetric manner, experimental determination of the release of glutamate
from presynaptic cells, and the amplification of signals by postsynaptic calcium channels. While
evolutionary algorithms place minimal constraints on the model type or examined features, it is
important to note that these algorithms are most effective when dealing with models with a
relatively constrained feature space. While they may be susceptible to getting trapped in local
minima, our largest model, which consisted of 23 free parameters (9 x 2 presynaptic + 5
postsynaptic, as described in the methods), consistently evolved towards similar solutions
regardless of the starting parameters. In cases where evolutionary algorithms do not reliably
converge on an optimal solution, alternative machine-learning approaches can be employed. For
instance, a recent study utilized a neural network system that combined Hassenstein-Reichardt
correlators with biologically inspired receptive fields to describe solutions for computations in
collision avoidance neurons of flies (Zhou et al., 2022 ).

We present a novel application of model fitting to map receptive fields based on responses to
moving stimuli. Previous studies have used stimuli moving in different directions to estimate the
spatial location of the RF (Gaynes et al., 2022 (2; Wienbar & Schwartz, 2018 ). We expand upon
this approach by incorporating multiple stimulus velocities. This extension allows efficient RF
determination from a brief visual stimulation (approximately 2-3 minutes). However, it is essential
to acknowledge that our fits to the data were based on the assumption of a simple center-surround
RF structure and may not fully capture the complexity of more diverse RF types or subcellular
release specialization present in some BCs. In particular, our study did not specifically investigate
the measurement of directional release from individual axonal terminals, as previously
demonstrated in type 2 and 7 bipolar cells that innervate OFF- and ON-SACs (Matsumoto et al.,

overshadowed by the release from non-directionally-tuned units. In addition, it is presently
unknown whether the contacts made by DS boutons on SACs are aligned with the soma- dendritic
tip axis to enhance DS in the outward direction (Srivastava et al., 2022 3). These aspects represent
avenues for future research and could provide further insights into the mechanisms underlying
direction selectivity in retinal circuits.

We were intrigued by the discovery of presynaptic cells exhibiting broad receptive fields that
spanned hundreds of microns. Our findings bear a resemblance to a recent study that described
elongated receptive fields in type 5A bipolar cells (Hanson et al., 2023(®), challenging the classical
understanding of bipolar RF structure, which suggests that the extent of the center component is
limited to the size of their dendritic fields, typically below 50 ym in the mouse (Euler et al., 20143;
Franke et al., 2017 (@2 ; Gaynes et al., 2022 3 ; Kuo et al., 2016 (3; Schwartz et al., 2012 (Z; Strauss et
al., 2022 ; Turner et al., 2018 @ ; Wienbar & Schwartz, 2018 @), but see (Asari & Meister, 2012 @)
for an example of large bipolar RFs in the salamander. One plausible mechanistic explanation for
the observed extensive RFs is the presence of gap-junction coupling among neighboring BCs (Kuo

stimulation (Ankri et al., 2020 (@ ; Vlasits et al., 2014 ). If correct, the mechanism could explain
why the number of functional clusters observed in our dataset exceeds the number of BC subtypes
known to connect to SACs in the mouse (5 OFF and 4 ON types, (Ding et al., 2016 @ ; Greene et al.,
2016 2; Kim et al., 2014 )). In line with this interpretation, while most functional clusters were
observed in multiple recording sessions, some clusters were observed more rarely (Figure 62 -S1)
- perhaps due to differently adapted state of the retina in these preparations.
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Another potential explanation for the abundant functional classes observed in our recordings is
the possibility of glutamate release originating from amacrine cells (Grimes et al., 2011 2 ; Kim et
al., 20153; Lee et al., 2014 @). It’s worth noting that, to the best of our knowledge, glutamatergic
amacrine cells typically do not establish direct synapses with SACs. However, these cells release
glutamate in close proximity to ON SAC dendrites (Mani et al., 2023 2). This proximity raises the
possibility that the glutamatergic output from these amacrine cells could influence the iGluSnFR
fluorescence observed in SACs. Glutamatergic amacrine cells are known to exhibit a small center
region and pronounced surrounds (Chen et al., 2017 @). Therefore, if glutamate release from
amacrine cells contributes to the signals detected in our recordings, it is plausible that it
corresponds to one of the functional clusters characterized by narrow receptive field centers.

Mouse SACs exhibit spatial preference to different presynaptic bipolar types (Ding et al., 2016 Z;
Greene et al., 2016 (2; Kim et al., 2014 % ). However, this spatial separation is not absolute,
especially in ON-SACs, where most dendritic regions may receive input from multiple presynaptic
cell types. The space-time wiring model’s effectiveness in conveying directional performance
diminishes when a clear boundary does not exist between proximally and distally innervating
presynaptic populations (Figure 10®). It’s important to note that we intentionally did not impose
a strict match between the synaptic distribution in our model and biological data. As a result, our
findings establish an upper limit on the contribution of the space-time wiring mechanism to SAC
directional tuning. While we observed a slightly higher direction selectivity in the OFF population,
consistent with a previous study (Fransen & Borghuis, 2017 ), our investigation reveals that the
waveforms produced by presynaptic cells in response to moving objects do not fully exploit the
potential for directional tuning that can be achieved with synthetic BCs, as depicted in Figures 2%
and 102 . It is worth highlighting that the DS levels we project for experimentally recorded
glutamate signals exhibit 30-50% enhancement compared to the directional performance of a
space-time wiring model observed in a recent study by Srivastava et al., 2022 @ The primary
distinction between our studies likely arises from the fact that Srivastava et al., 2022 @
investigated flash-evoked glutamate waveforms. In contrast, we integrated over responses to
moving stimuli. This discrepancy suggests that, while suboptimal, motion responses within the
bipolar population still offer a more suitable foundation for achieving directional tuning. Notably,
Wu et al., 20234, put forward the idea that the spatial arrangement of midget and DB4/5 bipolar
cells in the primate retina might contribute to DS computation through a similar space-time wiring
mechanism. While we lack information regarding the exact shapes of motion responses in primate
bipolar cells, it’s reasonable to speculate that if they exhibit faster dynamics than those observed
in mice, the space-time wiring model’s influence on SAC function in primates may be even more
pronounced.

These results strongly indicate that additional mechanisms are necessary to account for the
observed direction selectivity capabilities in a manner consistent with empirical evidence. SACs
possess intricate morphologies and express multiple voltage-gated channels (Morrie & Feller,
20183; Poleg-Polsky et al., 2018 ; Yan et al., 2020%). These cells are integral components of
complex neural circuits, the architectural details of which remain incompletely understood but
allow SACs to convey functionally distinct signals to postsynaptic targets (Pottackal et al., 2021 Z;
Sethuramanujam et al., 2021 (@). Achieving directional selectivity undoubtedly relies on a
multifaceted interplay of various factors. These include but are not limited to, the potential
feedback mechanisms originating from SACs to presynaptic bipolar cells and neighboring
amacrine cells, as well as spatiotemporal modulation of postsynaptic signals by voltage- gated
channels (Ezra-Tsur et al., 2021 ).

Overall, by combining experimental methods and computational modeling, our study contributes
to a deeper comprehension of the bipolar organization supporting the space-time wiring model.
We address the limitations of solely focusing on static stimuli and shed light on the dynamic
nature of signal processing in bipolar cells. This knowledge is crucial for elucidating the intricate
mechanisms underlying visual computations in the DS circuit in the retina.
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Methods

NEURON simulation

Multicompartmental simulations were performed using NEURON 8.2

(www.neuron.yale.edu/neuron @) on four reconstructed SAC morphologies (https://neuromorpho.org
/neuron_info.jsp?neuron_name=185exported (3, https://neuromorpho.org/neuron_info.jsp?neuron_name
=cell8_wt_traces (2, https://neuromorpho.org/neuron_info.jsp?neuron_name=cell2_wt_traces 2, https://
neuromorpho.org/neuron_info.jsp?neuron_name=cell1_wt_traces 2). The number of segments varied
from 495 to 879. The diameter of branches further than 30 ym from the soma was set to 200 nm.
The initial global passive parameters were as follows: passive conductance = 4e S/cm, membrane
capacitance = 1 yF/cm, reversal potential = -60 mV and axial resistance = 150 Qcm. N-type calcium
conductance model, adapted without modifications from (Benison et al., 2001 (%), was distributed
throughout the entire dendritic tree. In order to calculate the internal calcium levels, a calcium
diffusion mechanism was incorporated into all dendrites. This mechanism had a time constant of
50 ms, and the resting calcium levels were set to 100 nM.

The SAC received innervation from 200 BC inputs, which were randomly distributed across
proximal dendrites (within a distance of <110 um from the soma). Each synapse was assumed to
be associated with a single BC, and the RF center of the BC was aligned with the postsynaptic
position. The BC RFs consisted of Gaussian-shaped components for the center and surround
regions.

Stimuli were presented within a 1 mm-wide arena, matching the experimentally presented stimuli
(see below). To determine RF activation, the spatial overlap between the Gaussian functions
describing the center and surround RF components and the shape of the stimulus was computed
separately for each time step (At = 1 ms).

Area, corresponds to the normalized fraction of the stimulated RF area at time ¢, computed for
each component. For full-field static flashes, the entire center and surround were activated when
the stimulus was presented. For moving stimuli, area, was the sum of the area of the Gaussian
function describing the center or surround RF component that spatially overlapped with the
stimulus:

2

’ arena size
time—————

_ speed xAt
width
i 2v/In2xspeed xAt
area; = z e
time=1

Where width is the FWHM of the corresponding RF component. Subsequently, RF center and
surround responses at time ¢ were determined from the following equations:

RFcenter,t = (areacenter,t = RFcenter,.':—l) / rise timecenter + RFcenCer,t—l X adaptationt—l

adaptation, = max (0, adaptation,_; — RF epier ./ decay timecener)

RFsurround,t = (areasurround,t - RFsurround,t—l) / rise “mesurround X Strengthsurround
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The integration of center and surround RFs was calculated in a conductance-based model of
synaptic integration, determined from the excitatory and inhibitory driving forces:

RFEenter,t + RFsur'rﬂund,t X TEI}'ET'SCL! surround
RFCenter,t +* RFsurTound,t + Rin

RFpune = RFampiitude

Where R;, is the input resistance. Because the magnitude of RF activation depended on its size, R;,
was set to be proportional to the spatial extent of the center.

Ry = 0.1 X aredcepter, o

RF activation in each BC was temporally adjusted based on stimulus velocity and the spatial
position:

RE,

Atepise =5———
SRIFE ™ Velocity

The following constraints were imposed: RF amplitude, surround strength and reversal were

permitted to vary between 0 and 1; rise / decay times and RF widths were positive. Overall, RFpy

was expressed in unitless units in the [0,1] interval, with values closer to one signifying strong

activation.

Training of evolutionary models

During the training of evolutionary models aimed at understanding the contribution of BC
dynamics to SAC DS (as shown in Figures 2@ -4(2), the bipolar population was equally divided
into proximally and distally innervating cells according to their proximity to SAC soma.

For each generation, a total of 16 bipolar-SAC models were executed simultaneously on a Dell
Precision 5820 workstation, with one model per processor thread. In the first generation, random
values were assigned to seed each network model. A separate RF description was instantiated with
random values within the specified limits for the two BC populations.

Likewise, random initial values were chosen for passive conductance (ranging from 1e to le S/cm),
axial resistance (constrained between 50 and 300 Qcm), N-type calcium conductance and voltage
offset (limits = +30 mV), as well as synaptic conductance (limits = 0.01 — 1 nS). All models were
presented with the same stimuli, consisting of bars moving from left to right and from right to left
at five different speeds: 0.25, 0.5, 1, 2 and 4 mm/s. The height of the bar was 1 mm, its duration was
2 seconds. The intensity of the stimuli was set to 1 and the background was set to zero (AU).

Calcium signals were recorded from SAC sites located on the distal dendrites, specifically those
within proximity of less than 30 um from the horizontal axis. When a single branch was
stimulated, only sites on that dendrites were included in the analysis. For each stimulation speed
(comprising two different stimulation directions), we computed the DS index of each site as
follows:

DS] = ROutward - Rlnward

Routward 2 meard
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Where Roynward aNd Rpyarg are the peak calcium levels recorded for the outward and inward
directions from the perspective of the dendrite. To minimize extreme calcium signals, we
computed the directional metric:

_(ROutward_Caopt)z/
(Cagpe)?
directional metric = DSI X e

Where Ca,,, was the optimal calcium level in the outward direction, set to 500 nM.

Subsequently, the models were ranked based on the average directional metric calculated over the
five stimulation speeds. The two best-performing models were retained without any changes,
while the parameters of the rest of the models were randomly selected to match either the best or
second-best- performing models and then mutated as follows: For each parameter describing the
presynaptic RF and postsynaptic SAC properties, a Gaussian distribution with a mean of 1 and a
standard deviation of 5% was used to determine a scaling factor. This scaling factor was multiplied
with the parameter value and combined with a random value drawn from a uniform distribution
ranging from -0.015 to 0.015. These modified (mutated) models constituted the next generation of
candidate solutions. Typically, we evolved the model over 100 generations, as empirical evidence
has shown that increasing the number of generations beyond this point does not yield
significantly improved results.

RF estimation from recorded glutamate waveforms

To estimate the RF that could mediate the recorded glutamate waveforms presented in Figures
7 and 7@- S1, we employed an evolutionary algorithm for training RF models to match the
shape of experimentally observed glutamate release clusters. Each cluster was considered
separately during the analysis.

