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The retina extracts chromatic information present in an ani-1

mal’s environment. In the mouse, the feed-forward, excitatory2

pathway through the retina is dominated by a chromatic gra-3

dient, with green and UV signals primarily processed in the4

dorsal and ventral retina, respectively. However, at the output5

of the retina, chromatic tuning is more mixed, suggesting that6

amacrine cells alter spectral tuning. We genetically targeted the7

population of 40+ GABAergic amacrine cell types and used two-8

photon calcium imaging to systematically survey chromatic re-9

sponses in their dendritic processes. We found that amacrine10

cells show diverse chromatic responses in different spatial re-11

gions of their receptive fields and across the dorso-ventral axis12

of the retina. Compared to their excitatory inputs from bipolar13

cells, amacrine cells are less chromatically tuned and less likely14

to be colour-opponent. We identified 25 functional amacrine cell15

types that, in addition to their chromatic properties, exhibit dis-16

tinctive achromatic receptive field properties. A combination of17

pharmacological interventions and a biologically-inspired deep18

learning model revealed how lateral inhibition and recurrent19

excitatory inputs shape chromatic properties of amacrine cells.20

Our data suggest that amacrine cells balance the strongly biased21

spectral tuning of excitation in the mouse retina and thereby22

support increased diversity in chromatic information of the reti-23

nal output.24
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Introduction27

