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SUMMARY

Dendritic architecture plays a crucial role in shaping how neurons extract behaviorally relevant information 
from sensory inputs. Wide-field neurons in the superior colliculus integrate visual information from the retina 
to encode cues critical for visually guided orienting behaviors. However, the principles governing how these 
neurons filter their inputs to generate appropriate responses remain unclear. Using viral tracing, two-photon 
calcium imaging, and computational modeling, we show that wide-field neurons receive functionally diverse 
inputs from 12 retinal ganglion cell types, forming a layered, type-specific organization along their dendrites. 
This structured arrangement allows for wide-field neurons to multiplex salient motion cues, selectively ampli-

fying movement and suppressing static features. Computational models reveal that the spatial organization 
of dendrites and inputs enables the selective extraction of behaviorally relevant stimuli, including de novo 
computations. Our findings underscore the critical role of dendritic architecture in shaping sensory process-

ing and neural circuit function.

INTRODUCTION

Dendrites provide a spatial dimension to neural computations, 

extending processing beyond temporal integration at the 

soma. Their inputs are precisely organized to align dendritic 

branches with inputs from specific brain regions, cell types, 1–4 

or retinotopic locations. 5–8 These spatial arrangements dictate 

where inputs arrive on the dendrite and how they are shaped 

by its electrical properties, supporting both linear and nonlinear 

computations such as band-pass filtering 9,10 and nonlinear sum-

mation. 11–14 Studies of local circuits in the retina have linked 

dendritic structure and the arrangement of inputs to specific 

computations of defined cell types. 15–17 However, how these 

factors shape computations as information is passed to central 

brain regions remains poor, largely owing to limited knowledge 

of the relationship between specific inputs 1,18 and dendritic 

structure. 19,20 Here, we demonstrate that dendritic architecture 

and arrangement of inputs enable a de novo computation of 

salient motion cues in neurons of the mouse superior colliculus 

(‘‘colliculus’’).

The colliculus plays a central role in detecting salient visual 

stimuli that guide ongoing behavior. Here, we define ‘‘saliency’’ 

as those visual features (e.g., motion and contrast) that preferen-

tially trigger innate orienting and avoidance responses, including 

approach, freezing, and escape. In the colliculus, these features 

are often tied to object motion, 21–23 enabling mice to rapidly 

detect approaching threats or fleeing prey. 24,25 Neurons in the

colliculus integrate inputs from ∼40 retinal ganglion cell 

types, 26–28 each encoding distinct visual attributes, e.g., motion, 

contrast, or orientation, to guide innate behaviors, including 

predator avoidance and prey capture. 24,25,29,30 A central ques-

tion is whether the colliculus merely relays visual inputs from 

the retina or actively computes new features. Its retinotopic or-

ganization preserves the spatial relationship of inputs to form a 

detailed map of the visual field. 7,31,32 Additionally, the specific 

depth at which retinal inputs arrive in the optic layers 2,31,33,34 in-

dicates that neurons could selectively sample inputs by depth. 

Recent evidence suggests that the colliculus selectively filters 

specific features to generate saliency maps, rather than simply 

inheriting them. 31,35–38

We investigated how genetically targetable wide-field neurons 

of the colliculus process and refine their retinal inputs to encode 

behaviorally relevant information. Wide-field neurons derive 

motion saliency 39,40 from a specific set of retinal ganglion cell 

types 41 to drive freezing and hunting behaviors (Figure 

1A). 25,42–44 Using viral tracing, two-photon calcium imaging, 

and patch-clamp recordings, we mapped their inputs and out-

puts in response to visual stimuli. We found that their unique den-

dritic structure and spatial distribution of inputs enable multi-

plexing of salient motion cues. While some retinal ganglion 

cells exhibit strong selectivity for looming stimuli, 45 representa-

tion of receding motion emerges de novo within the colliculus. 

Computational modeling revealed that the summation of retino-

topically organized inputs across the dendritic tree is key to
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Figure 1. Characterization of visual responses of wide-field cell bodies and dendrites

(A) Schematic of wide-field neurons of the colliculus and type-specific layered input from retinal ganglion cells. SCzo, zonal layer; SCsg, superficial gray layer; 

SCop, optic layer of the sensory-related colliculus (SCs).

(B) Viral labeling of wide-field neurons in Ntsr1-GN209-Cre mice.

(C) In vivo two-photon calcium imaging setup. Visual stimuli were presented at 0 ◦ elevation and 20 ◦ azimuth in front of the contralateral eye.

(D) Position of the cranial window for two-photon imaging (top) and example field of view (bottom).

(E) Wide-field neuron cell body responses; individual trials shown in gray, median response in black. Cell body locations indicated in (D). Visual stimuli from left to 

right: black and white expanding disk, black shrinking disk, dimming disk, and large and slow sweeping disks in black and white.

(F) Median responses of clustered On-, Off-, and On-Off-type wide-field cell bodies to expanding, shrinking, dimming, and large, slow sweeping disks. Shaded 

area indicates IQR.

(G) Mean peak responses of On, Off, and On-Off types to black and white sweeping stimuli. Upper: size tuning at 30 ◦ /s speed. Lower: speed tuning at 32 ◦ disk 

size. Error bars indicate standard deviation. Data from 12 mice across 13 sessions (293 cell bodies).

(H) Scanning planes for volumetric imaging (top) and example dendritic region of interest (ROI) responses across all scanning planes (bottom). Scanning planes 

magnified ×2; ellipses indicate ROIs.

(I) Heatmap of normalized and clustered dendritic responses to a full-field stimulus (left) and depth profiles of identified clusters (right), sorted by mean cluster 

depth. Data from 18 mice across 22 sessions (714 ROIs).

See also Figure S1.
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these computations, demonstrating that spatially organized 

dendritic computations underpin motion saliency processing in 

the colliculus.

RESULTS

Wide-field neurons multiplex motion signals and exhibit 

diverse contrast preferences

We investigated the role of dendrites in wide-field neuron encod-

ing of salient stimuli in three steps: (1) recording the responses of 

wide-field neurons and dendritic compartments, (2) identifying 

the visual features relayed by innervating retinal ganglion cells, 

and (3) determining the key components required to transform 

inputs into outputs using computational models incorporating 

dendritic properties. We assessed the visual features encoded 

by wide-field neurons by recording their responses to visual 

stimuli in head-fixed, behaving mice by using two-photon cal-

cium imaging (Figure 1). A calcium indicator was expressed us-

ing a Cre-dependent adeno-associated virus (AAV-Syn-Flex-

GCaMP6s) injected into the left colliculus of Ntsr1-GN209 Cre 

mice (Figure 1B). Visual stimuli were presented to the contralat-

eral eye, while mice were free to run on a floating ball (Figure 1C). 

Neurons were imaged through a cannula window, implanted 

above the anterior two-thirds of the colliculus (Figure 1D).

We found that wide-field neurons respond to a diverse set of 

moving stimuli but showed minimal responses to static stimuli 

(Figure 1E). To characterize their response properties, we pre-

sented expanding, shrinking, and sweeping black disks, as 

well as dimming disks on a gray background. Disks were linearly 

expanding or shrinking with an edge speed of 30 ◦ /s, while 

sweeping disks were presented in three sizes (2 ◦ , 8 ◦ , and 30 ◦ ) 

and two speeds (30 ◦ /s and 160 ◦ /s). Expanding and sweeping 

disks were also shown in reverse contrast. Calcium responses 

were recorded from wide-field neuron cell bodies at 200– 

250 μm below the surface of the colliculus (Figures 1D and 1E). 

They exhibited diverse contrast preferences, with some neurons 

responding only to black moving disks and others only to white 

disks (Figure 1E). Responses were strongest to slowly moving 

edges, as indicated by comparable peak responses to expand-

ing, shrinking, and slowly sweeping disks. Peak responses to 

white expanding, black shrinking, and black and white slowly 

sweeping disks, computed from responses normalized by the 

standard deviation (SD) across stimuli, were compared with 

those elicited by black expanding disks (median [interquartile 

range (IQR)] difference in SD: − 0.05 [− 0.27, 0.18], − 0.08 

[− 0.26, 0.07], 0.11 [− 0.13, 0.31], − 0.15 [− 0.36, 0.04]; p values 

0.48, 0.28, 0.14, 0.34, Kruskal-Wallis test). In contrast, re-

sponses were significantly weaker for dimming disks and fast 

black and white sweeping disks (median [IQR] difference:

− 0.61 [− 0.76, − 0.49], − 0.43 [− 0.60, − 0.28], − 0.44 [− 0.61,

− 0.31]; p values 10 − 38 , 10 − 10 , 10 − 9 , Figure S1). These results 

show the selective encoding of slowly moving edges, enabling 

wide-field neurons to act as multiplexers of slow motion cues. 

We identified three functional types: On, Off, and On-Off cells, 

based on clustering and contrast preference to expanding, 

shrinking, and dimming disks (Figure 1F; see also Figure S1). 