The model contained a single RF, and its parameters were described using the same parameter set
as mentioned earlier. It is important to note that the fluorescent signal produced by iGluSnFR
represents a temporally filtered version of the original glutamatergic drive (Armbruster et al.,
2020(&; Hain & Moser, 2023 (4; Srivastava et al., 2022 (2). In order to mimic the iGluSnFR
waveforms in the models, we applied a filtering process to the output of the simulation. On each
time step t0, we convolved the value of the simulated response with a wavelet described as the

difference between two exponential functions:

) t—tO/F c—tﬁx
filter,y, = (e decay — e Frise)

Where Fge = 10 ms, Fecqy =50 ms are the rise and decay times of the filter, respectively. The
resulting vectors starting at time t0 and lasting till the end of simulation duration, were combined
to produce the filtered version of the full response.

Following the initial random instantiation, simulated RF responses were calculated for the five
different speeds. The fitness of each model was then evaluated based on the mean square error
between the simulated waveforms and the experimentally recorded waveforms. The next
generation was formed by introducing potentially mutated offspring of models that exhibited the
lowest errors. These mutations were performed according to the methodology described above.
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Determination of optimal DS with experimentally

recorded glutamatergic waveforms

To investigate the impact of the spatial dependence of the presynaptic innervation waveform on
postsynaptic DS, we conducted an initial analysis using a modified version of the bipolar-SAC
model. In this derivative model, we systematically replaced the RF descriptions of proximal and
distal BCs with fits to experimental data. The focus of the evolution process was on altering
postsynaptic parameters to optimize synaptic integration toward the largest directional
performance. For the data shown in Figure 97, we employed a different training approach. We
divided the input synapses into annuli with a width of 10 ym, centered around the soma. Initially,
each annulus was randomly assigned one of the RF fits corresponding to functional clusters.

As the model evolved, its goal was to achieve the best possible directional performance based on
the postsynaptic parameters. Additionally, there was a 5% probability for each annulus to replace
the assigned functional cluster identity. This allowed for evolution in the spatial configuration of
the functional clusters, enabling us to examine what spatial distribution of experimentally
recorded waveforms produces the optimal DS.

Virus expression and imaging procedures

All animal procedures were conducted in accordance with US National Institutes of Health
guidelines, as approved by the University of Colorado Institutional Animal Care and Use
Committee (IACUC). Mice were housed in a 12 light /12 dark cycle at room temperature (~22°C), 40-
60% relative humidity. For intravitreal virus injections, 8-12-week-old ChAT-Cre transgenic mice
(Jax strain 031661, https://www.jax.org/strain/031661(2) were anesthetized with isoflurane;
ophthalmic proparacaine and phenylephrine were applied for pupil dilation and analgesia. A
small incision at the border between the sclera and the cornea was made with a 30 gauge needle. 1
uL of AAV9.hsyn.FLEX.iGluSnFR.WPRE.SV40 (a gift from Loren Looger, Addgene plasmid # 98931;
http://n2t.net/addgene 3 : 98931; RRID:Addgene_98931, 10 vg/mL in water) solution was injected
with a blunt tip (30 gauge) modified Hamilton syringe (www.borghuisinstruments.com 2).
Experiments on retinas from all animal groups were performed 2-6 weeks following virus
injection on 11-17-week-old animals (4 males and 4 females).

Mice were not dark-adapted to reduce rod-pathway activation. Two hours after enucleation, retina
sections were whole mounted on a platinum harp with their photoreceptors facing down,
suspended ~1 mm above the glass bottom of the recording chamber. The retina was kept ~32°C
and continuously perfused with Ames media (Sigma-Aldrich, www.sigmaaldrich.com )
equilibrated with 95% O, / 5% CO,.

Visual stimulation

Light stimuli were generated in Igor Pro 8 (Wavemetrics, www.wavemetrics.com 3) running in
Windows 10 and displayed with a DPL projector (Texas Instruments, www.ti.com &2, model
4710EVM-G2) connected as a second monitor. Only the blue projector LED was used, and its light
was further filtered with a 450 nm lowpass filter (Thorlabs, www.thorlabs.com @, FEL0450). Light
from the visual stimulus was focused by the condenser to illuminate the tissue at the focal plane of
the photoreceptors (resolution = 10 um/pixel, background light intensity = 30,000-60,000 R* rod1).
Both vertical and horizontal light stimulus positions were checked and centered daily before the
start of the experiments. The following light stimulus patterns were used: static flash covering the
entire display (1000x1000 um) presented for 2-4 seconds. A 1 mm-long bar moving either to the left
or the right directions (speeds = 0.25, 0.5, 1, 2, 4 mm/s; dwell time over each pixel = 2 s). These
stimuli were repeated three times. Typically, stimulus contrast was set to 60% Michelson contrast.
To record glutamate signals to OFF-SACs, we reversed the intensity of the moving bar stimulus and
the background. In some experiments, we masked different portions of the display to remain at
background light levels (Gaynes et al., 2022 ). To map the spatial RFs, we flashed 10x1000 pm
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bars for 200 ms every 400 ms. The bars were presented over five evenly spaced (36°) orientations
in a pseudorandom sequence over 32 spatial positions in every orientation to densely cover ~300
um of visual space centered on the imaged region.

Recording procedures

Glutamate imaging was performed with Throlabs Bergamo galvo-galvo two-photon microscope
using the Thorimage 4.1 acquisition software (Throlabs). A pulsed laser light (920 nm, ~1 pyW
output at the objective; Chameleon Ultra II, Coherent, www.coherent.com @) was used for two-
photon excitation projected from an Olympus 20X (1 NA) objective. A descanned (confocal)
photomultiplier tube (PMT) was used to acquire fluorescence between 500 and 550 nm. The
confocal pinhole (diameter = 1 mm) largely prevented stimulus light (focused on a different focal
plane), from reaching the PMT, allowing us to present the visual stimulus during two-photon
imaging. A photodiode mounted under the condenser sampled transmitted laser light to generate a
reference image of the tissue. Fluorescence signals were collected in a rapid bidirectional frame
scan mode (128x64 pixels; ~50 Hz). The line spacing on the vertical axis was doubled to produce a
rectangular imaging window (~164x164 pm in size; the corresponding pixel size was 1.28 pm). To
reduce shot noise, images were subsampled by averaging 2x2 neighboring pixels and filtered by a
20 Hz low pass filter offline. Horizontal and vertical image drifts were corrected online using a
reference z-stack acquired before time-series recordings.

Labeled cells in the Chat-Cre/tdTomato line (Jax strain 007909, https://www.jax.org/strain/007909 (%)
were targeted for whole-cell recordings using 4-8 MQ pipettes filled with 90 mM CsCH3S0,4, 20 mM
TEA- Cl, 10 mM HEPES, 10 mM EGTA, 10 mM phosphocreatine disodium salt hydrate, 5 mM QX-314,
4 mM Mg-ATP and 0.4 mM Na-GTP. Recordings were obtained in voltage-clamp configuration with
a Double IPA amplifier (Sutter, www.sutter.com @), low pass filtered at 2 kHz using a custom
acquisition software written in Igor Pro.

Analysis

The fluorescence signals were averaged across multiple presentations of the visual protocol using
Igor Pro 8. Specifically, pixels with dF/F values greater than 20% were selected for subsequent
clustering analysis, which involved two steps.

In the first step, the extent of contiguous ROIs with similar response kinetics was determined. This
was achieved on a pixel-by-pixel basis by first averaging the fluorescence signals across repeated
presentations of the stimuli. Then, the pixel’s response shape was measured within a 1-second
window centered around the time when the bar motion reached the center of the display during
the ten motion trials, which included five speeds and two directions. We applied hierarchical
clustering to cluster the responses into ROIs based on the similarity of pixels’ waveforms in these
windows using the built-in Igor Pro "FPClustering’ function (Gaynes et al., 2022 2 ). The number of
resulting ROIs was adjusted until no ROI spanned more than 10 pm in size. The ROIs were
manually curated, and any ROIs with pixel variability exceeding a coefficient of variation
threshold of 1 were removed from further analysis.

In the second step, we combined individual ROIs from multiple scan fields and mice into
functional clusters. This process was separate for ON- and OFF-SACs. For each ROI, we computed
the mean motion response shape by aligning the motion responses to both directions of
stimulation by the half-maximum rise time. The alignment procedure produced a single trace,
whose half-maximum rise time was exactly in between the rise times for the responses to the two
directions. The rise time of the aligned signal does not depend on the position of the RF (Gaynes et

locations and recordings. Secondary hierarchical clustering was performed in R v3.6 (R foundation
for statistical computing). Motion responses to 0.5 mm/s stimuli were first converted to data
frames in R. The traces were smoothed with a combination of a Butterworth (filter order =1,
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critical frequency = 0.1) and rolling average filters, baseline subtracted and normalized to the peak
amplitude. For the ON responses, we discarded time points with variance less than 0.5 as this
aided with convergence to biologically plausible clusters. To quantify the number of functional
clusters, we used within cluster variance (Warren Liao, 2005 (). Within cluster variance is
computed by finding the sum of the squared differences of each observation in a proposed cluster
and the mean of that cluster. We used automated assessment of the elbow plots (within-cluster
variance as a function of the number of clusters) to identify optimal cluster numbers for a grid
search of distance computations and clustering algorithms available in base R and the dynamic
time warping library. We then used expert assessment to identify the most plausible clustering
from this small set of options (Figure 6 2-S1). Empirically, we found that the ward.D2 hierarchical
clustering method, available in the base R ‘hclust’ function, provides the clearest cluster
separation. We used the Euclidean and maximum distances for the ON- and OFF-SAC datasets,
respectively.

Tests of statistical significance were performed in Igor Pro using built-in functions.

RF mapping was determined from a two-dimensional Gaussian fit to the responses to the oriented
bars, as described previously (Johnston et al., 2014 %; Poleg-Polsky et al., 2018 2). The FWHM of
the RF was calculated along the axis of motion from the spatial time constant generated by the fit
(oy) as follows:

FWHM = 2V2in2o,
The transiency index (TI) was calculated as the ratio between the peak and the mean of the
response within the stimulation window. TI=1 indicates a sharp and transient response, TI close to
zero is produced by sustained plateaus.
IPL depth was measured from the transmitted light channel extracted from the z-stack taken of
the entire width of the retina that accompanied all functional recordings. The curvature of the

retina was corrected by measuring the height of the inner limiting membrane at the four corners
and the center of the image stack and fitting a curved plane that crossed these 5 points.

Code availability

The code for the visual stimulation and simulations is available on https://github.com
/PolegPolskyLab/ This work was supported by NIH grant (R01 EY030841) to Alon Poleg-Polsky.

Author contributions

John Gaynes: Investigation, Writing-Review &Editing
Samuel Budoff: Formal analysis, Software, Writing-Review &Editing
Michael Grybko: Investigation, Writing-Review &Editing

Alon Poleg-Polsky: Conceptualization, Methodology, Software, Formal analysis, Resources, Data
Curation, Writing-Original draft, Supervision, Project administration, and Funding acquisition

Competing interests

Authors declare no competing interests

John A. Gaynes et al., 2023 eLife. https://doi.org/10.7554/eLife.90456.2 30 of 49


about:blank#x-1699937012
https://doi.org/10.7554/eLife.90456.2
about:blank#c64
about:blank#fig6
about:blank#c28
about:blank#c50
https://github.com/PolegPolskyLab/

7 eLife

References

Ankri L., Ezra-Tsur E., Maimon S. R., Kaushansky N., Rivlin-Etzion M (2020) Antagonistic
Center- Surround Mechanisms for Direction Selectivity in the Retina Cell Rep 31 https://doi
.org/10.1016/j.celrep.2020.107608

Armbruster M., Dulla C. G., Diamond J. S (2020) Effects of fluorescent glutamate indicators
on neurotransmitter diffusion and uptake Elife 9 https://doi.org/10.7554/eLife.54441

Asari H., Meister M (2012) Divergence of visual channels in the inner retina Nat Neurosci
15:1581-1589 https://doi.org/10.1038/nn.3241

Baden T., Berens P., Bethge M., Euler T (2013) Spikes in mammalian bipolar cells support
temporal layering of the inner retina [Research Support Non-U.S. Gov't]. Current biology : CB
23:48-52 https://doi.org/10.1016/j.cub.2012.11.006

Benison G., Keizer J., Chalupa L. M., Robinson D. W (2001) Modeling temporal behavior of
postnatal cat retinal ganglion cells J Theor Biol 210:187-199 https://doi.org/10.1006/jtbi.2000
.2289

Berry M. J, Brivanlou L. H., Jordan T. A., Meister M. (1999) Anticipation of moving stimuli by
the retina Nature 398:334-338 https://doi.org/10.1038/18678

Borghuis B. G., Marvin ). S., Looger L. L., Demb J. B (2013) Two-photon imaging of nonlinear
glutamate release dynamics at bipolar cell synapses in the mouse retina The journal of
neuroscience : the official journal of the Society for Neuroscience 33:10972-10985 https://doi.org
/10.1523/JNEUROSCI.1241-13.2013

Briggman K. L., Helmstaedter M., Denk W (2011) Wiring specificity in the direction-
selectivity circuit of the retina Nature 471:183-188 https://doi.org/10.1038/nature09818

Chen M., Lee S., Park S. J., Looger L. L., Zhou Z. ] (2014) Receptive field properties of bipolar
cell axon terminals in direction-selective sublaminas of the mouse retina J Neurophysiol
112:1950-1962 https://doi.org/10.1152/jn.00283.2014

Chen M,, Lee S., Zhou Z.] (2017) Local synaptic integration enables ON-OFF asymmetric
and layer- specific visual information processing in vGluT3 amacrine cell dendrites Proc
Natl Acad Sci U S A114:11518-11523 https://doi.org/10.1073/pnas.1711622114

Chen Q., Pei Z., Koren D., Wei W (2016) Stimulus-dependent recruitment of lateral
inhibition underlies retinal direction selectivity Elife 5 https://doi.org/10.7554/eLife.21053

Demb J. B (2007) Cellular mechanisms for direction selectivity in the retina Neuron 55:179-
186