The retina is a powerful image processor that extracts a va-28

riety of visual features present in the environment and sends29

them in parallel to the brain (Wässle, 2004). Among those30

features, chromatic information is particularly important for31

the animals’ behaviour and survival in their environmental32

niches and forms the neural basis of colour vision (Baden and33

Osorio, 2019; Gerl and Morris, 2008). Colour vision starts34

with light detection by different photoreceptor types with dis-35

tinct spectral tuning, followed by downstream processing by36

neural circuits in the retina and the brain. Local comparisons37

of chromatic signals creates colour-opponency at different38

retinal layers, which has been studied in detail in both ver-39

tebrate and invertebrate species (Szatko et al., 2020; Thore-40

son and Dacey, 2019). However, there are also visual tasks41

where chromatic information is not wanted; for instance, mo-42

tion vision is expected to function independent of an object’s 43

spectral properties (Rosa et al., 2016). The retinal mecha- 44

nisms that counterbalance strongly biased spectral tuning are 45

far from understood. 46

A useful dichromatic model to explore such colour- 47

related mechanisms is the house mouse (Mus musculus). 48

Mice possess a particular opsin gradient that leads to nonuni- 49

form spectral sensitivity along the dorsal-ventral axis of 50

the retina (Applebury et al., 2000; Röhlich et al., 1994). 51

The mouse expresses three opsins, M-opsin, S-opsin, and 52

rhodopsin. While S-cones exclusively express S-opsin 53

(Haverkamp et al., 2005), M-cones co-express S- and M- 54

opsins with the proportion of S-opsin increasing towards the 55

retina’s ventral edge. In addition, the ventral retina contains 56

an area in which S-cones are concentrated (Nadal-Nicolás 57

et al., 2020). The result of this asymmetrical cone opsin dis- 58

tribution is a mostly green-sensitive dorsal and a mostly UV- 59

sensitive ventral retina (Baden et al., 2013). Such a distribu- 60

tion should be detrimental to colour vision, because spectral 61

comparisons would be difficult. Yet, colour-opponent signals 62

have been reported in the mouse retina (Ekesten and Gouras, 63

2005; Joesch and Meister, 2016; Stabio et al., 2018; Sza- 64

tko et al., 2020) and brain (Feord et al., 2023; Franke et al., 65

2023; Mouland et al., 2021; Rhim and Nauhaus, 2023), and 66

mice are able to perform colour discrimination tasks (Den- 67

man et al., 2018; Jacobs et al., 2004). 68

Starting at the level of the photoreceptors and follow- 69

ing the vertical excitatory pathway, colour-opponency ap- 70

pears to be a robust feature across populations of different 71

retinal classes (Szatko et al., 2020). Indeed, several circuits 72

supporting colour-opponent signals up to the level of RGCs 73

have been described over the years, including cone-type se- 74

lective circuits (Behrens et al., 2016; Breuninger et al., 2011; 75

Haverkamp et al., 2005; Nadal-Nicolás et al., 2020; Stabio 76

et al., 2018), cone-type unselective circuits (Chang et al., 77

2013) or rod-cone opponency (Joesch and Meister, 2016; 78

Khani and Gollisch, 2021; Szatko et al., 2020). Interestingly, 79

spectral tuning in RGCs appears to be more diverse than 80

the photoreceptor and bipolar cell (BC) tuning, with RGC 81

colour-opponency restricted to relatively few specific RGC 82

types (Szatko et al., 2020). This suggests that chromatic sig- 83

nals are processed in the inner retina to allow for more diverse 84
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RGC tuning, pointing to the inhibitory network of amacrine85