Each type responded strongly to expanding, shrinking, and 

sweeping disks of their preferred contrast but not to the dimming 

disk where no moving edge was present (Figures 1F and 1G). On

and Off types showed significantly stronger peak responses to 

an expanding disk of their preferred contrast, compared with 

an expanding disk of their unpreferred contrast (median [IQR] dif-

ference of peaks: On: 1.7 [1.4, 1.9] SD, Off: 1.3 [1.0, 1.6] SD, p 

values 10 − 21 and 10 − 25 , Kruskal-Wallis test), while On-Off cells 

did not show statistically significant differences between On 

and Off contrasts (p = 0.09). Wide-field neurons preferred slow 

sweeping disks (30 ◦ /s) over fast sweeping disks (160 ◦ /s), indi-

cated by their peak responses (median [IQR] differences of 

peaks between slow and fast: 0.55 [0.41, 0.72], 0.23 [0.14, 

0.35], and 0.32 [0.25, 0.39] for black and 0.09 [0.06, 0.16], 0.01

[− 0.02, 0.05], and 0.22 [0.15, 0.43] for white disks of sizes 2 ◦ ,

8 ◦ , and 32 ◦ , p values 10 − 18 , 10 − 9 , 10 − 14 , 0.06, 0.42, 10 − 12 , Wil-

coxon signed-rank; Figure 1G). The preference for slow speeds 

of sweeping disks is in line with the ratio of wide-field neurons’ 

preferred spatial and temporal frequencies that peak at 2 Hz 

and 0.04/ ◦ , respectively, resulting in a preferred speed of

∼30 ◦ /s (Figure S1). This suggests that wide-field neurons are 

finely tuned to process slow motion signals critical for detecting 

environmental changes, such as the movement of predators or 

prey, with their selective encoding emphasizing the saliency of 

slow motion cues.

Depth-dependent clustering of dendritic visual 

responses

Retinal inputs to the colliculus are organized in distinct functional 

and depth-specific clusters. 2,33 A key question is whether wide-

field neuron dendrites maintain the layered organization of retinal 

inputs, potentially enabling compartmentalized processing of vi-

sual information. To investigate this, we additionally presented a 

full-field stimulus with rich temporal dynamics but no moving 

edges 18,26 and recorded dendritic calcium responses quasi-

simultaneously across four scanning planes, from the collicular 

surface to the cell bodies (Figure 1H). The stimulus evoked highly 

localized responses in dendrites (Figure 1H; see also Figure S1). 

Clustering dendritic responses revealed nine distinct func-

tional groups (Figure 1I). Seven clusters exhibited On-type re-

sponses to the transition from black to white, while only clusters

3 and 4 showed Off-type responses with sustained activity when 

the screen turned black. The clusters also differed in temporal 

frequency preference, with most responding to low frequencies 

(clusters 1–6), whereas clusters 7 and 8 were tuned to higher 

frequencies.

These functional clusters were organized by depth, suggesting 

a functional compartmentalization of the dendrites. Sorting clus-

ters by the mean depth of their signals revealed a characteristic 

depth profile (Figure 1I, right): clusters 1 and 2 occupied the 

most superficial layers (50–150 μm), clusters 3 and 4 were found 

at intermediate depths (100–200 μm), clusters 5–7 spanned all 

scanning planes, and clusters 8 and 9 were restricted to the deep-

est layers (150–250 μm). Noise correlation analysis revealed that 

approximately one-third of dendritic compartments were strongly 

correlated with the soma of a nearby wide-field neuron (r > 0.7). 

Among these, individual neurons typically exhibited dendritic 

compartments with diverse functional tuning profiles, spanning 

multiple (up to six) of the previously defined functional clusters. 

This functional heterogeneity within single neurons supports the 

idea that dendritic responses reflect local, compartmentalized 

integration of retinal inputs. Together, these findings suggest

ll
OPEN ACCESS

Current Biology 35, 3799–3811, August 18, 2025 3801

Article



that wide-field neuron dendrites receive depth-specific input from 

distinct retinal ganglion cell types, supporting parallel processing 

of visual features within separate dendritic compartments.

Twelve retinal ganglion cell types relay diverse visual 

features to wide-field neurons

To identify the retinal ganglion cells that provide input to wide-

field neurons, we used rabies-based transsynaptic retrograde 

tracing to label innervating retinal ganglion cells (Figure 2A). 41

Labeled cells were recorded ex vivo using two-photon calcium 

imaging or whole-cell patch-clamp recordings while visual stim-

uli, identical to those presented to wide-field neurons, were pro-

jected onto the retina (Figures 2B and 2C). To ensure consis-

tency in the dataset and facilitate comparison with calcium 

signals in wide-field neurons, spiking activity from patch-clamp 

recordings was converted to calcium signals by convolving 

with a GCaMP6s kernel (rise time: 0.1 s, decay time: 0.4 s). Ex-

amples of simultaneously recorded spiking and calcium activity,

Figure 2. Twelve retinal ganglion cell types provide input to wide-field neurons

(A) Viral strategy to label retinal ganglion cells innervating wide-field neurons. Retrograde helper virus (HSV-Flex-TVA-G-mCherry, magenta) was injected into the 

lateral posterior nucleus of the thalamus (LP) and rabies virus (EnvA-RVΔG-GCaMP6f, green) into the colliculus (SC).

(B) Ex vivo recordings of labeled retinal ganglion cells using two-photon calcium imaging and whole-cell patch-clamp recordings.

(C) Spiking responses, peristimulus time histogram (PSTH), inferred calcium signal, and simultaneously recorded calcium signals of a sustained Off alpha cell (top) 

and a transient On alpha cell (bottom), individual trials shown in gray, median response in black.

(D) Normalized responses of identified retinal ganglion cell clusters (lines, median; shaded areas, IQR). Data from 24 mice (445 retinal ganglion cells).

(E) Examples of morphologically and molecularly identified retinal ganglion cell types, color-matched to clusters in (D). S±, SMI32 positive or negative; F±, FOXP2 

positive or negative; scale bar 100 μm.

(F) Weighted sum of retinal ganglion cell types to match full-field stimulus responses of wide-field neuron dendrites. Left: weighted sum (gray) to match median 

response of each dendritic cluster (black). Right: weights of each retinal ganglion cell type. Disk color and size indicate cell type and weight, respectively.

(G) Gini sparsity of weights of retinal ganglion cell types to wide-field dendrite or wide-field dendrites to retinal ganglion cell type. Thick horizontal lines and gray 

boxes indicate median and IQR. Individual data points in black. Dashed horizontal line indicates Gini sparsity of uniformly distributed weights.

(H) Depth distribution of retinal ganglion cell inputs in the colliculus, determined by the most strongly correlated dendritic signals of wide-field neurons. White dots, 

horizontal lines, and boxes indicate mean, median, and IQR of each ganglion cell type.

See also Figures S2 and S4.
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along with convolved signals, are shown in Figure 2C (see also 

Figure S2). To classify the recorded retinal ganglion cells, based 

on molecular and structural features, a subset of cells was 

stained for key molecular markers of major retinal ganglion cell 

types (Smi32, Foxp2, Cart), and their dendritic arbors were re-

constructed (Figure S2).

Retinal ganglion cell calcium responses were grouped using 

agglomerative clustering with subsequent manual curation, 

leading to 12 functional types: 5 Off, 1 On-Off, and 6 On types 

(Figure 2D). Clusters were matched to existing cell types from 

previous studies 26,27,41 by using a subset of molecularly and 

morphologically identified cells (Figure 2E; see also Figure S2). 

The identified On, Off, and On-Off retinal ganglion cell types 

exhibit distinct response profiles to full-field flashes and expand-

ing disks of corresponding contrast. On types respond signifi-

cantly more strongly to On flashes and expanding white disks, 

compared with Off flashes and expanding black disks, while 

Off types show the reverse pattern. On-Off types respond to 

both black and white expanding disks, indicating sensitivity to 

both contrast polarities. In addition to their responses to expand-

ing black disks, four of the five Off cell types also responded to 

shrinking and dimming disks, although with lower amplitudes 

(median [IQR] differences of peaks − 0.32 [− 0.4, − 0.2] and

− 0.57 [− 0.67, − 0.47] SD, p values 0.002 and 10 − 21 , Kruskal-

Wallis test). This response profile contrasts with that of wide-field 

neuron cell bodies, where all three types showed strong re-

sponses to shrinking black disks but did not respond to dimming 

disks (Figure 1F). These differences suggest that wide-field neu-

rons integrate retinal inputs in a manner that selectively amplifies 

specific motion cues while filtering out luminance changes.

Retinal ganglion cells provide layered, type-specific 

input to wide-field neuron dendrites

To determine whether the diverse response profiles observed in 

wide-field neuron dendrites can be explained by the retinal in-

puts, we fitted a linear regression model with non-negative ma-

trix factorization (NNMF) to the full-field stimulus responses of 

each wide-field dendrite cluster as a weighted sum of the 12 

retinal ganglion cell types. The positively constrained weights 

reflect the excitatory nature of retinal inputs. This approach pro-

duced reasonable fits and a sparse weight matrix (Figures 2F 

and 2G). Responses in the upper dendrites were well recon-

structed by the linear model (Figure 2F, clusters 1–5 and 7), 

whereas responses in the lower dendrites showed poorer fits 

(clusters 6, 8, and 9). This suggests that summation closer to 

the cell body may involve additional integration mechanisms. 

The fitted weights reveal that each dendritic signal can be ac-

counted for by only a few retinal ganglion cell types (Figure 2F). 

To quantify the convergence and divergence of retinal inputs 

onto wide-field dendrites, we calculated the Gini sparsity index 

(Figure 2G). High values (0.81 [0.78, 0.86] for retinal ganglion cell-

to-dendrite connections and 0.77 [0.72, 0.83] for dendrite-to-

retinal ganglion cell connections) indicate sparse, highly specific 

connectivity, significantly deviating from a uniform distribution 

(p values 10 − 38 and 10 − 21 , respectively, Mann-Whitney U test; 

Figure 2G). This further supports functional compartmentalization, 

where each local dendritic signal is shaped by only a few retinal 

ganglion cell types. Correlating retinal signals with dendritic signals 

to determine their innervation depth, revealed that retinal ganglion

cell types map onto specific dendritic locations within the collicu-

lus (Figure 2H). These findings demonstrate that retinal inputs are 

organized in a layered, type-specific manner along wide-field 

neuron dendrites, supporting functional compartmentalization.