Ding H., Smith R. G., Poleg-Polsky A., Diamond J. S., Briggman K. L (2016) Species-specific
wiring for direction selectivity in the mammalian retina [Article] Nature 535:105-
110 https://doi.org/10.1038/nature18609

Euler T., Detwiler P. B., Denk W (2002) Directionally selective calcium signals in dendrites of
starburst amacrine cells Nature 418:845-852

John A. Gaynes et al., 2023 eLife. https://doi.org/10.7554/eLife.90456.2 31 of 49


about:blank#x-1699937012
https://doi.org/10.7554/eLife.90456.2
https://doi.org/10.1016/j.celrep.2020.107608
https://doi.org/10.1016/j.celrep.2020.107608
https://doi.org/10.1016/j.celrep.2020.107608
https://doi.org/10.1016/j.celrep.2020.107608
https://doi.org/10.1016/j.celrep.2020.107608
https://doi.org/10.1016/j.celrep.2020.107608
https://doi.org/10.1016/j.celrep.2020.107608
https://doi.org/10.1016/j.celrep.2020.107608
https://doi.org/10.1016/j.celrep.2020.107608
https://doi.org/10.1016/j.celrep.2020.107608
https://doi.org/10.7554/eLife.54441
https://doi.org/10.7554/eLife.54441
https://doi.org/10.7554/eLife.54441
https://doi.org/10.7554/eLife.54441
https://doi.org/10.7554/eLife.54441
https://doi.org/10.7554/eLife.54441
https://doi.org/10.7554/eLife.54441
https://doi.org/10.7554/eLife.54441
https://doi.org/10.1038/nn.3241
https://doi.org/10.1038/nn.3241
https://doi.org/10.1038/nn.3241
https://doi.org/10.1038/nn.3241
https://doi.org/10.1038/nn.3241
https://doi.org/10.1038/nn.3241
https://doi.org/10.1038/nn.3241
https://doi.org/10.1038/nn.3241
https://doi.org/10.1016/j.cub.2012.11.006
https://doi.org/10.1016/j.cub.2012.11.006
https://doi.org/10.1016/j.cub.2012.11.006
https://doi.org/10.1016/j.cub.2012.11.006
https://doi.org/10.1016/j.cub.2012.11.006
https://doi.org/10.1016/j.cub.2012.11.006
https://doi.org/10.1016/j.cub.2012.11.006
https://doi.org/10.1016/j.cub.2012.11.006
https://doi.org/10.1016/j.cub.2012.11.006
https://doi.org/10.1016/j.cub.2012.11.006
https://doi.org/10.1016/j.cub.2012.11.006
https://doi.org/10.1006/jtbi.2000.2289
https://doi.org/10.1006/jtbi.2000.2289
https://doi.org/10.1006/jtbi.2000.2289
https://doi.org/10.1006/jtbi.2000.2289
https://doi.org/10.1006/jtbi.2000.2289
https://doi.org/10.1006/jtbi.2000.2289
https://doi.org/10.1006/jtbi.2000.2289
https://doi.org/10.1006/jtbi.2000.2289
https://doi.org/10.1006/jtbi.2000.2289
https://doi.org/10.1038/18678
https://doi.org/10.1038/18678
https://doi.org/10.1038/18678
https://doi.org/10.1038/18678
https://doi.org/10.1038/18678
https://doi.org/10.1038/18678
https://doi.org/10.1038/18678
https://doi.org/10.1523/JNEUROSCI.1241-13.2013
https://doi.org/10.1523/JNEUROSCI.1241-13.2013
https://doi.org/10.1523/JNEUROSCI.1241-13.2013
https://doi.org/10.1523/JNEUROSCI.1241-13.2013
https://doi.org/10.1523/JNEUROSCI.1241-13.2013
https://doi.org/10.1523/JNEUROSCI.1241-13.2013
https://doi.org/10.1523/JNEUROSCI.1241-13.2013
https://doi.org/10.1523/JNEUROSCI.1241-13.2013
https://doi.org/10.1523/JNEUROSCI.1241-13.2013
https://doi.org/10.1523/JNEUROSCI.1241-13.2013
https://doi.org/10.1038/nature09818
https://doi.org/10.1038/nature09818
https://doi.org/10.1038/nature09818
https://doi.org/10.1038/nature09818
https://doi.org/10.1038/nature09818
https://doi.org/10.1038/nature09818
https://doi.org/10.1038/nature09818
https://doi.org/10.1152/jn.00283.2014
https://doi.org/10.1152/jn.00283.2014
https://doi.org/10.1152/jn.00283.2014
https://doi.org/10.1152/jn.00283.2014
https://doi.org/10.1152/jn.00283.2014
https://doi.org/10.1152/jn.00283.2014
https://doi.org/10.1152/jn.00283.2014
https://doi.org/10.1152/jn.00283.2014
https://doi.org/10.1152/jn.00283.2014
https://doi.org/10.1073/pnas.1711622114
https://doi.org/10.1073/pnas.1711622114
https://doi.org/10.1073/pnas.1711622114
https://doi.org/10.1073/pnas.1711622114
https://doi.org/10.1073/pnas.1711622114
https://doi.org/10.1073/pnas.1711622114
https://doi.org/10.1073/pnas.1711622114
https://doi.org/10.1073/pnas.1711622114
https://doi.org/10.7554/eLife.21053
https://doi.org/10.7554/eLife.21053
https://doi.org/10.7554/eLife.21053
https://doi.org/10.7554/eLife.21053
https://doi.org/10.7554/eLife.21053
https://doi.org/10.7554/eLife.21053
https://doi.org/10.7554/eLife.21053
https://doi.org/10.7554/eLife.21053
https://doi.org/10.1038/nature18609
https://doi.org/10.1038/nature18609
https://doi.org/10.1038/nature18609
https://doi.org/10.1038/nature18609
https://doi.org/10.1038/nature18609
https://doi.org/10.1038/nature18609
https://doi.org/10.1038/nature18609

7 eLife

Euler T., Haverkamp S., Schubert T., Baden T (2014) Retinal bipolar cells: elementary
building blocks of vision Nat Rev Neurosci 15:507-519 https://doi.org/10.1038/nrn3783

Ezra-Tsur E., Amsalem O., Ankri L., Patil P., Segev L, Rivlin-Etzion M (2021) Realistic retinal
modeling unravels the differential role of excitation and inhibition to starburst amacrine
cells in direction selectivity PLoS Comput Biol 17 https://doi.org/10.1371/journal.pcbi.1009754

Franke K., Berens P., Schubert T., Bethge M., Euler T., Baden T (2017) Inhibition decorrelates
visual feature representations in the inner retina Nature 542:439-444 https://doi.org/10
.1038/nature21394

Fransen J. W., Borghuis B. G (2017) Temporally Diverse Excitation Generates Direction-
Selective Responses in ON- and OFF-Type Retinal Starburst Amacrine Cells Cell Rep
18:1356-1365 https://doi.org/10.1016/].celrep.2017.01.026

Fried S. I, Munch T. A., Werblin F. S (2002) Mechanisms and circuitry underlying directional
selectivity in the retina Nature 420:411-414

Gavrikov K. E., Dmitriev A. V., Keyser K. T., Mangel S. C (2003) Cation--chloride cotransporters
mediate neural computation in the retina Proc Nat/ Acad Sci U S A 100:16047-16052 https://
doi.org/10.1073/pnas.2637041100

Gaynes J. A., Budoff S. A., Grybko M. J., Hunt J. B., Poleg-Polsky A (2022) Classical Center-
Surround Receptive Fields Facilitate Novel Object Detection in Retinal Bipolar Cells Nat
Commun 13 https://doi.org/10.1038/s41467-022-32761-8

Greene M. J., Kim J. S., Seung H. S. (2016) Analogous Convergence of Sustained and
Transient Inputs in Parallel On and Off Pathways for Retinal Motion Computation Cell Rep
14:1892-1900 https://doi.org/10.1016/j.celrep.2016.02.001

Grimes W. N., Seal R. P., Oesch N., Edwards R. H., Diamond J. S (2011) Genetic targeting and
physiological features of VGLUT3+ amacrine cells Vis Neurosci 28:381-392 https://doi.org/10
.1017/50952523811000290

Hain P. ). H., Moser T (2023) Optical measurement of glutamate release robustly reports
short-term plasticity at a fast central synapse bioRxiv 2022:2011-2027 https://doi.org/10
.1101/2022.11.27.518035

Hanson L., Ravi-Chander P., Berson D., Awatramani G. B (2023) Hierarchical retinal
computations rely on hybrid chemical-electrical signaling Cell Rep 42 https://doi.org/10
.1016/j.celrep.2023.112030

Hausselt S. E., Euler T., Detwiler P. B., Denk W (2007) A dendrite-autonomous mechanism for
direction selectivity in retinal starburst amacrine cells PLoS Biol 5

Hellmer C. B., Hall L. M., Bohl ). M., Sharpe Z. J., Smith R. G., Ichinose T (2021) Cholinergic
feedback to bipolar cells contributes to motion detection in the mouse retina Cell Rep
37 https://doi.org/10.1016/].celrep.2021.110106

Johnston J., Ding H., Seibel S. H., Esposti F., Lagnado L (2014) Rapid mapping of visual
receptive fields by filtered back projection: application to multi-neuronal
electrophysiology and imaging J Physiol 592:4839-4854 https://doi.org/10.1113/jphysiol.2014
.276642

John A. Gaynes et al., 2023 eLife. https://doi.org/10.7554/eLife.90456.2 32 of 49


about:blank#x-1699937012
https://doi.org/10.7554/eLife.90456.2
https://doi.org/10.1038/nrn3783
https://doi.org/10.1038/nrn3783
https://doi.org/10.1038/nrn3783
https://doi.org/10.1038/nrn3783
https://doi.org/10.1038/nrn3783
https://doi.org/10.1038/nrn3783
https://doi.org/10.1038/nrn3783
https://doi.org/10.1371/journal.pcbi.1009754
https://doi.org/10.1371/journal.pcbi.1009754
https://doi.org/10.1371/journal.pcbi.1009754
https://doi.org/10.1371/journal.pcbi.1009754
https://doi.org/10.1371/journal.pcbi.1009754
https://doi.org/10.1371/journal.pcbi.1009754
https://doi.org/10.1371/journal.pcbi.1009754
https://doi.org/10.1371/journal.pcbi.1009754
https://doi.org/10.1371/journal.pcbi.1009754
https://doi.org/10.1038/nature21394
https://doi.org/10.1038/nature21394
https://doi.org/10.1038/nature21394
https://doi.org/10.1038/nature21394
https://doi.org/10.1038/nature21394
https://doi.org/10.1038/nature21394
https://doi.org/10.1038/nature21394
https://doi.org/10.1016/j.celrep.2017.01.026
https://doi.org/10.1016/j.celrep.2017.01.026
https://doi.org/10.1016/j.celrep.2017.01.026
https://doi.org/10.1016/j.celrep.2017.01.026
https://doi.org/10.1016/j.celrep.2017.01.026
https://doi.org/10.1016/j.celrep.2017.01.026
https://doi.org/10.1016/j.celrep.2017.01.026
https://doi.org/10.1016/j.celrep.2017.01.026
https://doi.org/10.1016/j.celrep.2017.01.026
https://doi.org/10.1016/j.celrep.2017.01.026
https://doi.org/10.1016/j.celrep.2017.01.026
https://doi.org/10.1073/pnas.2637041100
https://doi.org/10.1073/pnas.2637041100
https://doi.org/10.1073/pnas.2637041100
https://doi.org/10.1073/pnas.2637041100
https://doi.org/10.1073/pnas.2637041100
https://doi.org/10.1073/pnas.2637041100
https://doi.org/10.1073/pnas.2637041100
https://doi.org/10.1073/pnas.2637041100
https://doi.org/10.1038/s41467-022-32761-8
https://doi.org/10.1038/s41467-022-32761-8
https://doi.org/10.1038/s41467-022-32761-8
https://doi.org/10.1038/s41467-022-32761-8
https://doi.org/10.1038/s41467-022-32761-8
https://doi.org/10.1038/s41467-022-32761-8
https://doi.org/10.1038/s41467-022-32761-8
https://doi.org/10.1038/s41467-022-32761-8
https://doi.org/10.1038/s41467-022-32761-8
https://doi.org/10.1038/s41467-022-32761-8
https://doi.org/10.1016/j.celrep.2016.02.001
https://doi.org/10.1016/j.celrep.2016.02.001
https://doi.org/10.1016/j.celrep.2016.02.001
https://doi.org/10.1016/j.celrep.2016.02.001
https://doi.org/10.1016/j.celrep.2016.02.001
https://doi.org/10.1016/j.celrep.2016.02.001
https://doi.org/10.1016/j.celrep.2016.02.001
https://doi.org/10.1016/j.celrep.2016.02.001
https://doi.org/10.1016/j.celrep.2016.02.001
https://doi.org/10.1016/j.celrep.2016.02.001
https://doi.org/10.1016/j.celrep.2016.02.001
https://doi.org/10.1017/S0952523811000290
https://doi.org/10.1017/S0952523811000290
https://doi.org/10.1017/S0952523811000290
https://doi.org/10.1017/S0952523811000290
https://doi.org/10.1017/S0952523811000290
https://doi.org/10.1017/S0952523811000290
https://doi.org/10.1017/S0952523811000290
https://doi.org/10.1101/2022.11.27.518035
https://doi.org/10.1101/2022.11.27.518035
https://doi.org/10.1101/2022.11.27.518035
https://doi.org/10.1101/2022.11.27.518035
https://doi.org/10.1101/2022.11.27.518035
https://doi.org/10.1101/2022.11.27.518035
https://doi.org/10.1101/2022.11.27.518035
https://doi.org/10.1101/2022.11.27.518035
https://doi.org/10.1101/2022.11.27.518035
https://doi.org/10.1101/2022.11.27.518035
https://doi.org/10.1016/j.celrep.2023.112030
https://doi.org/10.1016/j.celrep.2023.112030
https://doi.org/10.1016/j.celrep.2023.112030
https://doi.org/10.1016/j.celrep.2023.112030
https://doi.org/10.1016/j.celrep.2023.112030
https://doi.org/10.1016/j.celrep.2023.112030
https://doi.org/10.1016/j.celrep.2023.112030
https://doi.org/10.1016/j.celrep.2023.112030
https://doi.org/10.1016/j.celrep.2023.112030
https://doi.org/10.1016/j.celrep.2023.112030
https://doi.org/10.1016/j.celrep.2021.110106
https://doi.org/10.1016/j.celrep.2021.110106
https://doi.org/10.1016/j.celrep.2021.110106
https://doi.org/10.1016/j.celrep.2021.110106
https://doi.org/10.1016/j.celrep.2021.110106
https://doi.org/10.1016/j.celrep.2021.110106
https://doi.org/10.1016/j.celrep.2021.110106
https://doi.org/10.1016/j.celrep.2021.110106
https://doi.org/10.1016/j.celrep.2021.110106
https://doi.org/10.1016/j.celrep.2021.110106
https://doi.org/10.1113/jphysiol.2014.276642
https://doi.org/10.1113/jphysiol.2014.276642
https://doi.org/10.1113/jphysiol.2014.276642
https://doi.org/10.1113/jphysiol.2014.276642
https://doi.org/10.1113/jphysiol.2014.276642
https://doi.org/10.1113/jphysiol.2014.276642
https://doi.org/10.1113/jphysiol.2014.276642
https://doi.org/10.1113/jphysiol.2014.276642
https://doi.org/10.1113/jphysiol.2014.276642