cells (ACs) as a critical stage of “re-tuning” and “de-biasing”86

chromatic information.87

ACs represent the largest and most diverse class of reti-88

nal neurons (Baden et al., 2018; Masland, 2012), counting89

more than 60 types (Li et al., 2024; Matsumoto et al., 2024;90

Yan et al., 2020). They shape spatial and temporal features91

of receptive fields in the inner retina, providing feedback,92

feedforward, and lateral inhibition to BCs, RGCs and other93

ACs, respectively (Diamond, 2017). This inhibition underlies94

important computations in the retina, for example, detection95

of motion direction (Euler et al., 2002; Vlasits et al., 2016)96

or segregating objects from background (Lin and Masland,97

2006; Ölveczky et al., 2003). ACs use diverse neurotransmit-98

ters, primarily GABA or glycine, but also others. Most ACs99

lack axons and possess synaptic output sites on their den-100

drites. Thus, their synaptic inputs and outputs are not neces-101

sarily spatially segregated (Euler and Denk, 2001). This, to-102

gether with their great morphological diversity (Helmstaedter103

et al., 2013), makes their study challenging. So far, only a few104

AC types have been functionally characterised in-depth.105

Select ACs have been proposed to participate in chro-106

matic processing in a variety of species (Chen and Li, 2012;107

Mills et al., 2014; Sher and DeVries, 2012). In the mouse,108

GABAergic ACs may mediate centre or surround compo-109

nents of colour-opponent RGC types (Chang et al., 2013;110

Joesch and Meister, 2016; Stabio et al., 2018; Szatko et al.,111

2020). In addition, ACs have been implicated in nonlinear112

chromatic integration (Khani and Gollisch, 2021). The role113

of ACs in chromatic processing is often inferred by pharma-114

cological manipulations during experiments measuring activ-115

ity of RGCs, because the relevant ACs have not yet been116

identified. Recently, a population-level study of ACs in the117

zebrafish retina revealed that most ACs feature spectrally-118

simple tuning, but that they contribute to the preservation of119

chromatic information in BCs that otherwise would be lost120

(Wang et al., 2023). This supports the idea that it is the ACs121

that can re-tune chromatic information in the inner retina.122

In the present study, we systematically characterised123

chromatic responses of the GABAergic AC population and124

investigated their role in re-tuning chromatic information.125

Compared to BCs, which have a strong spectral drive, ACs126

are less strongly chromatically tuned and do not form a clear127

chromatic pattern along the retina’s dorso-ventral axis. We128

report 25 functional AC types with diverse chromatic iden-129

tities, response polarities, RF organisations, and IPL stratifi-130

cations, few of which are restricted to specific retinal loca-131

tions. We used pharmacological interventions and a biology-132

inspired circuit model to study how chromatic signals in ACs133

arise.134

Results135

Recording the population responses of GABAergic136

amacrine cell dendrites to chromatic stimuli. To inves-137

tigate how inhibition in the inner retina shapes chromatic sig-138

nals, we performed two-photon imaging of AC dendrites in139

the ex vivo mouse retina. We used the transgenic mouse140

Gad2-IRES-Cre x Ai95D, which expresses the Ca2+ indicator 141

GCaMP6f in GABAergic ACs and a small fraction of RGCs 142

(Martersteck et al., 2017; Sonoda et al., 2020). This allowed 143

us to simultaneously record responses from subcellular re- 144

gions on AC processes throughout the entire inner plexiform 145

layer (IPL; Fig. 1a,b). To characterise the colour preferences 146

of ACs, we used a random noise stimulus designed to cap- 147

ture chromatic preferences across the potentially-large spa- 148

tial scale of AC receptive fields (RFs): three concentric re- 149

gions (centre, local surround, and far surround; 100, 300, 800 150

µm in diameter, respectively) that flickered independently 151

(Fig. 1c). This stimulus was presented using either a UV 152

or green LED in separate epochs (similar to Szatko et al., 153

2020). We defined regions of interest (ROIs) using a local 154

correlation approach (Zhao et al., 2020), and restricted our 155

analysis to ROIs located in the IPL, defined by the borders 156