Wide-field neurons perform a de novo computation of 

responses to shrinking disks

Unlike dendritic signals, cell body responses cannot be recon-

structed by a weighted sum of retinal inputs. To test whether 

they fit a linear model with non-negative weights, we recon-

structed responses to both contrasts of expanding disks, as 

well as shrinking and dimming disks (Figure 3A). The fitted 

weights indicate that each wide-field neuron type receives input 

from a limited set of retinal ganglion cell types. On and Off wide-

field neurons appear to be driven by largely distinct sets of retinal 

inputs with opposite weight distributions, while On-Off wide-field 

neurons share input with both On and Off types (Figure 3B; see 

also Figure S3). Notably, while responses of the On type were 

well matched by the linear model, the model failed to capture 

the responses of the Off and On-Off type to a shrinking disk 

(Figure 3C).

To quantify the discrepancy between peak amplitudes of 

measured and fitted responses, we calculated the pairwise 

difference of peaks for each wide-field neuron. The distribution 

of these differences revealed a systematic underestimation of 

peak responses to the shrinking stimulus especially in Off and 

On-Off types. A similar trend was observed when calculating 

the mean squared error for each stimulus type (Figure 3D; see 

also Figure S3).

Since the response amplitude of wide-field neurons to shrink-

ing stimuli is consistently underestimated by the weighted sum 

of retinal inputs, we asked whether the strong responses reflect 

a de novo computation within wide-field neurons. Retinal 

ganglion cells showed stronger responses to expanding stimuli, 

suggesting that the enhanced shrinking responses in wide-field 

neurons may emerge within the colliculus. To test this, we 

computed an expansion selectivity index based on peak re-

sponses for each retinal ganglion cell and wide-field neuron 

and compared their distributions (Figure 3E). This revealed a shift 

in stimulus preference: while retinal ganglion cells preferred ex-

panding over shrinking stimuli (expansion selectivity index: 

0.17 [− 0.26, 0.46]), wide-field neurons responded similarly to 

both (expansion selectivity index: 0.02 [− 0.26, 0.27]) with signif-

icant difference from the retinal distribution (p = 10 − 4 , Mann-

Whitney U). Furthermore, wide-field neurons exhibited a stron-

ger preference for expanding over dimming stimuli (0.54 [0.17, 

0.83]), compared with retinal ganglion cells (0.31 [0.01, 0.70], 

p = 10 − 6 , Mann-Whitney U).

Inhibition from collicular interneurons does not improve 

response predictions

Wide-field neurons receive local inhibition from GABAergic inter-

neurons of the colliculus. 29 To test whether local inhibition can 

account for wide-field neurons’ enhanced responses to shrink-

ing stimuli, we measured the calcium responses of Gad2-posi-

tive neurons of the colliculus to full-field, expanding, shrinking, 

and dimming stimuli (Figures 4A and 4B). Clustering revealed 

four distinct response types (Figure 4B; see also Figure S4). 

Types 1 and 2 responded most strongly to the full-field stimulus,
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whereas types 3 and 4 were broadly activated by all stimuli, with 

a slight preference for On-type stimuli, e.g., the white expanding 

disk and the On component of the full-field stimulus.

To incorporate inhibition into our model, we sign inverted the 

Gad2 neuron responses while maintaining non-negative weights, 

as in the previous model (Figure 4C). This revealed that inhibition 

primarily originated from Gad2 types 1 and 2, which contributed to 

both somatic and dendritic signals of wide-field neurons 

(Figure 4D; see also Figure S4). In particular, reconstructions of 

Off-type wide-field neurons included inhibitory input from type 1 

and a smaller contribution from type 2 Gad2 neurons. This primar-

ily increased the contribution of inputs from sustained Off alpha 

cells, counteracting the inhibition. When fitting the responses of 

wide-field neuron dendrites, type 1 inhibition contributed more 

prominently to signals in lower dendritic regions, while type 2 influ-

enced signals in upper dendritic regions (Figure S4).

A

D

E

C

B Figure 3. A linear point neuron model un-

derestimates wide-field neuron responses 

to shrinking stimuli

(A) Non-negative linear regression model predict-

ing wide-field neuron cell body responses from 

retinal ganglion cell inputs.

(B) Fitted weights for each retinal ganglion cell 

type, indicating their contribution to wide-field 

neuron types.

(C) Mean linear model fits (gray) overlaid on 

measured responses (colored) for the three wide-

field neuron types.

(D) Peak response differences between measured 

and fitted responses for each wide-field neuron 

type. Dots and error bars indicate the mean and

95% confidence interval of the resampled distri-

bution.

(E) Expansion selectivity index distributions for

retinal ganglion cells (light gray) and wide-field 

neurons (dark gray). An index of 1 indicates a

strong preference for black expanding disks. 

Horizontal and dashed lines represent the median 

and IQR, respectively. Data as in Figures 1 and 2.

See also Figure S3.

Even with inhibitory inputs included, 

the model still underestimated wide-

field neuron responses to shrinking 

stimuli (Figure 4E). While inhibition may 

shape dendritic processing, it alone 

does not account for the strong somatic 

responses to shrinking stimuli.

Complex multilayer models with 

nonlinear integration offer

marginal improvements

To assess the role of nonlinear process-

ing, we implemented a fully connected 

multilayer perceptron (MLP) that incorpo-

rated excitatory and inhibitory summa-

tion, as well as nonlinear dendritic and 

somatic processing. A sigmoidal nonline-

arity was applied to model supralinear 

and sublinear integration along the den-

drites, while the spiking threshold at the soma was captured us-

ing a rectifying nonlinearity at the output layer (Figure 5A; see 

also Figure S5).

While increasing model complexity enhances fit quality, 

nonlinear multilayer models provide only limited gains in 

predicting wide-field neuron responses. We fitted models of 

varying complexity, from one to three layers and L1 regulariza-

tion to control sparsity of weights. The simplest model, 

which only included a rectifying nonlinearity, showed negli-

gible improvement, whereas additional layers progressively 

enhanced fit accuracy when considering the average 

response (Figure 5B). To specifically evaluate model perfor-

mance on the shrinking stimulus, we analyzed the difference 

of peaks between observed and predicted responses 

(Figure 5C). Increasing model complexity gradually reduced 

this difference, with significant improvements in two-layer
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models containing five hidden nodes and three-layer models 

with five plus two hidden nodes. However, these models 

required a high number of parameters and dense weight 

matrices, performing best only when regularization was mini-

mal (see also Figure S5). This suggests that additional, poten-

tially linear mechanisms must be considered to fully explain 

wide-field neuron responses.

Retinotopic input organization along dendrites best 

predicts wide-field neuron responses

Two models, each based on distinct passive dendritic proper-

ties, can account for the de novo computation observed in

wide-field neurons. In the first, passive dendrites act as low-

pass filters, introducing temporal delays for inputs arriving at 

distal dendrites, compared with those near the soma (Figure 

6A). In the second, the retinotopic arrangement of inputs 

along the dendrites gives rise to a cumulative activation of in-

puts during stimulus motion (Figure 6B). To capture these ef-

fects, we implemented two corresponding models by adding 

filtered input components, effectively doubling the number 

of parameters.

First, we examined the impact of dendritic filtering. We applied 

low-pass filters with five different cutoff frequencies (3.5, 2.5, 

1.5, 0.5, and 0.35 Hz, inducing temporal delays of 0.03, 0.1,

A

D EC

B

F

Figure 4. Accounting for inhibition from GABAergic neurons in the colliculus provides only marginal improvement to the linear model

(A) Labeling of Gad2-positive neurons in the colliculus (SC) and an example field of view from in vivo two-photon imaging.

(B) Median and IQR of normalized responses from four Gad2 neuron clusters to full-field, expanding, shrinking, and dimming stimuli. Data from 4,096 neurons 

across 22 sessions from 12 animals.

(C) Extended linear model incorporating inhibition, with responses of Gad2 clusters sign inverted to reflect their inhibitory effect.

(D) Fitted weights indicating the contribution of retinal ganglion cell and Gad2 neuron types to each wide-field neuron type.

(E) Weighted sum (gray) overlaid on measured wide-field neuron responses (colored).

(F) Pairwise difference of peaks between fitted and measured responses. Dots and error bars indicate the mean and 95% confidence interval of the resampled 

distribution.

See also Figure S4.
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0.4, 0.9, and 1.1 s, respectively). Lowering the cutoff frequency 

progressively improved model fits (Figure 6C). Temporal shifts 

in input signals increased accordingly, with a model of 0.5 Hz 

cutoff (0.9 s delay) significantly improving peak response predic-

tions for shrinking stimuli, compared with the point neuron model 

(p values 0.97, 0.98, 0.58, 10 − 6 , and 10 − 11 for cutoff frequencies 

3.5, 2.5, 1.5, 0.5, and 0.35 Hz, Mann-Whitney U test; Figure 6C). 

The best performance was achieved at 0.35 Hz (1.1 s delay; 

Figures 6C and 6D). However, the temporal delays induced by 

this model are not physiologically plausible but instead resemble 

the time interval that the visual stimuli take to fully expand or 

shrink (0.95 s).

Second, we modeled the spatiotemporal activation of reti-

notopically distributed inputs by convolving the retinal inputs 

with a quadratic kernel (Figure 6B). This kernel simulates the 

sequential recruitment of inputs during stimulus expansion or 

shrinkage by approximating their temporal activation profile 

based on stimulus area, which scales quadratically with 

disk radius (A ∝ r 2 ). This captures the aggregate effect of 

changing input strength over time but does not account for 

the precise position of each input along the dendritic arbor 

of a wide-field neuron. Despite its simplicity, this phenome-

nological model accurately reproduced wide-field neuron re-

sponses, performing significantly better to the point neuron 

model and comparable to the best low-pass filter model 

(p values 10 − 13 and 0.56, respectively; Figures 6C and 6D; 

see also Figure S6).