7 eLife

Kim J. S. et al. (2014) Space- time wiring specificity supports direction selectivity in the
retina Nature 509:331-336 https://doi.org/10.1038/nature13240

Kim T., Soto F., Kerschensteiner D (2015) An excitatory amacrine cell detects object motion
and provides feature-selective input to ganglion cells in the mouse retina Elife 4 https://
doi.org/10.7554/eLife.08025

Koren D., Grove ). C. R., Wei W (2017) Cross-compartmental Modulation of Dendritic Signals
for Retinal Direction Selectivity Neuron 95:914-927 https://doi.org/10.1016/j.neuron.2017.07
.020

Kostadinov D., Sanes J. R (2015) Protocadherin-dependent dendritic self-avoidance
regulates neural connectivity and circuit function £life 4 https://doi.org/10.7554/eLife
.08964

Kuo S. P., Schwartz G. W., Rieke F (2016) Nonlinear Spatiotemporal Integration by Electrical
and Chemical Synapses in the Retina Neuron 90:320-332 https://doi.org/10.1016/j.neuron
.2016.03.012

LeeS., Chen L., Chen M., Ye M., Seal R. P., Zhou Z. ] (2014) An Unconventional Glutamatergic
Circuit in the Retina Formed by vGIuT3 Amacrine Cells Neuron 84:708-715 https://doi.org
/10.1016/j.neuron.2014.10.021

Lee S., Kim K., Zhou Z.] (2010) Role of ACh-GABA Cotransmission in Detecting Image
Motion and Motion Direction Neuron 68:1159-1172 https://doi.org/10.1016/j.neuron.2010.11
.031

Mani A, Yang X., Zhao T. A, Leyrer M. L., Schreck D., Berson D. M (2023) A circuit suppressing
retinal drive to the optokinetic system during fast image motion Nat Commun 14 https://
doi.org/10.1038/s41467-023-40527-z

Marvin J. S. et al. (2013) An optimized fluorescent probe for visualizing glutamate
neurotransmission Nature methods 10:162-170 https://doi.org/10.1038/nmeth.2333

Masland R. H (2005) The many roles of starburst amacrine cells Trends Neurosci 28:395-396

Matsumoto A., Agbariah W., Nolte S. S., Andrawos R., Levi H., Sabbah S., Yonehara K (2021)
Direction selectivity in retinal bipolar cell axon terminals Neuron https://doi.org/10.1016/j
.neuron.2021.07.008

Matsumoto A., Briggman K. L., Yonehara K (2019) Spatiotemporally Asymmetric Excitation
Supports Mammalian Retinal Motion Sensitivity Curr Biol https://doi.org/10.1016/j.cub
.2019.08.048

Mauss A. S., Vlasits A., Borst A., Feller M (2017) Visual Circuits for Direction Selectivity Annu
Rev Neurosci https://doi.org/10.1146/annurev-neuro-072116-031335

Morrie R. D., Feller M. B (2015) An Asymmetric Increase in Inhibitory Synapse Number
Underlies the Development of a Direction Selective Circuit in the Retina J Neurosci
35:9281-9286 https://doi.org/10.1523/JNEUROSCI.0670-15.2015

Morrie R. D., Feller M. B (2018) A Dense Starburst Plexus Is Critical for Generating Direction
Selectivity Curr Biol 28:1204-1212 https://doi.org/10.1016/j.cub.2018.03.001

John A. Gaynes et al., 2023 eLife. https://doi.org/10.7554/eLife.90456.2 33 of 49


about:blank#x-1699937012
https://doi.org/10.7554/eLife.90456.2
https://doi.org/10.1038/nature13240
https://doi.org/10.1038/nature13240
https://doi.org/10.1038/nature13240
https://doi.org/10.1038/nature13240
https://doi.org/10.1038/nature13240
https://doi.org/10.1038/nature13240
https://doi.org/10.1038/nature13240
https://doi.org/10.7554/eLife.08025
https://doi.org/10.7554/eLife.08025
https://doi.org/10.7554/eLife.08025
https://doi.org/10.7554/eLife.08025
https://doi.org/10.7554/eLife.08025
https://doi.org/10.7554/eLife.08025
https://doi.org/10.7554/eLife.08025
https://doi.org/10.7554/eLife.08025
https://doi.org/10.1016/j.neuron.2017.07.020
https://doi.org/10.1016/j.neuron.2017.07.020
https://doi.org/10.1016/j.neuron.2017.07.020
https://doi.org/10.1016/j.neuron.2017.07.020
https://doi.org/10.1016/j.neuron.2017.07.020
https://doi.org/10.1016/j.neuron.2017.07.020
https://doi.org/10.1016/j.neuron.2017.07.020
https://doi.org/10.1016/j.neuron.2017.07.020
https://doi.org/10.1016/j.neuron.2017.07.020
https://doi.org/10.1016/j.neuron.2017.07.020
https://doi.org/10.1016/j.neuron.2017.07.020
https://doi.org/10.7554/eLife.08964
https://doi.org/10.7554/eLife.08964
https://doi.org/10.7554/eLife.08964
https://doi.org/10.7554/eLife.08964
https://doi.org/10.7554/eLife.08964
https://doi.org/10.7554/eLife.08964
https://doi.org/10.7554/eLife.08964
https://doi.org/10.7554/eLife.08964
https://doi.org/10.1016/j.neuron.2016.03.012
https://doi.org/10.1016/j.neuron.2016.03.012
https://doi.org/10.1016/j.neuron.2016.03.012
https://doi.org/10.1016/j.neuron.2016.03.012
https://doi.org/10.1016/j.neuron.2016.03.012
https://doi.org/10.1016/j.neuron.2016.03.012
https://doi.org/10.1016/j.neuron.2016.03.012
https://doi.org/10.1016/j.neuron.2016.03.012
https://doi.org/10.1016/j.neuron.2016.03.012
https://doi.org/10.1016/j.neuron.2016.03.012
https://doi.org/10.1016/j.neuron.2016.03.012
https://doi.org/10.1016/j.neuron.2014.10.021
https://doi.org/10.1016/j.neuron.2014.10.021
https://doi.org/10.1016/j.neuron.2014.10.021
https://doi.org/10.1016/j.neuron.2014.10.021
https://doi.org/10.1016/j.neuron.2014.10.021
https://doi.org/10.1016/j.neuron.2014.10.021
https://doi.org/10.1016/j.neuron.2014.10.021
https://doi.org/10.1016/j.neuron.2014.10.021
https://doi.org/10.1016/j.neuron.2014.10.021
https://doi.org/10.1016/j.neuron.2014.10.021
https://doi.org/10.1016/j.neuron.2014.10.021
https://doi.org/10.1016/j.neuron.2010.11.031
https://doi.org/10.1016/j.neuron.2010.11.031
https://doi.org/10.1016/j.neuron.2010.11.031
https://doi.org/10.1016/j.neuron.2010.11.031
https://doi.org/10.1016/j.neuron.2010.11.031
https://doi.org/10.1016/j.neuron.2010.11.031
https://doi.org/10.1016/j.neuron.2010.11.031
https://doi.org/10.1016/j.neuron.2010.11.031
https://doi.org/10.1016/j.neuron.2010.11.031
https://doi.org/10.1016/j.neuron.2010.11.031
https://doi.org/10.1016/j.neuron.2010.11.031
https://doi.org/10.1038/s41467-023-40527-z
https://doi.org/10.1038/s41467-023-40527-z
https://doi.org/10.1038/s41467-023-40527-z
https://doi.org/10.1038/s41467-023-40527-z
https://doi.org/10.1038/s41467-023-40527-z
https://doi.org/10.1038/s41467-023-40527-z
https://doi.org/10.1038/s41467-023-40527-z
https://doi.org/10.1038/s41467-023-40527-z
https://doi.org/10.1038/s41467-023-40527-z
https://doi.org/10.1038/s41467-023-40527-z
https://doi.org/10.1038/nmeth.2333
https://doi.org/10.1038/nmeth.2333
https://doi.org/10.1038/nmeth.2333
https://doi.org/10.1038/nmeth.2333
https://doi.org/10.1038/nmeth.2333
https://doi.org/10.1038/nmeth.2333
https://doi.org/10.1038/nmeth.2333
https://doi.org/10.1038/nmeth.2333
https://doi.org/10.1016/j.neuron.2021.07.008
https://doi.org/10.1016/j.neuron.2021.07.008
https://doi.org/10.1016/j.neuron.2021.07.008
https://doi.org/10.1016/j.neuron.2021.07.008
https://doi.org/10.1016/j.neuron.2021.07.008
https://doi.org/10.1016/j.neuron.2021.07.008
https://doi.org/10.1016/j.neuron.2021.07.008
https://doi.org/10.1016/j.neuron.2021.07.008
https://doi.org/10.1016/j.neuron.2021.07.008
https://doi.org/10.1016/j.neuron.2021.07.008
https://doi.org/10.1016/j.neuron.2021.07.008
https://doi.org/10.1016/j.cub.2019.08.048
https://doi.org/10.1016/j.cub.2019.08.048
https://doi.org/10.1016/j.cub.2019.08.048
https://doi.org/10.1016/j.cub.2019.08.048
https://doi.org/10.1016/j.cub.2019.08.048
https://doi.org/10.1016/j.cub.2019.08.048
https://doi.org/10.1016/j.cub.2019.08.048
https://doi.org/10.1016/j.cub.2019.08.048
https://doi.org/10.1016/j.cub.2019.08.048
https://doi.org/10.1016/j.cub.2019.08.048
https://doi.org/10.1016/j.cub.2019.08.048
https://doi.org/10.1146/annurev-neuro-072116-031335
https://doi.org/10.1146/annurev-neuro-072116-031335
https://doi.org/10.1146/annurev-neuro-072116-031335
https://doi.org/10.1146/annurev-neuro-072116-031335
https://doi.org/10.1146/annurev-neuro-072116-031335
https://doi.org/10.1146/annurev-neuro-072116-031335
https://doi.org/10.1146/annurev-neuro-072116-031335
https://doi.org/10.1146/annurev-neuro-072116-031335
https://doi.org/10.1146/annurev-neuro-072116-031335
https://doi.org/10.1146/annurev-neuro-072116-031335
https://doi.org/10.1523/JNEUROSCI.0670-15.2015
https://doi.org/10.1523/JNEUROSCI.0670-15.2015
https://doi.org/10.1523/JNEUROSCI.0670-15.2015
https://doi.org/10.1523/JNEUROSCI.0670-15.2015
https://doi.org/10.1523/JNEUROSCI.0670-15.2015
https://doi.org/10.1523/JNEUROSCI.0670-15.2015
https://doi.org/10.1523/JNEUROSCI.0670-15.2015
https://doi.org/10.1523/JNEUROSCI.0670-15.2015
https://doi.org/10.1523/JNEUROSCI.0670-15.2015
https://doi.org/10.1523/JNEUROSCI.0670-15.2015
https://doi.org/10.1016/j.cub.2018.03.001
https://doi.org/10.1016/j.cub.2018.03.001
https://doi.org/10.1016/j.cub.2018.03.001
https://doi.org/10.1016/j.cub.2018.03.001
https://doi.org/10.1016/j.cub.2018.03.001
https://doi.org/10.1016/j.cub.2018.03.001
https://doi.org/10.1016/j.cub.2018.03.001
https://doi.org/10.1016/j.cub.2018.03.001
https://doi.org/10.1016/j.cub.2018.03.001
https://doi.org/10.1016/j.cub.2018.03.001
https://doi.org/10.1016/j.cub.2018.03.001

7 eLife

Munch T. A., Werblin F. S (2006) Symmetric interactions within a homogeneous starburst
cell network can lead to robust asymmetries in dendrites of starburst amacrine cells J
Neurophysiol 96:471-477

Oesch N. W., Taylor W. R (2010) Tetrodotoxin-resistant sodium channels contribute to
directional responses in starburst amacrine cells PLoS One 5 https://doi.org/10.1371
/journal.pone.0012447

Ozaita A., Petit-Jacques J., Volgyi B., Ho C. S., Joho R. H., Bloomfield S. A., Rudy B (2004) A
unique role for Kv3 voltage-gated potassium channels in starburst amacrine cell
signaling in mouse retina J Neurosci 24:7335-7343 https://doi.org/10.1523/JNEUROSCI.1275
-04.2004