of the inner nuclear layer (INL) and the ganglion cell layer 157

(GCL; Fig. 1b,d,i). 158

To test the variation of AC chromatic signals across vi- 159

sual space, we collected Ca2+ responses from recording fields 160

located in dorsal (Fig. 1d-h) and ventral retina (Fig. 1i-m). 161

For each of the six stimulus conditions – centre, local sur- 162

round, far surround, for both UV and green channels – we 163

estimated a temporal kernel of the ROIs’ preferred stimulus 164

(Fig. 1e,j). Subsequently, we estimated each ROI’s chromatic 165

RF by calculating the spectral contrast index for each spatial 166

stimulus condition (SC; SC > 0: green-preferring, SC < 0: 167

UV-preferring; Fig. 1f,h,k,m). We found that AC RFs varied 168

with respect to their SC across visual space, but also within 169

each field (Fig. 1h,m). For example, ROI 1 preferred a green- 170

biased centre stimulus but had similar preference for UV and 171

green in the local and far surround, while ROI 3 also featured 172

a green centre response but had a stronger preference for UV 173

in the local surround (Fig. 1e,f). 174

In addition, we extracted the light polarity of each ROI, 175

estimated as the On-Off index (OOi;OOi> 0: preferring in- 176

crements of light, OOi < 0: preferring decrements of light; 177

Fig. 1g,l). We also evaluated the polarity and temporal prop- 178

erties of each ROI using a “chirp” stimulus (see Methods and 179

below). As expected, ROIs located closer to the GCL typi- 180

cally preferred increments of light (“On”, e.g., ROIs 3,6; but 181

see ROI 1), while ROIs located closer to the INL usually pre- 182

ferred decrements of light (“Off”, e.g., ROIs 2,4,5). Thus, 183

the sign of the OOi in the centre or local surround condi- 184

tion often matched the general On-Off subdivision of the IPL 185

reported in the mammalian retina. These results show that 186

our method allows us to systematically characterise the chro- 187

matic tuning and other response properties of AC processes 188

across the retina and across the IPL. 189

Chromatic tuning in amacrine cells is more diverse 190

than in bipolar cells. Next, we explored whether the chro- 191

matic preferences of ACs follow the dorsal-ventral opsin gra- 192

dient across the mouse retina, like the chromatic preferences 193

of BCs, or whether the ACs have more mixed tuning like 194

RGCs (Szatko et al., 2020). We recorded light-evoked Ca2+
195

responses from n = 4,926 AC ROIs (n = 79 scan fields, 196

n = 17 mice) distributed across the retina (Fig. 2a). To 197
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Fig. 1. Diverse chromatic responses in amacrine cell processes. (a) Experimental setup used for amacrine cell (AC) recordings. PR, photoreceptors; INL, inner nuclear
layer; IPL, inner plexiform layer; GCL, ganglion cell layer; red, yellow and green shadings represent two-photon excitation laser, stimulus, and GCaMP6f expression in
GABAergic amacrine cells (Gad2-IRES-Cre x Ai95D mouse line), respectively. (b) Example x-z scan field (43 x 61 µm, 11.16 Hz) with GCaMP6f expression in the IPL. Dotted
lines indicate borders with INL and GCL. Scale bars: 10 µm. (c) The chromatic stimulus consisted of 3 concentric regions – centre (100 µm in diameter, light grey), local
surround (300 µm, dim grey), and far surround (800 µm, dark grey) – that were centred on the scan field and flickered randomly and independently for UV or green (see
Methods). (d) Regions of interest (ROIs), indicating responsive AC processes, for an example scan field in the dorsal retina. (f) Chromatic preference of ROIs in centre,
local surround, and far surround (cf. (c)) as estimated spectral contrast (SC). Green colour indicates a stronger preference for green stimulation, purple indicates a stronger
preference for UV stimulation. (g) Like (f) but for response polarity as estimated On-Off index (OOi). Black indicates Off polarity, white indicates On polarity. (h) ROIs from
(d) colour-coded according to ROIs’ SC for the three spatial conditions. (i) ROIs for an example scan field in the ventral retina (same field as in (b)). (j-m) Like in (e-h), but
for ROIs shown in (i). In total, we recorded n = 79 scan fields in 17 mice.
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quantify how the AC chromatic tuning varied across retinal198