To assess the generalizability of our models, we tested them 

on a withheld dataset featuring expanding, shrinking, and 

dimming disks presented at three additional edge speeds 

(15 ◦ /s, 30 ◦ /s, 60 ◦ /s, and 120 ◦ /s, corresponding to movement du-

rations of 1.9, 0.95, 0.48, and 0.24 s, respectively). The original 

dataset had an edge speed of 30 ◦ /s. On average, the slowest 

shrinking disk (15 ◦ /s) elicited the highest peak amplitudes 

(Figure 6E). These responses were best captured by the model 

incorporating the spatial arrangement of inputs and dendrites 

with peak amplitudes indistinguishable from measured re-

sponses (mean difference of peaks 0.02 ± 0.05 SD, p = 0.14, Wil-

coxon signed-rank; Figure 6F). This model also provided the 

most accurate predictions for lower peak amplitudes in response 

to fast shrinking disks (120 ◦ /s), outperforming both the linear 

point neuron and low-pass filter models (mean difference of

peaks 0.02 ± 0.03 SD, p = 0.38, Wilcoxon signed-rank; mean dif-

ference from point neuron and best low-pass filter model:

− 0.14 ± 0.06 and − 0.13 ± 0.06 SD, p values 10 − 4 and 10 − 4 ,

Mann-Whitney U; Figure 6F).

The most effective way to capture wide-field neuron 

response properties is by accounting for the spatial arrange-

ment of synaptic inputs along their dendrites. Applying a 

spatiotemporal activation kernel accurately reconstructs peak 

responses to behaviorally relevant visual stimuli, emphasizing 

the evolutionary advantage of wide-field neurons’ extensive 

dendritic arbors.

To further refine our model, we incorporated depth-depen-

dent filtering to account for layer-specific inputs along the den-

dritic tree (Figure 2H). Retinal inputs to the upper dendritic 

layers (depth < 150 μm) underwent spatiotemporal filtering, 

while inputs to the lower layers (>150 μm) remained unaltered 

(Figure 7A). This reduced model complexity to just 12 parame-

ters while preserving predictive power, with peak amplitudes 

indistinguishable from measured responses for almost all 

speeds (mean peak differences − 0.07 ± 0.10, − 0.05 ± 0.07, 

0.01 ± 0.06, and 0.12 ± 0.04, p values 0.48, 0.36, 0.99, and 

10 − 5 for 15 ◦ /s, 30 ◦ /s, 60 ◦ /s, and 120 ◦ /s, Wilcoxon signed-

rank; Figure 7B), outperforming the point neuron model despite 

fitting the same number of parameters (see also Figure S6). By 

restricting each input to a specific layer, this model minimizes 

wiring costs while maximizing coding efficiency, underscoring 

the evolutionary significance of retinotopically organized, 

layer-constrained inputs in integrating and encoding dynamic 

visual information.

DISCUSSION

Our findings demonstrate that dendritic morphology and the 

spatial organization of inputs are not merely a structural feature 

but serve as a computational substrate enabling selective 

filtering of salient motion cues. The layered arrangement of in-

puts along the dendritic tree of wide-field neurons supports 

structured processing of visual signals from distinct retinal 

ganglion cell types. This architecture permits simultaneous mul-

tiplexing of motion patterns characteristic of approaching, 

receding, and passing objects. By selectively amplifying slow-

moving edges, wide-field neurons enhance detection of

A CB

Figure 5. A multilayer model with nonlinearities improves fit at the cost of complexity

(A) MLP model incorporating retinal and inhibitory inputs, with sigmoidal activation functions in hidden layers and a rectifying nonlinearity at the output layer.

(B) Mean wide-field cell body responses (colored), with linear fits (black) and MLP fits of increasing complexity: (1) single-layer model with a rectifying output, (2) 

two-layer model with three hidden sigmoidal nodes, (3) two-layer model with five hidden sigmoidal nodes, (4) three-layer model with five and two hidden nodes in 

the first and second layers, respectively.

(C) Model performance comparison based on the pairwise difference of peaks of wide-field neuron responses and fits for the shrinking stimulus, across models 

described in (B). Dots and error bars indicate the mean and 95% confidence interval of the resampled distribution. P values in comparison with point neuron 

model: 0.97, 0.97, 0.045, and 0.004 for MLP models 1-4, Mann-Whitney U test.

See also Figure S5.
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potential threats and opportunities, a computation critical for 

ethologically relevant decisions.

This capacity for selective filtering is not a simple reflection 

of retinal inputs but arises from de novo computations per-

formed by wide-field neurons. While retinal ganglion cells pre-

dominantly encode expanding stimuli, wide-field neurons 

exhibit balanced tuning to both expanding and shrinking

A

D

E

F

G

C

B Figure 6. Accounting for low-pass filtering 

and spatiotemporal integration of inputs 

by dendrites improves model performance

(A) Low-pass filtering of retinal inputs induces 

signal delay. Original input: black; filtered input: 

pink.

(B) Left: spatial arrangement of inputs and den-

drites. Right: spatiotemporal activation is modeled 

by a kernel. Original input: black; filtered input: 

purple.

(C) Pairwise differences between peak responses 

of wide-field neurons and model fits to the 

shrinking stimulus. Point neuron: gray; low-pass 

filtering: pink; spatially arranged dendrites: purple. 

Dots and error bars indicate the mean and 95% 

confidence interval of the resampled distribution. 

P values in comparison with the point neuron 

model: 0.97, 0.98, 0.58, 10 − 6 , and 10 − 11 for cutoff 

frequencies 3.5, 2.5, 1.5, 0.5, and 0.35 Hz of the 

low-pass model and 10 − 13 for the spatial 

arrangement model, Mann-Whitney U test.

(D) Mean responses of wide-field neurons (black) 

and a subset of the linear fits shown in (C). Data as 

in Figure 1.

(E) Mean wide-field neuron responses to ex-

panding, shrinking, and dimming disks at four 

different edge speeds (15 ◦ /s, 30 ◦ /s, 60 ◦ /s, and 

120 ◦ /s, grayscale-coded).

(F) Pairwise differences of peaks between wide-

field neuron responses and model fits to different 

speeds. Dots and error bars indicate the mean 

and 95% confidence interval of the resampled 

distribution.

(G) Pairwise differences of peaks as in (F), but with 

a model fitted to the original speed of 30 ◦ /s. Dots 

and error bars indicate the mean and 95% confi-

dence interval of the resampled distribution.

See also Figure S6.

stimuli. This transformation arises from 

the structured integration of the diverse 

set of retinal inputs, rather than from 

local inhibition, extracting motion fea-

tures not explicitly present in retinal sig-

nals. Inputs arrive in a depth-specific 

manner, with each ganglion cell type 

targeting a distinct layer of the collicu-

lus. The estimated input depths align 

with those of identified ganglion cell 

types, such as Foxp2+ and Smi32+ 

populations. 2,46–48 This layered organi-

zation has functional consequences. 

For example, transient alpha retinal 

ganglion cells in the deeper layers 

(150–250 μm) likely convey looming sig-

nals, while small transient retinal ganglion cells in the superfi-

cial layers (50–150 μm) integrate over a large field of view, aid-

ing detection of small moving objects. Sustained Off alpha 

retinal ganglion cells, in the intermediate layers (100– 

150 μm), may contribute to integrating movement of large ob-

jects. The interaction between sustained Off alpha and small 

transient retinal ganglion cells likely underpins strong

ll
OPEN ACCESS

Current Biology 35, 3799–3811, August 18, 2025 3807

Article



responses to receding stimuli, where proximal inputs may 

facilitate propagation of signals from distal dendrites. 

Our modeling demonstrates that the layer-specific organi-

zation of inputs is sufficient to account for wide-field 

neuron responses with minimal complexity. Assigning each 

ganglion cell type a layer-specific spatial filter reduces the 

need for additional mechanisms. This principle parallels find-

ings from artificial neural networks, where architectures 

based on local connectivity achieve greater efficiency and 

generalization than fully connected models. 49,50 In biological 

systems, such anatomical efficiency is likely important 

given the constraints imposed by limited space and meta-

bolic resources. 51 By leveraging spatially organized input 

patterns, wide-field neurons extract motion cues critical for 

innate behaviors, illustrating how anatomical structure 

directly supports computational efficiency and efficacy in 

neural circuits. 

Our best-performing model relies on linear integration and 

the spatial organization of dendrites and inputs. Although 

large neurons often exhibit low-pass filtering (for example, 

dopamine and teleost neurons with time constants of 

∼100 ms 52,53 ), the fitted delays in our model (∼1 s) likely

A

B

Figure 7. A model with layer-specific 

spatiotemporal integration captures wide-

field neuron responses

(A) Model incorporating layer-specific spatiotem-

poral integration: retinal inputs to upper layers

(depth < 150 μm; see Figure 2H) are filtered by a 

spatiotemporal kernel, while inputs to lower layers 

(depth > 150 μm) remain unaltered. Left: filtered 

inputs. Right: weights of filtered inputs.

(B) Pairwise differences between peak wide-field 

neuron responses and model fits, comparing 

models with spatially arranged inputs with and 

without constrained layers. Black dots with error 

bars represent mean and 95% confidence in-

tervals from bootstrapping.

See also Figure S6.

reflect stimulus duration rather than

intrinsic properties. Wide-field neurons 

possess active dendritic properties, 39 

yet nonlinear integration did not signifi-

cantly improve model performance. 

Instead, as noted by Gale and Mur-

phy, 39 small stimulations of distal den-

drites can reliably trigger somatic 

spikes, supporting linear summation, 

where fast I h currents 54 may aid sum-

mation and contribute to rebound ef-

fects in distal dendrites.