Pei Z., Chen Q., Koren D., Giammarinaro B., Acaron Ledesma H., Wei W (2015) Conditional
Knock- Out of Vesicular GABA Transporter Gene from Starburst Amacrine Cells Reveals
the Contributions of Multiple Synaptic Mechanisms Underlying Direction Selectivity in
the Retina J Neurosci 35:13219-13232 https://doi.org/10.1523/J]NEUROSCIL.0933-15.2015

Poleg-Polsky A., Diamond J. S (2011) Imperfect space clamp permits electrotonic
interactions between inhibitory and excitatory synaptic conductances, distorting voltage
clamp recordings PLoS One 6 https://doi.org/10.1371/journal.pone.0019463

Poleg-Polsky A., Diamond J. S (2016) Retinal Circuitry Balances Contrast Tuning of
Excitation and Inhibition to Enable Reliable Computation of Direction Selectivity / Neurosci
36:5861-5876 https://doi.org/10.1523/JNEUROSCIL.4013-15.2016

Poleg-Polsky A., Ding H., Diamond J. S (2018) Functional Compartmentalization within
Starburst Amacrine Cell Dendrites in the Retina Cell Rep 22:2898-2908 https://doi.org/10
.1016/j.celrep.2018.02.064

Pottackal J., Singer ). H., Demb J. B (2021) Computational and Molecular Properties of
Starburst Amacrine Cell Synapses Differ With Postsynaptic Cell Type Front Cell Neurosci
15 https://doi.org/10.3389/fncel.2021.660773

Rasmussen R., Matsumoto A., Dahlstrup Sietam M., Yonehara K (2020) A segregated cortical
stream for retinal direction selectivity Nat Commun 11 https://doi.org/10.1038/s41467-020
-14643-z

Schwartz G. W., Okawa H., Dunn F. A., Morgan J. L., Kerschensteiner D., Wong R. O., Rieke F
(2012) The spatial structure of a nonlinear receptive field Nat Neurosci 15:1572-1580 https:
//doi.org/10.1038/nn.3225

Sethuramanujam S., Matsumoto A., deRosenroll G., Murphy-Baum B., McIntosh J. M., Jing M., Li
Y., Berson D., Yonehara K., Awatramani G. B. (2021) Rapid multi-directed cholinergic
transmission in the central nervous system Nat Commun 12 https://doi.org/10.1038/s41467
-021-21680-9

Soto F., Tien N. W., Goel A., Zhao L., Ruzycki P. A., Kerschensteiner D (2019) AMIGO2 Scales
Dendrite Arbors in the Retina Cell Rep 29:1568-1578 https://doi.org/10.1016/j.celrep.2019.09
.085

John A. Gaynes et al., 2023 eLife. https://doi.org/10.7554/eLife.90456.2 34 of 49


about:blank#x-1699937012
https://doi.org/10.7554/eLife.90456.2
https://doi.org/10.1371/journal.pone.0012447
https://doi.org/10.1371/journal.pone.0012447
https://doi.org/10.1371/journal.pone.0012447
https://doi.org/10.1371/journal.pone.0012447
https://doi.org/10.1371/journal.pone.0012447
https://doi.org/10.1371/journal.pone.0012447
https://doi.org/10.1371/journal.pone.0012447
https://doi.org/10.1371/journal.pone.0012447
https://doi.org/10.1371/journal.pone.0012447
https://doi.org/10.1523/JNEUROSCI.1275-04.2004
https://doi.org/10.1523/JNEUROSCI.1275-04.2004
https://doi.org/10.1523/JNEUROSCI.1275-04.2004
https://doi.org/10.1523/JNEUROSCI.1275-04.2004
https://doi.org/10.1523/JNEUROSCI.1275-04.2004
https://doi.org/10.1523/JNEUROSCI.1275-04.2004
https://doi.org/10.1523/JNEUROSCI.1275-04.2004
https://doi.org/10.1523/JNEUROSCI.1275-04.2004
https://doi.org/10.1523/JNEUROSCI.1275-04.2004
https://doi.org/10.1523/JNEUROSCI.1275-04.2004
https://doi.org/10.1523/JNEUROSCI.0933-15.2015
https://doi.org/10.1523/JNEUROSCI.0933-15.2015
https://doi.org/10.1523/JNEUROSCI.0933-15.2015
https://doi.org/10.1523/JNEUROSCI.0933-15.2015
https://doi.org/10.1523/JNEUROSCI.0933-15.2015
https://doi.org/10.1523/JNEUROSCI.0933-15.2015
https://doi.org/10.1523/JNEUROSCI.0933-15.2015
https://doi.org/10.1523/JNEUROSCI.0933-15.2015
https://doi.org/10.1523/JNEUROSCI.0933-15.2015
https://doi.org/10.1523/JNEUROSCI.0933-15.2015
https://doi.org/10.1371/journal.pone.0019463
https://doi.org/10.1371/journal.pone.0019463
https://doi.org/10.1371/journal.pone.0019463
https://doi.org/10.1371/journal.pone.0019463
https://doi.org/10.1371/journal.pone.0019463
https://doi.org/10.1371/journal.pone.0019463
https://doi.org/10.1371/journal.pone.0019463
https://doi.org/10.1371/journal.pone.0019463
https://doi.org/10.1371/journal.pone.0019463
https://doi.org/10.1523/JNEUROSCI.4013-15.2016
https://doi.org/10.1523/JNEUROSCI.4013-15.2016
https://doi.org/10.1523/JNEUROSCI.4013-15.2016
https://doi.org/10.1523/JNEUROSCI.4013-15.2016
https://doi.org/10.1523/JNEUROSCI.4013-15.2016
https://doi.org/10.1523/JNEUROSCI.4013-15.2016
https://doi.org/10.1523/JNEUROSCI.4013-15.2016
https://doi.org/10.1523/JNEUROSCI.4013-15.2016
https://doi.org/10.1523/JNEUROSCI.4013-15.2016
https://doi.org/10.1523/JNEUROSCI.4013-15.2016
https://doi.org/10.1016/j.celrep.2018.02.064
https://doi.org/10.1016/j.celrep.2018.02.064
https://doi.org/10.1016/j.celrep.2018.02.064
https://doi.org/10.1016/j.celrep.2018.02.064
https://doi.org/10.1016/j.celrep.2018.02.064
https://doi.org/10.1016/j.celrep.2018.02.064
https://doi.org/10.1016/j.celrep.2018.02.064
https://doi.org/10.1016/j.celrep.2018.02.064
https://doi.org/10.1016/j.celrep.2018.02.064
https://doi.org/10.1016/j.celrep.2018.02.064
https://doi.org/10.1016/j.celrep.2018.02.064
https://doi.org/10.3389/fncel.2021.660773
https://doi.org/10.3389/fncel.2021.660773
https://doi.org/10.3389/fncel.2021.660773
https://doi.org/10.3389/fncel.2021.660773
https://doi.org/10.3389/fncel.2021.660773
https://doi.org/10.3389/fncel.2021.660773
https://doi.org/10.3389/fncel.2021.660773
https://doi.org/10.3389/fncel.2021.660773
https://doi.org/10.3389/fncel.2021.660773
https://doi.org/10.1038/s41467-020-14643-z
https://doi.org/10.1038/s41467-020-14643-z
https://doi.org/10.1038/s41467-020-14643-z
https://doi.org/10.1038/s41467-020-14643-z
https://doi.org/10.1038/s41467-020-14643-z
https://doi.org/10.1038/s41467-020-14643-z
https://doi.org/10.1038/s41467-020-14643-z
https://doi.org/10.1038/s41467-020-14643-z
https://doi.org/10.1038/s41467-020-14643-z
https://doi.org/10.1038/s41467-020-14643-z
https://doi.org/10.1038/nn.3225
https://doi.org/10.1038/nn.3225
https://doi.org/10.1038/nn.3225
https://doi.org/10.1038/nn.3225
https://doi.org/10.1038/nn.3225
https://doi.org/10.1038/nn.3225
https://doi.org/10.1038/nn.3225
https://doi.org/10.1038/nn.3225
https://doi.org/10.1038/s41467-021-21680-9
https://doi.org/10.1038/s41467-021-21680-9
https://doi.org/10.1038/s41467-021-21680-9
https://doi.org/10.1038/s41467-021-21680-9
https://doi.org/10.1038/s41467-021-21680-9
https://doi.org/10.1038/s41467-021-21680-9
https://doi.org/10.1038/s41467-021-21680-9
https://doi.org/10.1038/s41467-021-21680-9
https://doi.org/10.1038/s41467-021-21680-9
https://doi.org/10.1038/s41467-021-21680-9
https://doi.org/10.1016/j.celrep.2019.09.085
https://doi.org/10.1016/j.celrep.2019.09.085
https://doi.org/10.1016/j.celrep.2019.09.085
https://doi.org/10.1016/j.celrep.2019.09.085
https://doi.org/10.1016/j.celrep.2019.09.085
https://doi.org/10.1016/j.celrep.2019.09.085
https://doi.org/10.1016/j.celrep.2019.09.085
https://doi.org/10.1016/j.celrep.2019.09.085
https://doi.org/10.1016/j.celrep.2019.09.085
https://doi.org/10.1016/j.celrep.2019.09.085
https://doi.org/10.1016/j.celrep.2019.09.085

7 eLife

Srivastava P., de Rosenroll G., Matsumoto A., Michaels T., Turple Z., Jain V., Sethuramanujam S.,
Murphy-Baum B. L., Yonehara K., Awatramani G. B. (2022) Spatiotemporal properties of
glutamate input support direction selectivity in the dendrites of retinal starburst
amacrine cells Elife 11 https://doi.org/10.7554/eLife.81533

Stincic T., Smith R. G., Taylor W. R (2016) Time course of EPSCs in ON-type starburst
amacrine cells is independent of dendritic location J Physiol 594:5685-5694 https://doi.org
/10.1113/)P272384

Strauss S., Korympidou M. M., Ran Y., Franke K., Schubert T., Baden T., Berens P., Euler T,
Vlasits A. L (2022) Center-surround interactions underlie bipolar cell motion sensing in the
mouse retina Nat Commun 13 https://doi.org/10.1038/s41467-022-32762-7

Trenholm S., Schwab D. J., Balasubramanian V., Awatramani G. B (2013) Lag normalization in
an electrically coupled neural network [Research Support, Non-U.S. Gov’t Research
Support, U.S. Gov't Non-P.H.S.]. Nat Neurosci 16:154-156 https://doi.org/10.1038/nn.3308

Tukker J. )., Taylor W. R., Smith R. G (2004) Direction selectivity in a model of the starburst
amacrine cell Vis Neurosci 21:611-625

Turner M. H., Schwartz G. W., Rieke F (2018) Receptive field center-surround interactions
mediate context-dependent spatial contrast encoding in the retina Elife 7 https://doi.org
/10.7554/eLife.38841

Vlasits A. L., Bos R., Morrie R. D., Fortuny C., Flannery J. G., Feller M. B., Rivlin-Etzion M (2014)
Visual stimulation switches the polarity of excitatory input to starburst amacrine cells
Neuron 83:1172-1184 https://doi.org/10.1016/j.neuron.2014.07.037

Vlasits A. L., Morrie R. D., Tran-Van-Minh A., Bleckert A., Gainer C. F., DiGregorio D. A., Feller M.
B (2016) A Role for Synaptic Input Distribution in a Dendritic Computation of Motion
Direction in the Retina Neuron 89:1317-1330 https://doi.org/10.1016/j.neuron.2016.02.020

Warren Liao T (2005) Clustering of time series data—a survey Pattern Recognition 38:1857-
1874 https://doi.org/10.1016/j.patcog.2005.01.025

Wei W (2018) Neural Mechanisms of Motion Processing in the Mammalian Retina Annu Rev
Vis Sci 4:165-192 https://doi.org/10.1146/annurev-vision-091517-034048

Wei W., Hamby A. M., Zhou K., Feller M. B (2011) Development of asymmetric inhibition
underlying direction selectivity in the retina Nature 469:402-406 https://doi.org/10.1038
/nature09600

Wienbar S., Schwartz G. W (2018) The dynamic receptive fields of retinal ganglion cells Prog
Retin Eye Res 67:102-117 https://doi.org/10.1016/j.preteyeres.2018.06.003

Wu )., Kim .., Dacey D. M., Troy J. B., Smith R. G (2023) Two mechanisms for direction
selectivity in a model of the primate starburst amacrine cell Vis Neurosci 40 https://doi.org
/10.1017/50952523823000019

Yan W., Laboulaye M. A., Tran N. M., Whitney L. E., Benhar L, Sanes J. R (2020) Mouse Retinal
Cell Atlas: Molecular Identification of over Sixty Amacrine Cell Types J Neurosci 40:5177-
5195 https://doi.org/10.1523/JNEUROSCI.0471-20.2020