space, we divided the dorso-ventral axis into 500 µm bins.199

We found that many of the AC centre responses preferred200

UV and green stimulation equally, which we termed “achro-201

matic”, whereas the rest were either green- or UV-tuned. We202

observed only slight preferences for green or UV with cen-203

tre and local surround stimulation (Fig. 2a,b; “center”, “lo-204

cal surround”), while in the far surround preferences were205

quite mixed throughout the retina (Fig. 2a,b; “far surround”).206

Next, we examined spectral tuning as a function of location207

in the IPL. Notably, unlike in BCs, where there was stronger208

green tuning of the far surround in the Off layer in the ventral209

retina (Szatko et al., 2020), we did not observe any specific210

trend in AC chromatic preferences across different IPL layers211

(Fig. 2c).212

Next, we compared the AC chromatic preferences to the213

preferences of presynaptic BCs, which provide the excitatory214

drive to ACs, using a published dataset (Szatko et al., 2020).215

As described before, the tuning of BC centre responses fol-216

lows the opsin expression gradient, resulting in green- and217

UV-dominant responses in dorsal and ventral retina, respec-218

tively (Fig. 2a; “center” BC bar). The tuning of BC surround219

responses, on the other hand, was shifted towards green in220

the ventral retina (Fig. 2a; “far surround” BC bar), result-221

ing in an overall centre-surround colour-opponency in ven-222

tral BCs. In general, BC chromatic preferences were con-223

sistent at the population level (Fig. 2b). This was not the224

case in ACs, where AC chromatic preferences were much225

more broadly distributed and we did not find a marked centre-226

surround colour-opponency in ventral ACs (Fig. 2a; “center”,227

“far surround” AC bar)228

In summary, we found that AC responses to chromatic229

stimuli are quite diverse and less spectrally tuned compared230

to BCs. Furthermore, AC chromatic tuning does not vary as231

strongly as BC tuning along the vertical axis of the retinal232

field. These results indicate that ACs may play a role in de-233

biasing the strongly spectrally-tuned drive of BCs to RGCs234

and thereby, support the diverse chromatic tuning of RGCs.235

Identification of amacrine cell chromatic response236

types. Next, we sought to investigate AC chromatic identi-237

ties across IPL layers and retinal regions. To cluster ROIs into238

functional types, we extracted features from each of the six239

AC temporal kernels separately using Principle Component240

Analysis (PCA) and then applied a Gaussian Mixture Model241

(GMM) (Fig. 3a; see also Baden et al., 2016). We identified242

25 clusters, sorted them by median IPL depth and calculated243

their mean temporal kernels, SC, andOOi (Fig. 3b-d). Even244

though IPL depth was not used as a feature in our clustering,245

we found that most clusters were restricted to specific lami-246

nae within the IPL, which is in line with morphological data247

showing that most GABAergic ACs stratify narrowly in the248

IPL (Fig. 3e; see also Helmstaedter et al., 2013). However,249

there were also clusters that appeared to have representative250

ROIs in both On and Off IPL layers (e.g., C10,11,22,24),251

which could correspond to bistratified ACs (Helmstaedter252

et al., 2013; Lin and Masland, 2006; Pérez De Sevilla Müller253

et al., 2007). We also found that individual clusters had254

stereotyped responses to the achromatic chirp stimulus, with 255

clusters varying in their local vs. global response properties 256

and their temporal kinetics (Suppl. Fig. 2). 257

Next, we examined the dorso-ventral locations of ROIs 258

within each cluster (Fig. 3f). Here, we considered clusters 259

with more than 80% of their ROIs in one retinal region to 260

be region-specific and found three clusters satisfying this cri- 261

terion (dorsal, C15; ventral, C12,C13). The remaining 22 262

clusters were “broad”, that is, their ROIs were more equally 263

distributed between dorsal and ventral retina. 264

This lack of dorso-ventral organisation across AC clus- 265

ters was in stark contrast with that reported for chromatic 266

BC responses. To facilitate comparing AC and BC chro- 267

matic tuning, we performed the same clustering on the pub- 268

lished BC dataset (Szatko et al., 2020). We identified 24 269

chromatic BC types (Suppl. Fig. 1a,b), which was roughly 270

twice the number of genetically-identified BC types in the 271

retina (Shekhar et al., 2016). The likely explanation for this 272

discrepancy is that by including chromatic tuning into the 273

clustering, BC types were “split” into two chromatic sub- 274

types – depending on their position along the dorso-ventral 275

axis. Indeed, BC clusters were confined to either the dorsal or 276

the ventral retina (n = 10 ’dorsal’ clusters; n = 13 ’ventral’ 277

clusters) (Suppl. Fig. 1c) and only one BC cluster (BC24) 278

was broadly distributed. In addition, all BC clusters were 279

chromatically tuned. In the dorsal retina, BCs were green- 280

sensitive and non-colour opponent, whereas in the ventral 281

retina, BCs were UV-sensitive and UV-green centre-surround 282

opponent (Suppl. Fig. 1d). In addition, BC clusters were 283

tightly stratified in IPL sublaminae and both dorsal and ven- 284

tral retina comprised of On and Off clusters with similar chro- 285

matic tuning (Suppl. Fig. 1e,f). 286

Taken together, our data reveal a wide variety of func- 287

tional chromatic AC types in the mouse retina and that there 288

are distinct chromatic organisation principles for ACs and 289

BCs. 290

Achromatic features drive amacrine cell clustering 291

into functional types. To better understand the organising 292

principle of chromatic tuning in ACs, we performed hierar- 293

chical clustering of the cluster means (Fig. 4a). To our sur- 294

prise, we found that clusters were first divided not by chro- 295

matic features, but by their achromatic centre kernel response 296

polarity (OOi), and then by their spatial centre-surround RF 297

organisation. We examined the spatial extent and the contrast 298

preferences of AC RFs and identified families of clusters with 299

common RF features. 300

One key difference was whether centre and local sur- 301

round kernels were of opposite or same polarity, indicative of 302

smaller (≤100 µm) or larger (between 100 and 300 µm) effec- 303

tive RF centre sizes, respectively. Both AC RF centre sizes 304

were present in the On and Off branches of the hierarchy. 305

Within these branches, the surround features drove the fur- 306

ther subdivision into specific polarity groups. We observed 307

that the surround (s) could be either non-responsive (“no s”), 308

antagonistic (“On c/Off s” or “Off c/On s”) or same polarity 309

(e.g., “all Off”) in relation to the centre and local surround 310

(Fig. 4a). Within polarity groups, different chromatic types 311
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Fig. 2. Chromatic tuning of amacrine cells differs from that of bipolar cells across the retina. (a) Amacrine cell (AC) chromatic preferences across the retina for
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were quite, confirming that achromatic rather than chromatic312