This study used calcium imaging, which 

imposes two limitations: low temporal res-

olution and limited bandwidth. These 

constraints restricted our analysis to 

the estimated firing rates of recorded neu-

rons. Nonetheless, calcium imaging was 

appropriate, as inputs and outputs were 

measured separately without inferring 

spike timing. To assess potential brightness saturation, we 

compared patch-clamp and calcium signals in retinal ganglion 

cells. Wide-field neurons showed low baseline activity (∼0 Hz) 

and moderate firing rates in response to motion (up to 

50 Hz), 25,39 keeping signals within the indicator’s linear range. 

However, local sodium-driven dendritic events were likely missed. 

Wide-field neurons also receive modulatory inputs from other brain 

areas, which likely adjust output according to internal state and 

context.

Our findings illustrate how structured dendritic architecture 

enables efficient extraction of salient motion cues critical for 

innate behaviors. The selective amplification of slow motion 

by wide-field neurons supports ethologically relevant deci-

sions, such as whether to freeze or flee, revealing how spatial 

organization of inputs enhances computational efficiency. 

Future work combining cell-type-specific manipulations with 

behavioral assays and biophysical modeling will clarify how 

wide-field neurons contribute to visually guided actions. As 

a model system, wide-field neurons provide a cellular frame-

work for linking dendritic computation to natural behavior and 

for investigating sensory salience and its dysregulation in 

neurodevelopmental and anxiety-related disorders.
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at https://doi.org/10.5281/zenodo.15640801 as of the date of publica-

tion.
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ACKNOWLEDGMENTS
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N/A

Chemicals, peptides, and recombinant proteins
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1x PBS VWR Cat# 444057Y

Histofix 4% Roche Cat# P087.5
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ProLong® Gold Antifade Mounting Medium Thermo Fisher Scientific Cat# P36934
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Continued
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Sodium phosphate monobasic (NaH2PO4) Sigma Cat# S5011

Sodium Hydroxide (NaOH) Sigma Cat# 655104-500G

Sodium bicarbonate (NaHCO3) Sigma Cat# S8875-1KG

Deposited data

Preprocessed raw data This paper Zenodo: https://doi.org/10.5281/zenodo.15640801

Experimental models: Organisms/strains

Mus musculus Ntsr1-GN209-Cre: STOCK 

Tg(Ntsr1-Cre) GN209Gsat/Mmucd

Laboratory of Keisuke Yonehara Genset: 030780-UCD

Mus musculus Gad2-IRES-Cre: 

STOCK Gad2tm2(cre)Zjh/J

The Jackson Laboratory Cat# 010802; RRID: IMSR_JAX:010802

Software and algorithms

Code to analyze the preprocessed raw data This paper Zenodo: https://doi.org/10.5281/zenodo.15640801

Neural models This paper Zenodo: https://doi.org/10.5281/zenodo.15640801

Fiji Schindelin et al. 55 RRID: SCR_002285

MATLAB Mathworks RRID: SCR_001622

Zen lite Zeiss N/A

ChAT band detector Reinhard et al. 41 https://github.com/farrowlab/

ChATbandsDetection

PYTHON 3.9 Python Software Foundation RRID: SCR_008394

CaImAn 1.7.1 Flatiron Institute RRID: SCR_021533

Vaa3D Peng et al. 56 https://home.penglab.com/proj/vaa3d

CANDLE Coupé et al. 57 N/A

GNU Octave Free Software Foundation RRID: SCR_01439

Psychophysics Toolbox Psychtoolbox RRID: SCR_002881

WaveSurfer (version: 0.918) Janelia Research Campus RRID: SCR_021529

ScanImage Vidrio Technoloies http://scanimage.vidriotechnologies.com

Other

Rapid Flow Filters 0.2 μm pore size VWR Cat# 514-0027

Wiretrol® II capillary micropipettes Drumond Scientific Cat# 5-000-2005

Borosilicate glass Sutter Instrument Cat# BF100-20-10

Glass capillaries, Ø 3 mm, custom 

fine saw cut to L=1.5 mm

Hilgenberg 1915017

Round borosilicate cover glasses, 

Ø 3 mm, 0.1 mm thickness

Multichannel systems 640720

UV-curing optical adhesive Norland 61

Metabond dental cement Crown & Bridge N/A

Super-Bond C&B kit for self-curing 

adhesive resin cement

Sun Medical N/A

Laser-Based Micropipette Puller Sutter Instrument Cat# P-2000

Small Animal Stereotaxic Workstation Narishige Cat# SR-5N

Stereotaxic Micromanipulator Narishige Cat# SM-15R

Hydraulic Oil Micromanipulator Narishige Cat# MO-10

Oil Microinjector Narishige Cat# IM-9B

Two-photon microscope Scientifica Serial# 14200
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All experimental procedures were approved by the Ethical Committee for Animal Experimentation (ECD) of the KU Leuven and fol-

lowed the European Communities Guidelines on the Care and Use of Laboratory Animals (014-2018/EEC, 166–2018/EEC). Both male 

and female adult transgenic mice (1–3 months old) were used in our experiments. To target wide-field neurons and their retinal inputs, 

Ntsr1-GN209-Cre mice were used (10 female, 5 male and 10 female, 5 male, respectively). Inhibitory neurons of the colliculus were 

targeted using Gad2-IRES-Cre mice (4 female, 4 male). Mice were heterozygously bread with C57Bl6J mice and kept on a 12-h light-

dark cycle (lights on at 7:00), and sterilized food pellets and water were provided ad libitum.

METHOD DETAILS

Labeling of wide-field neurons and Gad2 neurons of the colliculus for two-photon imaging

To label wide-field neurons and Gad2 neurons of the superior colliculus for in vivo two-photon calcium imaging, a floxed viral vector 

expressing the fluorescent calcium indicator GCaMP6s (AAV1-hSyn-Flex-GCaMP6s, titer 2.956 x 10 13 GC/mL, Addgene) is injected 

into the superior colliculus of Ntsr1-GN209-Cre and Gad2-IRES-Cre mice, respectively, and a cranial head plate and cannula window 

is implanted above the frontal two thirds of the superior colliculus, following a procedure previously developed in the lab. 58 

Anesthesia is induced at the beginning with isoflurane 3% in 0.8 l/min O 2 in a closed chamber and then kept with a combination of 

ketamine (75mg/kg) and medetomidine (1mg/kg). During the whole procedure animals are kept at physiological temperature by a 

homeothermic blanket. After deep anesthesia is achieved, eye ointment is applied to protect the eyes from drying out. Before starting 

any surgical procedure, the paw of the animal is pinched to check for the absence of pedal reflex (indicator of a proper anesthesia). 

The scalp is shaved and depilated (depilatory cream), disinfected (70% EtOH and betadine®), 0.5% lidocaine is applied locally and 

the skin opened/removed; the periosteum is removed, and the lateral and posterior muscles are retracted. Vetbond TM is applied to 

open skin and exposed muscle. A head plate is attached to the skull using cyanoacrylate glue and Metabond®; a 3.5 mm craniotomy 

is performed; the brain is washed with sterile aCSF; a small cortex trunk (3 mm in diameter, 1 mm deep) is gently aspired under visual 

guidance until the surface of the SC is exposed. A cannula window (3 mm diameter, 3 mm height) is wedged into the craniotomy. 

Animals recover in separate cages and are treated with analgesic and antibiotics for 72 hours (Vetergesic, Ceva Animal Health 

Ltd; Emdotrim, ecuphar, BE-V235523) and monitored for 4 days.

Labeling of retinal ganglion cells innervating wide-field neurons

Retinal ganglion cells that project to wide-field neurons were labeled with a transsynaptic viral tracing strategy, combining a floxed 

helper virus (HSV-hEF1α-LS1L-TVA950-T2A-n2c(G)-IRES-mCherry) with an EnvA-coated CVS-N2c-ΔG-GCaMP6f rabies virus in 

Ntsr1-GN209-Cre mice. 41 Animals were quickly anesthetized with Isoflurane (Iso-vet 1000mg/ml) and then injected with a mixture 

of Ketamine and Medetomidine (0.75 mL Ketamine (100 mg/mL) + 1 mL Medetomidine (1 mg/mL) + 8.2 mL Saline). Mice were placed 

in a stereotaxic workstation (Narishige, SR-5N). Dura tear (NOVARTIS, 288/28062-7) was applied to protect the eyes.

First, the helper virus was injected into the lateral posterior nucleus of the thalamus using micropipettes (Wiretrol® II capillary mi-

cropipettes, Drumond Scientific, 5-000-2005) with an open tip of around 30 μm and an oil-based hydraulic micromanipulator MO-10 

(Narishige) for stereotactic injections. The injection coordinates for a 4 weeks old mouse with a bregma-lambda distance of 4.7 mm 

were AP: -1.85; ML: ±1.50; DV: 2.50 mm. As the mice were different in body size, we adjusted the coordinates for each mouse ac-

cording to their bregma-lambda distance. To label the injection sites, DiD (Thermo, D7757) was used to coat the pipette tip. We in-

jected in total 100-400 nl helper virus in single doses of up to 200 nl with a waiting time of 5-10 min after each injection. 

Following the injections, the wound was closed using Vetbond tissue adhesive (3M,1469). After surgery, mice were allowed to 

recover on top of a heating pad and were provided with soft food and water containing antibiotics (emdotrim, ecuphar, BE-V235523). 

Twenty-one days later, we injected the rabies virus into the superior colliculus using the same method as for the helper virus in-

jections. As the retinotopic location of the first injection into the lateral pulvinar is uncertain, we covered as much as possible of 

the superficial layer of the superior colliculus during the second injection to maximize the labeling of cells in the retina. We injected

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

780 nm LED light source Thorlabs Cat# M780L3

Patch-Clamp amplifier Molecular Device Axon Multiclamp 700B

Patch-Clamp microscope Scientifica Slice Scope

Patch-Clamp manipulator Scientifica Serial# 301311

Zeiss LSM 710 confocal microscope Zeiss Cat# LSM710

Mai Tai HP Ti:Sapphire laser Spectra Physics N/A

B-Scope 2p microscope Thorlabs N/A
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100-200 nl of rabies virus at a depth of 1.7 – 1.8 mm at the corners of a 1 mm 2 square anterior of lambda and starting at the midline.