John A. Gaynes et al., 2023 eLife. https://doi.org/10.7554/eLife.90456.2 35 of 49


about:blank#x-1699937012
https://doi.org/10.7554/eLife.90456.2
https://doi.org/10.7554/eLife.81533
https://doi.org/10.7554/eLife.81533
https://doi.org/10.7554/eLife.81533
https://doi.org/10.7554/eLife.81533
https://doi.org/10.7554/eLife.81533
https://doi.org/10.7554/eLife.81533
https://doi.org/10.7554/eLife.81533
https://doi.org/10.7554/eLife.81533
https://doi.org/10.1113/JP272384
https://doi.org/10.1113/JP272384
https://doi.org/10.1113/JP272384
https://doi.org/10.1113/JP272384
https://doi.org/10.1113/JP272384
https://doi.org/10.1113/JP272384
https://doi.org/10.1113/JP272384
https://doi.org/10.1038/s41467-022-32762-7
https://doi.org/10.1038/s41467-022-32762-7
https://doi.org/10.1038/s41467-022-32762-7
https://doi.org/10.1038/s41467-022-32762-7
https://doi.org/10.1038/s41467-022-32762-7
https://doi.org/10.1038/s41467-022-32762-7
https://doi.org/10.1038/s41467-022-32762-7
https://doi.org/10.1038/s41467-022-32762-7
https://doi.org/10.1038/s41467-022-32762-7
https://doi.org/10.1038/s41467-022-32762-7
https://doi.org/10.1038/nn.3308
https://doi.org/10.1038/nn.3308
https://doi.org/10.1038/nn.3308
https://doi.org/10.1038/nn.3308
https://doi.org/10.1038/nn.3308
https://doi.org/10.1038/nn.3308
https://doi.org/10.1038/nn.3308
https://doi.org/10.1038/nn.3308
https://doi.org/10.7554/eLife.38841
https://doi.org/10.7554/eLife.38841
https://doi.org/10.7554/eLife.38841
https://doi.org/10.7554/eLife.38841
https://doi.org/10.7554/eLife.38841
https://doi.org/10.7554/eLife.38841
https://doi.org/10.7554/eLife.38841
https://doi.org/10.7554/eLife.38841
https://doi.org/10.1016/j.neuron.2014.07.037
https://doi.org/10.1016/j.neuron.2014.07.037
https://doi.org/10.1016/j.neuron.2014.07.037
https://doi.org/10.1016/j.neuron.2014.07.037
https://doi.org/10.1016/j.neuron.2014.07.037
https://doi.org/10.1016/j.neuron.2014.07.037
https://doi.org/10.1016/j.neuron.2014.07.037
https://doi.org/10.1016/j.neuron.2014.07.037
https://doi.org/10.1016/j.neuron.2014.07.037
https://doi.org/10.1016/j.neuron.2014.07.037
https://doi.org/10.1016/j.neuron.2014.07.037
https://doi.org/10.1016/j.neuron.2016.02.020
https://doi.org/10.1016/j.neuron.2016.02.020
https://doi.org/10.1016/j.neuron.2016.02.020
https://doi.org/10.1016/j.neuron.2016.02.020
https://doi.org/10.1016/j.neuron.2016.02.020
https://doi.org/10.1016/j.neuron.2016.02.020
https://doi.org/10.1016/j.neuron.2016.02.020
https://doi.org/10.1016/j.neuron.2016.02.020
https://doi.org/10.1016/j.neuron.2016.02.020
https://doi.org/10.1016/j.neuron.2016.02.020
https://doi.org/10.1016/j.neuron.2016.02.020
https://doi.org/10.1016/j.patcog.2005.01.025
https://doi.org/10.1016/j.patcog.2005.01.025
https://doi.org/10.1016/j.patcog.2005.01.025
https://doi.org/10.1016/j.patcog.2005.01.025
https://doi.org/10.1016/j.patcog.2005.01.025
https://doi.org/10.1016/j.patcog.2005.01.025
https://doi.org/10.1016/j.patcog.2005.01.025
https://doi.org/10.1016/j.patcog.2005.01.025
https://doi.org/10.1016/j.patcog.2005.01.025
https://doi.org/10.1016/j.patcog.2005.01.025
https://doi.org/10.1016/j.patcog.2005.01.025
https://doi.org/10.1146/annurev-vision-091517-034048
https://doi.org/10.1146/annurev-vision-091517-034048
https://doi.org/10.1146/annurev-vision-091517-034048
https://doi.org/10.1146/annurev-vision-091517-034048
https://doi.org/10.1146/annurev-vision-091517-034048
https://doi.org/10.1146/annurev-vision-091517-034048
https://doi.org/10.1146/annurev-vision-091517-034048
https://doi.org/10.1146/annurev-vision-091517-034048
https://doi.org/10.1146/annurev-vision-091517-034048
https://doi.org/10.1146/annurev-vision-091517-034048
https://doi.org/10.1038/nature09600
https://doi.org/10.1038/nature09600
https://doi.org/10.1038/nature09600
https://doi.org/10.1038/nature09600
https://doi.org/10.1038/nature09600
https://doi.org/10.1038/nature09600
https://doi.org/10.1038/nature09600
https://doi.org/10.1016/j.preteyeres.2018.06.003
https://doi.org/10.1016/j.preteyeres.2018.06.003
https://doi.org/10.1016/j.preteyeres.2018.06.003
https://doi.org/10.1016/j.preteyeres.2018.06.003
https://doi.org/10.1016/j.preteyeres.2018.06.003
https://doi.org/10.1016/j.preteyeres.2018.06.003
https://doi.org/10.1016/j.preteyeres.2018.06.003
https://doi.org/10.1016/j.preteyeres.2018.06.003
https://doi.org/10.1016/j.preteyeres.2018.06.003
https://doi.org/10.1016/j.preteyeres.2018.06.003
https://doi.org/10.1016/j.preteyeres.2018.06.003
https://doi.org/10.1017/S0952523823000019
https://doi.org/10.1017/S0952523823000019
https://doi.org/10.1017/S0952523823000019
https://doi.org/10.1017/S0952523823000019
https://doi.org/10.1017/S0952523823000019
https://doi.org/10.1017/S0952523823000019
https://doi.org/10.1017/S0952523823000019
https://doi.org/10.1523/JNEUROSCI.0471-20.2020
https://doi.org/10.1523/JNEUROSCI.0471-20.2020
https://doi.org/10.1523/JNEUROSCI.0471-20.2020
https://doi.org/10.1523/JNEUROSCI.0471-20.2020
https://doi.org/10.1523/JNEUROSCI.0471-20.2020
https://doi.org/10.1523/JNEUROSCI.0471-20.2020
https://doi.org/10.1523/JNEUROSCI.0471-20.2020
https://doi.org/10.1523/JNEUROSCI.0471-20.2020
https://doi.org/10.1523/JNEUROSCI.0471-20.2020
https://doi.org/10.1523/JNEUROSCI.0471-20.2020

7 eLife

Yonehara K., Balint K., Noda M., Nagel G., Bamberg E., Roska B (2011) Spatially asymmetric
reorganization of inhibition establishes a motion-sensitive circuit Nature 469:407-
410 https://doi.org/10.1038/nature09711

Yonehara K. et al. (2016) Congenital Nystagmus Gene FRMD7 Is Necessary for Establishing
a Neuronal Circuit Asymmetry for Direction Selectivity Neuron 89:177-193 https://doi.org
/10.1016/j.neuron.2015.11.032

Zhou B, Li Z., Kim S., Lafferty J., Clark D. A (2022) Shallow neural networks trained to detect
collisions recover features of visual loom-selective neurons Elife 11 https://doi.org/10.7554
[eLife. 72067

Article and author information

John A. Gaynes

Department of Physiology and Biophysics, University of Colorado School of Medicine, Aurora,
CO 80045, USA

Samuel A. Budoff

Department of Physiology and Biophysics, University of Colorado School of Medicine, Aurora,
CO 80045, USA

Michael ). Grybko

Department of Physiology and Biophysics, University of Colorado School of Medicine, Aurora,
CO 80045, USA

Alon Poleg-Polsky

Department of Physiology and Biophysics, University of Colorado School of Medicine, Aurora,
CO 80045, USA

For correspondence: alon.poleg-polsky@cuanschutz.edu

ORCID iD: 0000-0003-1327-5129

Copyright
© 2023, Gaynes et al.

This article is distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use and redistribution provided that the original author and
source are credited.

Editors

Reviewing Editor

Marla Feller

University of California, Berkeley, Berkeley, United States of America

Senior Editor
Panayiota Poirazi
FORTH Institute of Molecular Biology and Biotechnology, Heraklion, Greece

John A. Gaynes et al., 2023 eLife. https://doi.org/10.7554/eLife.90456.2 36 of 49


about:blank#x-1699937012
https://doi.org/10.7554/eLife.90456.2
https://doi.org/10.1038/nature09711
https://doi.org/10.1038/nature09711
https://doi.org/10.1038/nature09711
https://doi.org/10.1038/nature09711
https://doi.org/10.1038/nature09711
https://doi.org/10.1038/nature09711
https://doi.org/10.1038/nature09711
https://doi.org/10.1016/j.neuron.2015.11.032
https://doi.org/10.1016/j.neuron.2015.11.032
https://doi.org/10.1016/j.neuron.2015.11.032
https://doi.org/10.1016/j.neuron.2015.11.032
https://doi.org/10.1016/j.neuron.2015.11.032
https://doi.org/10.1016/j.neuron.2015.11.032
https://doi.org/10.1016/j.neuron.2015.11.032
https://doi.org/10.1016/j.neuron.2015.11.032
https://doi.org/10.1016/j.neuron.2015.11.032
https://doi.org/10.1016/j.neuron.2015.11.032
https://doi.org/10.1016/j.neuron.2015.11.032
https://doi.org/10.7554/eLife.72067
https://doi.org/10.7554/eLife.72067
https://doi.org/10.7554/eLife.72067
https://doi.org/10.7554/eLife.72067
https://doi.org/10.7554/eLife.72067
https://doi.org/10.7554/eLife.72067
https://doi.org/10.7554/eLife.72067
https://doi.org/10.7554/eLife.72067
http://orcid.org/0000-0003-1327-5129
http://creativecommons.org/licenses/by/4.0/

7 eLife

Reviewer #1 (Public Review):
Summary:

Direction selectivity (DS) in the visual system is first observed in the radiating dendrites of
starburst amacrine cells (SACs). Studies over the last two decades have aimed to understand
the mechanisms that underlie these unique properties. Most recently, a 'space-time' model
has garnered special attention. This model is based on two fundamental features of the
circuit. First, distinct anatomical types of bipolar cells (BCs) are connected to proximal/distal
regions of each of the SAC dendritic sectors (Kim et al., 2014). Second, that input across the
length of the starburst is kinetically diverse, a hypothesis that has only recently gained some
experimental support using iGluSnFR imaging (Srivastava et al., 2022). However, in these
prior studies, the sustained/transient distinctions in BC input that are proposed to underlie
direction selectivity were shown to be present mainly in responses to stationary stimuli.
When BC receptive field properties are probed using white noise stimuli, the kinetic
differences between proximal/distal BC input are relatively subtle or nonexistent (Gaynes et
al., 2022; Strauss et al., 2022, Srivastava et al., 2022). Thus, if and how BCs contribute to
direction selectivity driven by moving spots that are commonly used to probe the circuit
remains to be clarified. To address this issue, Gaynes et al., combine evolutionary
computational modeling (Ankri et al., 2020) with two-photon iGluSnFR imaging to address to
what degree BCs contribute to the generation of direction selectivity in the starburst
dendrites.

Strengths:

Combining theoretical models and iGluSnFR imaging is a powerful approach as it first
provides a basic intuition on what is required for the generation of robust DS, and then tests
the extent to which the experimentally measured BC output meets these requirements.

The conclusion of this study builds on the previous literature and comprehensively considers
the diverse BC receptive field properties that may contribute to DS (e.g. size, lag, rise time,
decay time).

By 'evolving' bipolar inputs to produce robust DS in a model network, these authors provide a
sound framework for understanding which kinetic properties could potentially be important
for driving downstream DS. They suggest that response delay/decay kinetics, rather than the
center/surround dynamics are likely to be most relevant (albeit the latter could generate
asymmetric responses to radiating/looming stimuli).

Weaknesses:

Finally, these authors report that the experimentally measured BC responses are far from
optimal for generating DS. Thus, the BC-based DS mechanism does not appear to explain the
robust DS observed experimentally (even with mutual inhibition blocked). Nevertheless, I
feel the comprehensive description of BC kinetics and the solid assessment of the extent to
which they may shape DS in SAC dendrites, is a significant advancement in the field.

e https://doi.org/10.7554/eLife.90456.2.sa2

Reviewer #2 (Public Review):
Summary:

In this study, the authors sought to understand how the receptive fields of bipolar cells
contribute to direction selectivity in starburst amacrine cell (SAC) dendrites, their post
synaptic partners. In previous literature, this contribution is primarily conceptualized as the
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'space-time wiring model', whereby bipolar cells with slow-release kinetics synapse onto
proximal dendrites while bipolar cells with faster kinetics synapse more distally, leading to
maximal summation of the slow proximal and fast distal depolarizations in response to
motion away from the soma. The space-time wiring contribution to SAC direction selectivity
has been extensively tested in previous literature using connectomic, functional, and
modeling approaches. However, the authors argue that previous functional studies of bipolar
cell kinetics have focused on static stimuli, which may not accurately represent the
spatiotemporal properties of the bipolar cell receptive field in response to movement.
Moreover, this group and others have recently shown that bipolar cell signal processing can
change directionally when visual stimuli starts within the receptive field rather than passing
through it, complicating the interpretation of moving stimuli that start within a bipolar cell of
interest's receptive field (e.g. stimulating only one branch of a SAC or expanding/contracting
rings). Thus, the authors choose to focus on modeling and functionally mapping bipolar cell
kinetics in response to moving stimuli across the entire SAC dendritic field.

General Comments:

There have been several studies that have addressed the contribution of space-time wiring to
SAC process direction selectivity. This study offers a more complete assessment of potential
impact space-time wiring can have on this dendrite computation. The experimental results
based on glutamate imaging assess the kinetics of glutamate release under conditions of
visual stimulation across a large region of retina largely confirm previous observations. By
combining their model with this experiment data, they conclude that even the optimal space-
time wiring is not sufficient to explain the SAC process DS. Though there is no conclusion
which of the many other proposed cellular and circuit mechanisms could potentially
contribute to this computation, the limited role for spacetime wiring is firmly established.