Sparse labeling of wide-field neurons

We sparsely labeled wide-field neurons by injecting a diluted HSV-hEF1α-LS1L-mCherry (1:128) into the lateral posterior nucleus of 

the thalamus of Ntsr1-GN209-Cre mice (see Labeling of retinal ganglion cells).

In vivo colliculus recordings

Before recordings started, animals were acclimated to the experimenter for a week. Mice were handled for 10 min a day for a period of 

three days. Mice were head fixed on an air-cushioned Styrofoam ball for progressive periods of time through five days, starting from 

10 min to an hour.

The superior colliculus was scanned with a SpectraPhysics MaiTai femtosecond laser at 920 nm through a Thorlabs B-Scope mi-

croscope equipped with a resonance scanner and a Nikon 16x objective with 3 mm focal length. The laser power was adjusted and 

blanked during fly back of the galvo mirror by a Pockels cell. For imaging the somas of wide-field neurons, the nominal power at the 

end of the objective is kept at 90 mW while an area of 250 x 250 μm 2 is imaged with a resolution of 512 x 512 pxls. This results in an 

imaging rate of 30 Hz. For imaging the dendrites of wide-field neurons, the superior colliculus is scanned across 5 planes with a piezo 

element starting at the surface and going down to 250 μm. The laser power is adjusted by depth following an exponential, starting at 

30 mW and saturating at 120 mW. Fluorescence of the sample is filtered by a Thorlabs GFP emission filter (MF525-39) and photons 

captured by a Hamamatsu PMT.

The B-Scope is operated and imaging frames are recorded using ScanImage 11 (Vidrio Technologies). Imaging frames and visual 

stimuli are synchronized by yoking ScanImage to WaveSurfer 0.913 (HHMI Janelia Research Campus), which lets us capture imaging 

frame and visual stimulus triggers and the spinning speed of the Styrofoam ball. Further, square pulse triggers of 60 Hz are sent to a 

face camera (Mako G-030B, Allied Vision Technologies ), recording the ipsilateral side of the mouse’s face. The camera frames are 

recorded with custom-written software by Joao Couto (bitbucket.org/jpcouto/labcams) in Python 2.7.

During calcium imaging, visual stimuli were displayed on a 78 x 40 cm 2 LCD screen at 30 cm distance from the mouse and centered 

at 0 ◦ elevation and 20 ◦ azimuth of the contralateral eye. Visual stimuli were generated using a custom-written software in GNU Octave 

(Eaton et al. 2019) with Psychtoolbox-3.

Ex vivo retina recordings

Visual responses of labeled retinal ganglion cells were recorded with two-photon calcium imaging (n = 1471 cells, 14 mice) or whole-

cell loose patch recordings (n = 112 cells, 11 mice). Calcium responses were confirmed with simultaneous whole-cell patch record-

ings (n = 5 cells, 2 mice, Figure S2).

For ex vivo recordings of retinal ganglion cells, retinas were isolated from mice that were dark-adapted for a minimum of 30 minutes. 

Retina isolation was done under deep red illumination in Ringer’s medium (110 mM NaCl, 2.5 mM KCl, 1 mM CaCl2, 1.6 mM MgCl2, 

10 mM D-glucose, 22 mM NaHCO3, bubbled with 5% CO2/95% O2, pH 7.4). The retinas were then mounted ganglion cell-side up on 

filter paper (Millipore, HAWP01300) that had a 3.5 mm wide rectangular aperture in the center, and superfused with Ringer’s medium 

at 32–36 ◦ C in the microscope chamber for the duration of the experiment.

Electrophysiological recordings were made using an Axon Multiclamp 700B amplifier (Molecular Devices) and borosilicate glass 

electrodes (BF100-50-10, Sutter Instrument). Signals were digitized at 20 kHz (National Instruments) and acquired using WaveSurfer 

software (version: 0.918) written in MATLAB. The spiking responses were recorded using the patch clamp technique in loose cell-

attached mode with electrodes pulled to 3-5 MΩ resistance and filled with Ringer’s medium. To visualize the pipette, Alexa 555 

was added to the Ringer’s medium.

Fluorescent cells were targeted for recording using a two-photon microscope (Scientifica) equipped with a Mai Tai HP two-photon 

laser (Spectra Physics) integrated into the electrophysiological setup. To facilitate targeting, two-photon fluorescent images were 

overlaid with the IR image acquired through a CCD camera. Infrared light was produced using the light from an LED. For some cells, 

z-stacks were acquired using ScanImage (Vidrio Technologies).

Retinas are visually stimulated with a LED projector whose light is passed through a lens system and dimmed by a neutral density 

filter at the end of the optical pathway. The retina is oriented in a way that the nasal direction is facing down with respect to the pro-

jected image. During two-photon imaging, the stimulus is presented in blue to avoid overstimulating the PMTs.

Stimuli were generated with an LCD projector (Samsung, SP F10M) at a refresh rate of 60 Hz, controlled with custom software writ-

ten in Octave based on Psychtoolbox. The projector produced a light spectrum that ranged from ∼430 nm to ∼670 nm. The power 

produced by the projector was 240 mW/cm2 at the retina. A combination of a neutral density filter and a short pass filter (cutoff wave-

length = 475 nm) were used to control the stimulus intensity in logarithmic steps. Recordings were performed with filters decreasing 

the stimulus intensity by 1-2 log units.

Visual stimuli

The following visual stimuli were presented to the explanted retina and the behaving mice (white, gray and black correspond to 100%, 

0% and -100% Weber contrast). A TTL pulse was sent at the beginning and the end of each repeat for later alignment.
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Full-field stimulus

A fixed sequence of full-field contrast modulation was presented across the full screen (90 ◦ x 50 ◦ ). The sequence starts with 2 s black,

3 s white, 3 s black and 2 s gray screen and is followed by two sinusoidal temporal contrast modulations, interleaved by 2 s of gray 

screen. The first sinusoidal is of 100% contrast and increases linearly in frequency from 0 to 8 Hz within 8 s. The second sinusoidal is 

of 2 Hz frequency and linearly increases in amplitude from 0 to 100% within 8 s. The second sinusoidal is followed by 2 s gray and 2 s 

black screen. 18,26 The whole sequence is repeated 10 times.

Expanding disk

A black or white disk linearly expanded from 2 ◦ to 50 ◦ within 0.95 s at the center of a gray or black screen, respectively. The stimulus 

was repeated 10 times, interleaved by 3 s of gray or black screen, respectively.

Shrinking disk

A black disk linearly shrunk from 50 ◦ to 2 ◦ of diameter within 0.95 s at the center of a gray screen. The stimulus was repeated 10 times, 

interleaved by 3 s of gray screen.

Dimming disk

A disk of 50 ◦ diameter linearly dimmed from background gray to black within 0.95 s at the center of the screen. The stimulus was 

repeated 10 times, interleaved by 3 s of gray screen.

Sweeping disk

A black or white disk of different diameter (2 ◦ , 8 ◦ and 32 ◦ ) moved with 30 ◦ /s and 160 ◦ /s in two directions (left to right, right to left) 

across the center of a gray or black screen, respectively. Each combination of direction, size and speed was repeated 3 times in 

random order and interleaved by 3 s of gray or black screen, respectively.

Bandpass noise (in vivo only)

A patch of 50 ◦ was shown for 2 s on gray background with band-pass-filtered spatiotemporal white-noise patterns of different tem-

poral (0.5, 1, 2, 4, 8 Hz) and spatial cut-off frequencies (0.02, 0.04, 0.08, 0.16, 0.32 cycles/ ◦ ). Each pattern was randomly generated, 

and each condition repeated 4 times in random order, interleaved by 3 s of gray screen.

Retina immunohistochemistry

After ex vivo recordings, retinas were fixed in 4% paraformaldehyde (Histofix, ROTH, P087.5mm) with 100 mM sucrose for 30 min at

4 ◦ C, and then transferred to a 24-well plate filled with 1x PBS and washed 3 times for 10 min at room temperature or transferred into 

15 ml 1x PBS and washed overnight or longer at 4 ◦ C. After washing, retinas were transferred to wells containing 10% sucrose in 1x 

PBS with 0.1% NaN3 (w/v) and allowed to sink for a minimum of 30 min at room temperature. Then retinas were transferred to wells 

containing 20% sucrose in 1x PBS with 0.1% NaN3 (w/v) and allowed to sink for a minimum of 1 hour at room temperature. Finally, 

retinas were put into 30% sucrose in 1x PBS with 0.1% NaN3 (w/v) and allowed to sink overnight at 4 ◦ C. The next day, freeze-

cracking was performed: retinas were frozen on a slide fully covered with 30% sucrose for 3-5 min on dry ice. The slides were 

then thawed at room temperature. The freeze-thaw cycle was repeated two times. Retinas were washed 3 times for 10 min each 

in 1x PBS, followed by incubation with blocking buffer (10% NDS, 1% BSA, 0.5% TritonX-100, 0.02% NaN3 in 1x PBS) for at least

1 hour at room temperature or overnight at 4 ◦ C with gentle shaking.

Primary antibody goat against FOXP2 (abcam1307, 1:2000) was added after blocking and retinas were incubated for 5 days under 

constant gentle shaking at 4 ◦ C. They were prepared in 5% NDS, 0.3% TritonX-100 in 1x PBS. After incubation, retinas were washed 3 

times for 15 min in 1x PBS with 0.3% TritonX-100 before being transferred into the secondary antibody solution (Alexa555 donkey 

anti-goat abcam150130, 1:300); prepared in 1xPBS overnight at 4 ◦ C. The second day, retinas were washed 3 times in 1x PBS and 

incubated in the second primary antibody solution for 5 days under constant gentle shaking at room temperature. The second pri-

mary antibodies were rabbit anti-GFP (Invitrogen, A-11122, 1:500), goat anti-ChAT (Chemicon, Ab144P, 1:200) and mouse SMI32 

(Biolend, 801701,1:1000). They were prepared in 3% NDS, 1% BSA, 0.5% TritonX-100, 0.02% NaN3 in 1x PBS. Retinas were 

then washed 3 times for 10 min in 1x PBS with 0.5% TritonX-100. After washing, the retinas were incubated in the secondary antibody 

solution overnight at 4 ◦ C. Secondary antibodies were Alexa488 donkey anti-chicken (ImmunoJackson, 703-545-155, 1:500), Alexa 

633 donkey anti-goat (Invitrogen A-21082, 1:500) and DyLight 405 donkey anti-mouse (Thermo, A-48257 or ImmunoJackson, 715-

475-150, 1:300); prepared in 3% NDS, 1% BSA, 0.5% TritonX-100, 0.02% NaN3 in 1x PBS). Retinas were then washed 3 times in 1x 

PBS with 0.5% TritonX-100 and 1 time in 1x PBS.

For mounting, we used 2,2 ′ -Thiodiethanol (TDE) (Sigma, 166782-500G) (Staudt et al., 2007) to exchange the water in the sample. 

To achieve this, retinas were incubated in different concentration of TDE buffer (10% -> 25% -> 50% -> 97%) for at least 30 minutes 

each. Then the retinas were embedded in ProLong® Gold Antifade Mountant (Thermo, P36934) and gently covered with a #0 cover-

slip (MARIENFEL, 0100032, No.0, 18*18 mm). To avoid squeezing the retinas, we put 4 strips of Parafilm (Parafilm, PM999) around the 

retina before adding the coverslip. Some of the retinas were mounted in 97% TDE with DABCO (Sigma, 290734) after immersion into 

TDE. Some retinas were mounted with ProLong® Gold Antifade Mountant directly after washing. Afterward, nail polish was used to 

prevent evaporation and the samples were stored in darkness at 4 ◦ C.

Brain immunohistochemistry

Extracted brains were post-fixed in 4% PFA overnight at 4 ◦ C. Vibratome coronal sections (100 mm) were collected in 1x PBS and 

were incubated in blocking buffer (1x PBS, 0.3% Triton X-100, 10% Donkey serum) at room temperature for at least 1 hour or over-

night. Then brain slices were incubated with primary antibodies solution for 2-3 days at 4 ◦ C with shaking. Slices were later washed
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3 times for 10 min each in 1x PBS with 0.3% TritonX-100 and incubated in secondary antibody solution for 2-3 days at 4 ◦ C. Primary 

and secondary antibody were chicken anti-GFP (1:1000) and Alexa488 donkey anti-chicken (1:800), respectively, for GCaMP6s 

labeled cells and rabbit anti-RFP (1:1000) and Alexa555 donkey anti-rabbit (1:500) for sparsely labeled cells. Nuclei were stained 

with DAPI (1:1000) together with the secondary antibody solution. Sections were then again washed 3 times for 10 min in 1x PBS 

with 0.3% TritonX-100 and 1 time in 1x PBS, covered with mounting medium and a glass coverslip. PBS were prepared with 

0.02% NaN3.

Confocal microscopy

Confocal microscopy was performed on a Zeiss LSM 710 microscope. Overview images of the retina and brain were obtained with a 

10x (plan-APOCHROMAT 0.45 NA, Zeiss) objective. The following settings were used: zoom 1.2, 5x5-tiles with 15% overlap, 

2.37 μm/pixel resolution. For single retina ganglion cells and sparsely labeled wide-field neurons, we used a 63x (plan-APOCHRO-

MAT 1.4 NA, Zeiss) objective. The following settings were used: zoom 0.7, 2x2-tiles or more (depending on size and number of cells) 

with 15% overlap. This resulted in an XY-resolution of 0.38 μm/pixel and a Z-resolution between 0.3 μm/pixel. The Z-stacks covered 

approximately 50 μm in depth.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data processing and analysis was performed in Python and MATLAB.

Two-photon image registration and ROI extraction

Two-photon imaging frames were registered, and ROIs determined using NNMF with CaImAn 1.7.1 (Flatiron Institute) in Python 3.4. 

The signal decay time for the model was adjusted to GCaMP6s (1.4 s). ΔF/F values of these selected ROIs were used for further anal-

ysis. ROIs of collicular wide-field neurons, Gad2 neurons and retinal ganglion cells were obtained separately from ROIs representing 

dendritic compartments of collicular wide-field neurons.

Clustering of ROI responses

Calcium responses were baseline-subtracted by the minimum and normalized by the standard deviation across all stimuli. K-Means 

clustering was performed on the correlation matrix of concatenated responses. For wide-field neurons, responses to expanding, 

shrinking, and dimming stimuli were used. Dendritic compartments were clustered based on full-field responses, while Gad2 neurons 

and retinal ganglion cells were clustered using responses to full-field, expanding, shrinking, and dimming stimuli.

To determine the number of clusters, we took the average of the best cluster number obtained from Silhouette, Calinski-Harabasz 

and Davies-Bouldin score.

Cell selection

The repeats of visual stimuli and neural responses were aligned by using the simultaneously recorded stimulus start 

and imaging frame triggers. For each presented stimulus, a quality index of each ROI was calculated. The quality 

index was calculated from the variance of ΔF/F across time, var(⋅) t , and the mean across stimulus repeats, E(⋅) r , as follows: 

QI = var( E( ΔF/F ) r ) t / E( var( ΔF/F ) t ) r . Cells were included into the analysis if they were visually responsive with a quality index above 

0.3 for at least one of the recorded stimuli.

Identification of retinal ganglion cell types

We identified the recorded retinal ganglion cells in the stained retinas by template matching (FIJI 55 plugin), allowing us to link visual 

responses to molecular types. For a subset (n = 122 cells, 12 retinas), the dendritic arbors were traced, allowing for morphological 

classification. Using the On- and Off ChAT bands, formed by the starburst amacrine cells, as landmarks of retinal organization, we 

calculated the stratification density profile of every traced retinal ganglion cell and measured the soma size. Retinal ganglion cells 

were then identified based on molecular labeling, soma size and stratification profile by matching them manually to existing 

databases. 26–28,41

Morphology of retinal ganglion cells

To annotate dendritic trees in confocal Z-stacks, we used Ariadne-Service GmbH (Switzerland) for automated tracing. Prior, the 

confocal Z-stacks of retinal ganglion cells were denoised (CANDLE package, 57 MATLAB) and down-sampled (XYZ = 0.5 x 0.5 x 

0.35 μm per pixel). ChAT band positions were extracted using a convolutional neural network (V-Net) trained to detect and segment 

these structures (https://github.com/farrowlab/ChATbandsDetection). 41 The ChAT band locations were then used to warp the den-

dritic tree, aligning it in 3D space. 28

Dendritic tree depth profiles were computed by normalizing Z-positions and applying a low-pass Fourier filter. The dendritic area 

was estimated via convex hull approximation, with diameters calculated as D = 2*(area / π)1/2. The soma area was measured manu-

ally using the convex hull tool in ImageJ.
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Comparison of imaged and patched retinal ganglion cell signals

To infer how linear the relationship between inferred calcium signals from patch clamp experiments and measured calcium signals 

from imaging experiments, we calculated the area under the curve (AUC) of the peak-normalized averaged responses of imaged and 

patched cells of each type. An AUC value of 0.5 corresponds to a perfect linear relationship, whereas values above and below 0.5 

indicate a supralinear and sublinear behavior of the measured calcium signal: Sustained Off alpha 0.54, F-mini Off 0.46, Transient Off 

Small 0.40, Transient Off Alpha 0.39, Transient Off 0.35, F-mini On 0.60, Transient On small 0.51, Transient On Alpha 0.47, F-midi On 

0.55, Sustained On 1 0.41, Sustained On 2 0.50, Sustained On 3 0.41.

Morphology of sparsely labeled wide-field neurons

A sparsely labeled wide-field neuron was traced and stitched across four coronal slices in Vaa3D. 56 The extracted start and end 

points of dendritic segments and their thickness were used to plot a coronal projection of the neuron.

Depth distribution of dendritic clusters and retinal ganglion cell inputs

we determined the number of ROIs per scanning plane and corrected for sampling bias by weighting them relative to the total ROIs in 

each plane, yielding a depth distribution of dendritic ROIs per cluster.

To estimate the stratification depth of each retinal ganglion cell type, we identified the wide-field neuron dendritic ROI with the 

strongest correlation coefficient (>0.4) for each retinal ganglion cell. The depths of these identified dendritic ROIs were then used 

to calculate a depth distribution for each retinal ganglion cell type using the method above.

Sparsity index

To test the amount of convergence and divergence of retinal inputs onto different dendritic clusters, we calculated the Gini index G for 

each row and column of the weight matrix, respectively. The distributions were compared to a uniform distribution across clusters 

and cell types.

Difference of peaks

We calculated the difference of peaks between wide-field neuron responses and their fitted counterparts for each stimulus by sub-

tracting the maximum value of the normalized, baseline-subtracted response from the maximum of the corresponding fit.

Expansion selectivity index

An expansion selectivity index was calculated for each recorded wide-field neuron and retinal ganglion cell based on peak responses 

to black expanding disks r e and white expanding, black shrinking and dimming disks r s using the formula I = (r e – r s )/(r e + r s ). Distri-

butions were then visualized using kernel density estimation, with a smoothing bandwidth determined by Scott’s rule.