¢ https://doi.org/10.7554/eLife.90456.2.sal

Reviewer #3 (Public Review):
Summary:

Gaynes et al. investigated the presynaptic and postsynaptic mechanisms of starburst
amacrine cell (SAC) direction selectivity in the mouse retina by computational modeling and
glutamate sensitivity (iGluSnFR) imaging methods. Using the SAC computational simulation,
the authors initially tested bipolar cell contributions (space-time wiring model, presynaptic
effect) and SAC axial resistance contributions (postsynaptic effect) to the SAC DS. Then, the
authors conducted two-photon iGluSnFR imaging from SACs to examine the presynaptic
glutamate release and found seven clusters of ON-responding and six clusters of OFF-
responding bipolar cells. They were categorized based on their response kinetics: delay, onset
phase, decay time, and others. Finally, the authors used cluster data to reconstruct bipolar
cell inputs to SACs that generate direction selectivity. They concluded that presynaptic effects
through the space-time wiring model only account for a fraction of SAC DS.

The article has many interesting findings, and the data presentation is superb. Strengths and
weaknesses are summarized below.

Major Strengths:

The authors utilized solid technology to conduct computational modeling with Neuron
software and a machine-learning approach based on evolutionary algorithms. Results are
effectively and thoroughly presented.

The space-time wiring model was evaluated by changing bipolar cell response properties in
the proximal and distal SAC dendrites. Many response parameters in bipolar cells are
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compared, and DSI is compared in Figure 3. These parameter comparisons are valuable to the
field.

Two-photon microscopy was used to measure the bipolar cell glutamate outputs onto SACs by
conducting iGluSnFR imaging. All the data sets, including images and transients, are elegantly
presented. The authors analyzed the response based on various parameters, which generated
more than several response clusters. The clustering is convincing.

Major Weaknesses:

The computational modeling demonstrates intriguing results: SAC dendritic morphology
produces dendritic isolation, and a massive input overcomes the dendritic isolation (Figure
1). This modeling seems to be generated by basic dendritic cable properties. However, it has
been reported that SAC dendrites express Kv3 and voltage-gated Ca channels. Are they
incorporated into this model? If not, how about comparing these channel contributions?

In Figure 9 the authors generated the bipolar cell cluster alignment based on the space-time
wiring model. The space-time wiring model has been proposed based on the EM study that
distinct types of bipolar cells synapse on distinct parts of SAC dendrites (Green et al 2016, Kim
et al 2014). While this is one of the representative Reicardt models, it is not fully agreed upon
in the field (see Stincic et al 2016). Therefore, the authors' approach might be only
hypothetical without concrete evidence for geographical cluster distributions. Is there any
data suggesting each cluster's location on the SAC dendrites? I assume that the iGluSnFR
imaging was conducted on the SAC dendritic network, which does not provide geographical
information. How about injecting the iGluSnFR-AAV at a lower titer, which labels only some
SACs in a tissue? This method may reveal each cluster's location on SAC dendrites.

The authors found that there are seven ON clusters and six OFF clusters, which are supposed
to be bipolar cell terminals. However, bipolar cells reported to provide synaptic inputs are T-
7, T-6, and multiple T-5s for ON SACs and T-1, T-2, and T-3s for OFF SACs. The number of types
is less than the number of clusters. Is there a possibility of clusters belonging to glutamatergic
amacrine cells? Please provide a discussion regarding the relations between clusters and cell

types.

In Figure 5B, representative traces are shown responding to moving bars in horizontal
directions. These did not show different responses to two directional stimuli. Is there any
directional preference from other ROIs? Yonehara's group recently exhibited the bipolar cells'
direction selectivity (Matsumoto et al 2021). Did you see any correlations with their results?
Please discuss.

e https://doi.org/10.7554/eLife.90456.2.sa0

Author Response
The following is the authors’ response to the current reviews.
For the final Version of Record the following changes will be included:
1. Figure 4: Example traces replaced with a more representative simulation run that is
more similar to the mean.

2. Methods: Description of the alignment procedure expanded to explain the algorithm
steps better.

The following is the authors’ response to the previous reviews
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We are grateful for the positive and insightful feedback from the editors and reviewers.
These constructive comments have contributed to the enhancement of our work. We have
revised the manuscript, addressing each of the comments raised. In addition, based on the
commentary provided, we have introduced two new figures that offer a deeper
understanding of our research findings:

In new Figure 7, we present the analysis of the difference in onset times between motion and
flash responses. This figure also includes a simple illustration elucidating the origins of these
differences, highlighting the varying engagement of receptive fields by these stimuli. The data
presented in this figure were initially featured in the main text of the original manuscript.
Figure 11 offers a detailed comparison of the temporal and spatial characteristics of the
synthetic presynaptic signals driving optimal DS in SACs. We compare these characteristics
with the properties extracted from recorded glutamate release. Our analysis suggests that the
sluggish dynamics observed in biological signals impede effective directional integration.
Below are the detailed point-by-point responses to reviewers comments.

Reviewer #1 (Public Review):
Summary:

Direction selectivity (DS) in the visual system is first observed in the radiating dendrites of
starburst amacrine cells (SACs). Studies over the last two decades have aimed to
understand the mechanisms that underlie these unique properties. Most recently, a
'space-time' model has garnered special attention. This model is based on two
fundamental features of the circuit. First, distinct anatomical types of bipolar cells (BCs)
are connected to proximal/distal regions of each of the SAC dendritic sectors (Kim et al.,
2014). Second, that input across the length of the starburst is kinetically diverse, a
hypothesis that has been only recently demonstrated experimentally using iGluSnFR
imaging (Srivastava et al., 2022). However, the stark kinetic distinctions, i.e., the
sustained/transient nature of BC input to SACs dendrites appear to be present mainly in
responses to stationary stimuli. When BC receptive field properties are probed using
white noise stimuli, the kinetic differences between BCs are relatively subtle or
nonexistent (Gaynes et al., 2022; Strauss et al., 2022, Srivastava et al., 2022). Thus, if and
how BCs contribute to direction selectivity driven by moving spots that are commonly
used to probe the circuit remains to be clarified. To address this issue, Gaynes et al.,
combine evolutionary computational modeling (Ankri et al., 2020) with two-photon
iGluSnFR imaging to address to what degree BCs contribute to the generation of
direction selectivity in the starburst dendrites in response to stimuli that are commonly
used experimentally.

Strengths:

Combining theoretical models and iGIuSnFR imaging is a powerful approach as it first
provides a basic intuition on what is required for the generation of robust DS, and then
tests the extent to which the experimentally measured BC output meets these
requirements.

The conclusion of this study builds on the previous literature and comprehensively
considers the diverse BC receptive field properties that may contribute to DS (e.g. size,
lag, rise time, decay time).

By 'evolving' bipolar inputs to produce robust DS in a model network, these authors
provide a sound framework for understanding which kinetic properties could potentially
be important for driving downstream DS. They suggest that response delay/decay
kinetics, rather than the center/surround dynamics are likely to be most relevant (albeit
the latter could generate asymmetric responses to radiating/looming stimuli).
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Weaknesses:

Finally, these authors report that the experimentally measured BC responses are far
from optimal for generating DS. Thus, the BC-based DS mechanism does not appear to
explain the robust DS observed experimentally (even with mutual inhibition blocked).
Nevertheless, I feel the comprehensive description of BC kinetics and the solid assessment
of the extent to which they may shape DS in SAC dendrites, is a significant advancement
in the field.

Reviewer #2 (Public Review):
Summary:

In this study, the authors sought to understand how the receptive fields of bipolar cells
contribute to direction selectivity in starburst amacrine cell (SAC) dendrites, their post
synaptic partners. In previous literature, this contribution is primarily conceptualized as
the 'space-time wiring model’, whereby bipolar cells with slow-release kinetics synapse
onto proximal dendrites while bipolar cells with faster kinetics synapse more distally,
leading to maximal summation of the slow proximal and fast distal depolarizations in
response to motion away from the soma. The space-time wiring contribution to SAC
direction selectivity has been extensively tested in previous literature using connectomic,
functional, and modeling approaches. However, the authors argue that previous
functional studies of bipolar cell kinetics have focused on static stimuli, which may not
accurately represent the spatiotemporal properties of the bipolar cell receptive field in
response to movement. Moreover, this group and others have recently shown that
bipolar cell signal processing can change directionally when visual stimuli starts within
the receptive field rather than passing through it, complicating the interpretation of
moving stimuli that start within a bipolar cell of interest's receptive field (e.g. stimulating
only one branch of a SAC or expanding/contracting rings). Thus, the authors choose to
focus on modeling and functionally mapping bipolar cell kinetics in response to moving
stimuli across the entire SAC dendritic field.

General Comments

There have been several studies that have addressed the contribution of space-time
wiring to SAC process direction selectivity. The impact of this project is to show that this
contribution is limited. First, the optimal solution obtained by the evolutionary algorithm
to generate DS processes is slow proximal and fast distal inputs - exactly what is
predicted by space-time wiring, which is exactly what is required of the HRC model.
Hence, this result seems expected and it's not clear what the alternative hypothesis is.
Second, the experimental results based on glutamate imaging to assess the kinetics of
glutamate release under conditions of visual stimulation across a large region of retina
confirm previous observations but were important to test. Third, by combining their
model model with this experiment data, they conclude that even the optimal space-time
wiring is not sufficient to explain the SAC process DS. The results of this approach might
be more impactful if the authors come to some conclusion as to what factors do
determine the direction selectivity of the SAC process since they have argued that all the
current models are not sufficient.

Reviewer #3 (Public Review):

Gaynes et al. investigated the presynaptic and postsynaptic mechanisms of starburst
amacrine cell (SAC) direction selectivity in the mouse retina by computational modeling
and glutamate sensitivity (iGluSnFR) imaging methods. Using the SAC computational
simulation, the authors initially tested bipolar cell contributions (space-time wiring
model, presynaptic effect) and SAC axial resistance contributions (postsynaptic effect) to
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the SAC DS. Then, the authors conducted two-photon iGluSnFR imaging from SACs to
examine the presynaptic glutamate release, and found seven clusters of ON-responding
and six clusters of OFF-responding bipolar cells. They were categorized based on their
response kinetics: delay, onset phase, decay time, and others. Finally, the authors
generated a model consisting of multiple clusters of bipolar cells on proximal and distal
SAC dendrites. When the SAC DS was measured using this model, they found that the
space-time wiring model accounted for only a fraction of SAC DS.

The article has many interesting findings, and the data presentation is superb. Strengths
and weaknesses are summarized below.

Major Strengths:

* The authors utilized solid technology to conduct computational modeling with Neuron
software and a machine-learning approach based on evolutionary algorithms. Results
are effectively and thoroughly presented.

* The space-time wiring model was evaluated by changing bipolar cell response
properties in the proximal and distal SAC dendrites. Many response parameters in
bipolar cells are compared, and DSI was compared in Figure 3.

* Two-photon microscopy was used to measure the bipolar cell glutamate outputs onto
SACs by conducting iGluSnFR imaging. All the data sets, including images and transients,
are elegantly presented. The authors analyzed the response based on various
parameters, which generated more than several response clusters. The clustering is
convincing.

Major Weaknesses:

* In Figure 9, the authors generated the bipolar cell cluster alignment based on the
space-time wiring model. The space-time wiring model has been proposed based on the
EM study that distinct types of bipolar cells synapse on distinct parts of SAC dendrites
(Green et al 2016, Kim et al 2014). While this is one of the representative Reicardt models,
it is not fully agreed upon in the field (see Stincic et al 2016). While the authors' approach
of testing the space-time wiring model and conclusions is interesting and appreciated,
the authors could address more issues: mainly two clusters were used to generate the
model, but more numbers of clusters should be applied. Although the location of each
cluster on the SAC dendrites is unknown, the authors should know the populations of
clusters by iGluSnFR experiments. Furthermore, the authors could provide more
suggestive mechanisms after declining postsynaptic factors and the space-time wiring
model.

The reviewer is correct that the proximal and more distal SAC dendrites sample from
different IPL depths. It should be theoretically possible to match the functional clusters we
measured with anatomical bipolar cell identities. However, the stratifications of these cells
have significant overlaps (Figure 6-S2), and previous attempts to match iGluSnFR signals to
anatomy proved to be challenging (Franke et al., 2017; Gaynes et al., 2022; Matsumoto et al.,
2019; Srivastava et al., 2022; Strauss et al., 2022). In the revised version of the manuscript, we
reorder the functional clusters based on their transiency, which has a higher correlation to
stratification depth (Franke et al., 2017).

We have examined a scenario in which the presynaptic population comprises more than two
clusters. We constructed synthetic models whose input structure was as in Figure 10 (old
Figure 9). The optimal configuration for the most proximal and distal inputs closely
resembled the proximal-distal model reported in Figure 2. However, we observed a nearly
linear variation in the shape of the optimal mid-range inputs, transitioning from proximal-
like to distal-like responses as the distance increased. We consider this outcome to be
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expected based on the structure of the space-time wiring model (Kim et al., 2014).
Interestingly, this was not the case with models incorporating physiologically recorded
signals. As we show in Figure 10, the most common optimal directional tuning was seen
when the bipolar drive consisted of two main populations, both in the ON and OFF SACs.

Finally, we believe that uncovering additional mechanisms that underlie directional
selectivity in SACs represents a crucial challenge for the field to tackle. It is highly probable
that achieving directional selectivity involves a complex interplay of multiple factors. This
includes the organization of the presynaptic circuit, which we have partially addressed in
this study, as well as the influence of postsynaptic active conductances and feedback loops
involving other SACs and presynaptic cells. We have expanded the discussion section to
describe the possible mechanisms

* The computational modeling demonstrates intriguing results: SAC dendritic
morphology produces dendritic isolation, and a massive input overcomes the dendritic
isolation (Figure 1). This modeling seems to be generated by basic dendritic cable
properties. However, it has been reported that SAC dendrites express Kv3 and voltage-
gated Ca channels. It seems to be that these channels are not incorporated in this model.