Noise correlation analysis of wide-field neuron dendrites and cell bodies

To assess whether distinct dendritic response types coexist within individual wide-field neurons, we performed noise correlation 

analysis between dendritic compartments and somata. We used responses to black expanding disks, a stimulus that reliably evoked 

calcium transients in both compartments. For each stimulus repetition, we subtracted the trial-averaged response from individual 

traces to isolate noise fluctuations, and computed pairwise Pearson correlations across all dendrite–soma pairs in each recording. 

Each dendritic compartment was then assigned to the soma with the highest correlation coefficient. A connection was considered 

reliable if the noise correlation exceeded 0.7. Using this criterion, approximately one third of dendritic compartments could be confi-

dently assigned to a soma. Many of these somata were associated with multiple dendritic compartments exhibiting different 

response dynamics, spanning between two and six of the nine defined functional clusters. This suggests that individual WF neurons 

integrate diverse retinal inputs via functionally distinct dendritic domains.

Computational models

Models were implemented in Julia 1.7.

Non-negative linear regression

A non-negative linear regression model 59 was fitted using the NNLS package in Julia. The nonnegative constraint is in line with the 

excitatory nature of the retinal inputs to the colliculus and ensures sparsity.

Nonnegative linear regression was used in four different models, 1) a point neuron model integrating inputs from retinal ganglion 

cell types, 2) a point neuron model integrating inputs from retinal ganglion cells types and inhibitory interneurons, 3) a model consid-

ering low pass filtering of the inputs and 4) a model considering the spatiotemporal integration of distributed inputs.

To fit the responses of wide-field neuron cell bodies to expanding, shrinking and dimming disks, we concatenated the responses to 

the presented stimuli and normalized the concatenated responses by their standard deviation.

Multilayer Perceptron

A multilayer perceptron was fitted using the Flux package in Julia. This model assumes a local summation of the excitatory retinal and 

inhibitory collicular inputs and nonlinear processing along the dendrites. A sigmoidal nonlinearity is used to capture supra- and
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sublinear processing of the summed inputs along the dendrites. To implement the neural spiking threshold, a rectifying nonlinearity is 

used at the output node.

Models were fitted by gradient descent using the ADAM optimizer. An L1 penalty on the sum of all fitted parameters was introduced 

to ensure sparsity. Linear weights and biases were initialized with uniformly distributed random values between 0 and 1.

Models incorporating low pass filtering of inputs through dendrites

The non-negative linear regression model (see above) was fitted to an extended set of filtered retinal inputs, doubling the number of 

fitting parameters. A 4th-order Butterworth low-pass filter (cutoff: 0.4, 0.5, 1, 2, 3 Hz) generated additional inputs from the original 

inputs, and non-negative weights were fitted to the combined set of original and filtered inputs for each cutoff frequency.

Models incorporating the spatial organization of inputs and dendrites

To capture the spatial arrangement of inputs and dendrites, a spatiotemporal activation kernel was convolved with retinal responses 

to expanding and shrinking disks. This kernel accounted for the relative number of activated retinal inputs per 0.13 s time bin based 

on changes in disk surface area, producing a quadratically increasing or decreasing activation profile. The non-negative linear regres-

sion model (see above) was then fitted to the combined set of original and convolution-filtered retinal inputs.

To account for the layer-specific arrival of inputs onto the dendrites, we refined our model using depth-dependent filtering. For 

each retinal ganglion cell type, we estimated the arrival depth of its signals by correlating each cell’s response with the dendritic sig-

nals across depth (see above), and averaging the resulting depth profile. Inputs whose average location was in the upper dendritic 

layers (<150 μm) were passed through a spatiotemporal filter, while those targeting deeper layers (>150 μm) remained unfiltered.

Extrapolation of retinal ganglion cell responses to different stimulus speeds

Responses to expanding, shrinking and dimming disks of different speeds were only recorded in wide-field neurons. Responses of 

retinal ganglion cells to slower and faster speeds were estimated by linear up and down sampling of the responses to the original 

stimulus, respectively.
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Figure S1. Additional Response Properties of Wide-Field Neurons and Noise Correlations in Dendrites, Related to Figure 1. 
(A) Comparison of peak responses to expanding, shrinking and dimming disks and slow and fast 2° sweeping disks. 
(B) Left: Heatmap normalized and clustered wide-field cell body responses. Right: Correlation matrix of response clusters. 
(C) Proportion of On, Off, and On-Off wide-field cell bodies per recorded field of view. Vertical bars and boxes indicate median and 
interquartile range (IQR). 
(D) Responses of an example wide-field neurons to two second snippets of spatiotemporal bandpass noise of different spatial (left to 
right) and temporal frequencies (top to bottom). 
(E) Spatiotemporal frequency tuning curves of ten example wide-field cell bodies, with heatmap indicating normalized peak responses. 
(F) 2D Gaussian fits to the tuning curves of example cell bodies. Red dots indicate the mean, and shaded circles represent the 1-σ range.
(G-H) Distributions of the spatiotemporal peak frequencies (D) and tuning widths (E) of the 2D Gaussian fits. 
(I) Example responses of dendritic ROIs to the full-field stimulus across four different imaging planes from a single recording. Gray and 
black lines indicate individual and averaged trials from 10 stimulus repetitions.  
(J) Temporal correlations of raw ROI responses in (A) across all trials.  
(K) Spatial auto-correlations of ROIs across the widest dimension. 
(L-M) Heatmap of normalized and clustered average responses (L) and correlation matrix (M). Data as in Figure 1. 

 



 

Figure S2. Identification of Retinal Ganglion Cells Projecting to Wide-Field Neurons, Related to Figure 2. 
(A) Immunohistochemical labeling of retinal ganglion cells. GFP-labeled cells (cyan) co-stained for FOXP2, SMI32, or CART (magenta) to 
identify molecular subtypes. 
(B) Post hoc identification of the two-photon imaging area (top) within a stained whole-mount retina (bottom). Both images are 
maximum projections of z-stacks, with the imaging area (red box) determined via template matching. 
(C) High-resolution confocal imaging of recorded cells (0.3765 × 0.3765 × 0.3 μm³/pxl). Top: dendrite tracing of GFP-labeled cells (green). 
Bottom: extracted stratification profile relative to ON- and OFF-ChAT bands, with traced dendrites (white) and detected ChAT bands 
(purple). 
(D) GCaMP6s convolution kernel used to convolve spike responses. 
(E) Comparison of patch-clamp PSTHs with two-photon calcium signals from GCaMP6f and PSTHs convolved with the GCaMP6s kernel. 
Boxplots show correlations between retinal ganglion cell clusters and wide-field neuron clusters. 
(F) Example retinal ganglion cells identified by molecular labeling, stratification profile, dendritic tree size, and visual responses. Data as 
in Figure 2. 



 

  

Figure S3. Contribution of Retinal Ganglion Cells to Wide-Field Neuron Signaling, Related to Figure 3. 
(A) Correlation between retinal ganglion cell types and wide-field neuron subtypes. Boxplots show median and interquartile range. 
(B) Fitted weights for predicting average wide-field neuron subtype responses.  
(C) Mean squared error (MSE) of response reconstruction across wide-field neuron clusters. Boxplots show median, interquartile range, 
confidence interval of the median (nudges), and whiskers extending to 1.5× the interquartile range. 



 

  

Figure S4. Clustering of Gad2 Neurons and Contribution to Responses of Wide-Field Neuron Dendrites, Related to Figure 4. 
(A) Sample recording of Gad2 neurons in the colliculus.  
(B) Median and interquartile range of calcium responses of cells indicated in (A). 
(C) Heatmap of normalized and clustered responses to full-field, expanding, shrinking and dimming stimuli. 
(D) Correlation matrix of cell responses in (C). 
(E) Weights of the non-negative linear fit of wide-field dendrite responses including Gad2 neurons.  
(F) Mean wide-field dendrite responses (black) and fits with/without Gad2 neurons (cyan/gray). 



 

  

Figure S5. Training of the Multilayer Perceptron and Model Performance by Complexity, Related to Figure 5. 
(A) Architecture of the multilayer perceptron (MLP) model, consisting of two layers with three hidden nodes using sigmoidal activation 
functions and a single output node with a rectifying nonlinearity. The model pools inputs from twelve weighted retinal ganglion cell 
types. 
(B) Sigmoidal nonlinearity with positive and negative bias terms (b), accounting for supralinear and sublinear integration of inputs, 
respectively.  
(C) Model performance during training tested on withheld data. Model parameters (weights W and biases b) are regularized using an L1 
cost function scaled by α, controlling the trade-off between model complexity and performance. Model complexity is inversely 
proportional to α (1/α), while performance is evaluated as the inverse of the mean squared error (1/MSE). Only models with high 
complexity outperform linear models. 
(D) Model performance by complexity for different 2-layer and 3-layer models. 



 

 

Figure S6. Comparison between different linear fits of wide-field neuron responses, Related to Figure 6 and 7. 
(C) Average wide-field neuron responses to expanding, shrinking and dimming disks and linear model fits: point neuron (gray), low pass 
filter model with 1.1 s delay (magenta), and spatial arrangement model (purple). Fitted weights of retinal ganglion cells alone (RGC, solid 
lines) or retinal ganglion cells and Gad2+ neurons of the colliculus (RGC & Gad2, dashed lines). Data from 293 wide-field neurons. 
(B) Mean squared error (MSE) of fits in (A). Horizontal and vertical lines indicate median and interquartile range.  
(C) Average wide-field neuron responses to expanding, shrinking and dimming disks of 15, 30, 60 and 120°/s edge speed (top to bottom) 
and linear model fits: point neuron (gray), low pass filter model with 1.1 s delay (magenta), spatial arrangement (purple) and with 
constrained layers (orange). Data from 132 wide-field neurons. 
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