The reviewer's observation is accurate; the model depicted in Figure 1 did not include
voltage-gated channels. Our goal was to study electrotonic isolation, which is often measured
in passive models. However, while we did not incorporate voltage-gated potassium channels
implicitly in the models, our simulations are rooted in previous models that were fine-tuned
using empirical data. As potassium channels are expected to influence the experimentally
recorded input resistance, we have indirectly accounted for their impact on the
interdendritic signal propagation.

In subsequent model iterations, we have integrated voltage-gated calcium channels into our
simulations to assess the signal responsible for driving synaptic release. We show that
nonlinear voltage dependence of the calcium currents enhances compartmentalization of the
local calcium levels (Figure 2), but did not significantly influence local voltages. Therefore,
calcium channels do not appear to have a major impact on electrotonic distances.

« In Figure 5B, representative traces are shown responding to moving bars in horizontal
directions. These did not show different responses to two directional stimuli. It is unclear
whether directional preference was not detected, which was shown by Yonehara's group
recently (Matsumoto et al 2021). Or that was not investigated as described in the
Discussion.

Indeed, we observed no discernible directional differences in bipolar responses. This
phenomenon can be primarily attributed to the fact that the signals originating from the
limited number of directionally-tuned release sites are overshadowed by the release from
non-directionally-tuned units (Matsumoto et al., 2021). In the revised discussion, we have
acknowledged this limitation in our recorded data.

* The authors found seven ON clusters and six OFF clusters, which are supposed to be
bipolar cell terminals. However, bipolar cells reported to provide synaptic inputs are T-7,
T-6, and multiple T-5s for ON SACs and T-1, T-2, and T-3s for OFF SACs. The number of
types is less than the number of clusters. Potentially, clusters might belong to
glutamatergic amacrine cells. These points are not fully discussed.

We have expanded the discussion section to address these points.
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Reviewer #1 (Recommendations For The Authors):

Major comments

1. One of the main conclusions of this study is that diverse BC kinetics contribute to DS (Fig.
9). The authors nicely demonstrate using modeling that the experimentally measured BC
kinetics are far from ideal. However, this conclusion is based on a model that almost
exclusively relies on just two of the 7 putative BC types (e.g., C1 & C6 for On SACs) placed
optimally along the dendrites, which raises two important caveats.

First, given that other BC types are likely to contribute, the effects of two distinct types are
likely to be diluted. Thus, the contribution of BCs to DS is likely to be significantly
overestimated. Second, given that the dendrites of 10-30 SACs cross each point in the
honeycomb, for the given model to work, each BC would need to connect extremely
selectively to SACs. i.e., at a given point, a sustained input must only connect to the more
proximal dendritic segments, while avoiding entirely the distal segments of overlapping
SAC dendrites. Thus, their model requires extremely selective wiring for which there is no
evidence. In fact, there is evidence to the contrary provided by Ding et al. 2016, which
showed that the type 7 (proximally biased) and type 5 (distally biased) populations had a
substantial overlap (assuming these BC types correspond to kinetically diverse clusters).

We wholeheartedly concur with the reviewer's perspective that our findings have led to an
overestimation of the space-time wiring mechanism's role in SAC directional selectivity (DS).
We have adjusted our discussion to emphasize this point. In light of this, our assertion that,
even with the most favorable distribution of synaptic inputs, the space-time wiring model still
does not fully account for the experimentally-determined directional tuning in SAC, remains
valid.

With regard to the model, it would also be worth comparing results to previous starburst
models (e.g., Tukker et al,. 2004), which demonstrated a robust DS in SAC dendrites in the
absence of kinetically diverse BC input. Why is the cell-intrinsic DS so weak in the present

model?

We have directly explored this question in the synthetic model (Figures 2, 3). Despite
variances in the anatomy of SACs and the distribution of bipolar inputs between our model
and the study by (TukKker et al., 2004), we observed remarkably similar levels of directional
selectivity index computed from the voltage response (approximately 10%, as shown in
Figure 3, 'Identical BCs').

The primary distinction emerged in the degree of DS amplification mediated by calcium
currents. Tukker et al., 2004 reported considerably higher DS compared to our findings,
despite employing similar formulations for voltage-gated calcium channel models. The key
factor driving this difference lies in the fact that Tukker et al., 2004 measured amplification in
proximity to the threshold of calcium channel activation. Even minor variations in
membrane potentials near this threshold can lead to substantial differences in calcium
influx, especially when outward stimulation results in a calcium spike. In fact, recently,
Robert Smith’s group revisited the threshold-based mechanism and concluded that it often
fails to produce robust DS due to the heterogeneity of membrane potentials among different
terminal dendrites (Wu et al., 2023).

Our models were trained on five different stimuli velocities whose synaptic integration
produced substantially different peak amplitudes. Consequently, the spike threshold alone
couldn't reliably distinguish between inward and outward directions across all five
conditions, resulting in reduced directional performance in our simulations. In the revised
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Figure 2-S2 we directly explore the performance of the model with identical BC formulations,
trained on a single velocity. We find a dramatic enhancement of calcium DS (DSI=66%) in this
condition compared to an identical model trained on 5 velocities (DSI=17%). Thus,
evolutionary search is capable of finding the threshold-based solution, but only when the
training is performed on a single stimulus velocity (Figure 2-S2). This solution did not
generalize to multiple stimuli speeds because, as mentioned above, they lead to different
postsynaptic depolarization levels (Figure 2, 2-S1). Instead, the algorithm converged on a set
of postsynaptic paraments leading to less nonlinear calcium channel activation over a
broader voltage range, ensuring effective DS performance over multiple velocities and
heterogenous local potentials (Wu et al., 2023).

1. Functionally distinct responses across different regions of interest (ROIs) were used to
classify BC input. ROIs were obtained from multiple scan fields and retinas and
combined into a single dataset for functional clustering. However, the consistency of the
cluster distribution across these replicates has not been addressed. As BCs can exhibit
different functional properties dependant on the state/health of the retina, it is
important to know whether certain functional clusters may originate disproportionately
from a particular experiment, as it implies that each cluster does not represent a
different stable functional/anatomical population.

We acknowledge that the state of the preparation can significantly impact signal dynamics. In
response to this important consideration, we have incorporated details about the distribution
of functional clusters in various experiments in the revised version of the manuscript (Figure
6-S1, and discussion).

Other comments:

1. Interpreting iGIuSnFR signals: Since the sensor is expressed uniformly across the SAC
dendrite, it is important to clarify why the measured F signals are considered synaptic
responses. Could spillover contribute to the generation of slower responses?

We do not believe spillover can explain slower responses because the sluggish clusters often
responded significantly (up to 500ms) sooner to moving bars (Figures 6, 6-S3). We
acknowledge and discuss this possibility of spillover in the revised discussion.

1. One striking finding is the diversity of BCs RF sizes (Fig. 7C). Some BCs have RF that are
far larger than their dendritic fields. It will be useful to discuss the potential mechanisms
that may underlie large BC RFs.

We changed the discussion to address this question.

1. SAC DS is independent of dendritic isolation: The authors claim that dendritic isolation
does not significantly impact DS. However, while this might be true for a linear motion
through the receptive field, dendritic isolation probably matters for more dynamic
stimuli. For example, DSGCs can encode rapid changes in objection direction, as DS is
computed over fine spatiotemporal scales relying on SACs (Murphy-Baum et al.,, 2022).
This could not occur if SAC dendrites were not well electrically isolated from each other.

We believe that this is an accurate interpretation of our findings. Our research suggests that
dendritic isolation is likely not a critical factor in the space-time wiring mechanism. However,
as we demonstrate that this particular mechanism cannot fully account for the observed
levels of DS in SACs, other mechanisms must be important. As previous studies revealed that
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dendritic isolation enhances SAC DS (for example, Koren et al., 2017), dendritic independence
likely contributes to directional performance within SACs by these additional mechanisms.

1. Figure 4: From what I understand, the BC inputs for the electrotonic connectivity
variations evolved much like they were for the original model without axial resistance
constraints. This makes sense, since stronger/weaker inputs with different temporal
kernels may be appropriate for each condition, hence why the axial resistance wasn't
changed post-evolution, which would have likely caused the DS to drop. If that is the
case, however, I wonder how the best DS attainable by the final model which is
constrained to the radial arrangement of realistic BC inputs (without being able to fit
much more optimal sustained-transient BCs to their circumstance) would be impacted. Is
dendritic isolation similarly unimportant when the pre-synaptic story isn't ideal?

We have explored this question directly by allowing the evolutionary algorithm to modify the
passive and active characteristics of the postsynaptic SAC. Our findings are summarized in
Figure 9-S1. We observed a correlation between DSI levels and membrane/axial resistance
values in SACs in the evolved models. Better DS was seen with leaky membranes (higher
isolation) and lower axial resistance (lower isolation). While it is clear that postsynaptic
parameters can influence synaptic integration, they can not fully compensate for inadequate
presynaptic dynamics.

1. BC are shown to contribute to DS across velocities (Fig. 9), which contrasts with results
from Srivastava et al., (2022) that showed BCs contribute to DS at lower velocities.
However, this discrepancy can easily be explained by the choice of moving spots. In this
study, the sweeping bars had dynamic width (targeting pixel dwell time of 2s), which
means for higher velocities the bar is significantly wider. While in the previous study, the
width of the stimulus was kept constant, and thus for higher velocities, the
sustained/transient kinetic differences of BCs are less clear (Srivastava et al., 2021). The
author's should discuss this explicitly, to avoid discrepancies between these two studies
the reader might otherwise perceive.

We value reveiwer’s feedback, and in response, we have included an additional paragraph in
the manuscript addressing the distinctions in directional tuning that arise from the space-
time model presented in this work, in comparison to earlier studies.

1. Methods: It will be good to discuss how ROIs sizes and positions were selected (pixel
correlations?)

We have included a more detailed explanation of the clustering procedure

‘ e Lines 614 describe whole-cell patch clamp techniques, which are not used in this
study.

We used patch-clamp to record the waveforms shown in Figure 2-S2

1. Figure 6: Diversity of Glut responses to motion in ON and OFF SACs, caption typos?
o "Left:" without "Right:" to describe the population (I presume) viewed as an image

o Ifthere should still be A,C and B,D to group the ON and OFF halves, maybe it
should be mentioned in the caption
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Thank you for bringing this to our attention, the legends were fixed.
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Reviewer #2 (Recommendations For The Authors):

Specific comments

1. Line 223. The statement a model trained on only optimal DSI would produce "negligible
absolute differences in calcium levels." is unclear. This needs to be better explained.

We have modified and expanded this paragraph to make it more clear

1. Figure 4. The authors use this model to test the hypothesis that space time wiring
contribution to SAC process DS requires dendritic isolation. They do this by increasing
axial resistance around the soma of their model neuron to isolate each dendrite. They
found comparable DS was achieved in both conditions, indicating that the space-time
wiring model works in two cases of high and low dendritic isolation. However, to test the
claim that "specific details of postsynaptic integration appear to play a lesser role" (line
274) the authors may consider allowing the axial resistance to change as a part of the
model rather than testing two extreme states.

Membrane and axial resistances (and active parameters) were allowed to change as part of
model evolution in most simulations presented in this manuscript. We have added the
information on the final resistance values reached in the evolved models in Figure 9-S1
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1. Figure 6: To study glutamatergic input onto SACs, the authors expressed iGLUSnFR in
ChAT-Cre mice and grouped similarly responding pixels into ROIs and separated these
responses into functional groups based on cluster analysis (Figure 5). The alignment of
the responses in Figure 6A was confusing. It appears that average responses for each
cluster are aligned based on the peak observed during the stimulus in each direction, but
it is unclear how they are aligned relative to each other or what this timing is relative to
location of the stimulus (i.e. what is time 0 in 6A?).

The displayed traces represent the average responses to horizontally moving bars (speed =
0.5mm/s), either moving to the left or right. To achieve this alignment, we employed a
procedure consistent with our recent publication (Gaynes et al., 2022), which we have now
detailed more comprehensively. Here's the step-by-step process we followed:

1. Determination of half-maximum rise times: Initially, we calculated the half-maximum
rise times for glutamate signals recorded in response to left and right-moving stimuli.

2. Calculation of mean rise time: We then computed the mean of these rise times, which
served as a reference point for alignment.

3. Alignment procedure: To illustrate the alignment process, consider an example.
Suppose the 50% rise time for responses to left-moving stimuli occurs at 3 seconds,
while responses to right-moving stimuli occur 4 seconds after stimulation onset. This
discrepancy suggests that the RF of the cell is shifted to the right from the center of the
display (assuming a stimulation speed of 0.5mm/s on the retina, the RF's position
would be approximately 250um from the midline). To align these responses, we
shifted both waveforms by 500ms so that their 50% rise times coincided at 3.5 seconds.
Importantly, 3.5 seconds would represent the 50% rise time of the ROI if it were
precisely centered on the display. This alignment effectively removed any spatial
position dependence from the ROIs.

4. Comparative analysis and clustering: With the responses now aligned, we were able to
compare their shapes and subsequently cluster the ROIs into distinct functional
clusters. For clarity, we opted to highlight the time of response peak for cluster 1.
Although this peak closely aligned with the calculated time of stimulus motion over
the center of the 'shifted RF' in the adjusted time frame, it provided a more
straightforward comparison between response dynamics.

1. The authors need to do a better job explaining how their results differ from Ezra-Tsur et
al 2021, which uses the same sort of model to address the same question. The discussion
about this study (lines 425-435) are based on how a more constrained version of these
models work better but they do not directly address the difference in conclusion with
regards to mechanisms that contribute to SAC process direction selectivity.

We have expanded the discussion related to mechanisms that contribute to DS in SACs and
discuss the differences between our studies.

Minor point: The authors use the word "probe" to refer to visual stimulus. This is
confusing because "probe" is also used to refer to sensors.

In the revised manuscript, we minimized the usage of ‘probe’ to reference visual stimuli
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Writing and figure presentations are excellent.
Thank you!
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