response features dominated the AC clustering.313

Beyond between-cluster chromatic differences, we also314

observed that the chromatic tuning within an individual AC315

cluster could be quite variable. Thus, we split each clus-316

ter into dorsal and ventral sub-populations and calculated317

the average SC separately (Fig. 4b). This analysis revealed318

that dorsal and ventral ROIs of a cluster can have different319

chromatic tuning on top of their shared contrast preferences320

(Fig. 4b). To categorise the chromatic tuning of AC clusters,321

we focused on the ventral retina, where more clusters were322

spectrally tuned. We identified four spectral groups based323

on the average cluster tuning: “UV-tuned” (C1− 6,C8−324

13,C16,C20 − 23,C25), “green-tuned” (C14,C15,C24),325

“achromatic” (C7,C17), and “colour-opponent” (C18,C19)326

(Fig. 4c). ROIs in clusters C18 and C19 were colour-327

opponent in the ventral retina, showing centre-surround UV-328

Off/green-On responses and stratifying in the IPL’s Off sub-329

lamina. Several additional interesting RF motifs emerged330

from this analysis, which we review in the Discussion.331

Taken together, we found that while ACs primarily clus-332

ter by their achromatic RF organisation and polarity, ACs also 333

display diverse chromatic tuning, in particularly in the ven- 334

tral retina. This indicates that ACs may support a range of 335

chromatic operations in the inner retina. 336

Inhibitory and excitatory contributions to GABAergic 337

amacrine cells’ receptive fields. Given the complexity of 338

AC chromatic tuning profiles compared to those of BCs, we 339

next investigated how their tuning arises in the retinal cir- 340

cuit. First, we explored the role of inhibitory inputs from 341

other ACs, which could be important in de-biasing chro- 342

matic input from BCs through feedforward inhibition. To 343

test the role of interactions with other wide-field or narrow- 344

field ACs (Diamond, 2017), we blocked ionotropic GABA 345

(w/ gabazine+TPMPA) or glycine (w/ strychnine) recep- 346

tors , respectively, while recording from GABAergic ACs 347

(Fig. 5a,e). Βlocking of GABAA and GABAC receptors de- 348

creased response amplitudes in both On and Off ACs across 349

the retina. Surround responses switched polarity and most 350

antagonistic RFs became non-antagonistic (Fig. 5b left,c). 351

Notably, chromatic tuning of On and Off ROIs was affected 352

mainly in the ventral retina, where the local- and far-surround 353
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chromatic preferences shifted towards UV (Fig. 5b right,d;354

see also Suppl. Fig. 4a). In contrast, disrupting glyciner-355

gic inhibition affected the response polarity less than block-356

ing GABAergic inhibition and AC chromatic tuning was not357

altered significantly (Fig. 5f-h; see also Suppl. Fig. 4b).358

This suggests that lateral inhibition from GABAergic and/or359

glycinergic ACs mainly modulates GABAergic AC response360

polarity, while their chromatic properties rely to some extent361

on GABAergic inhibition. Under GABA receptor block, AC362

responses were more UV-shifted and, hence, became more363

similar to BC responses, especially in the ventral retina. This364

suggests that that GABAergic AC-AC interactions have a de-365

biasing function: they can counteract S-cone mediated UV366

dominance in the ventral retina.367

Next, we investigated whether the On and Off excita-368

tory pathways had differential effects on AC chromatic re- 369

sponses. For this, we disrupted either the On or Off pathway 370

by agonising metabotropic glutamate receptors (w/ L-AP4) 371

or blocking kainate-sensitive ionotropic glutamate receptors 372

(w/ UBP 310) to disrupt glutamate release from On and Off 373

BCs, respectively (Suppl. Fig. 3a,e; see also Borghuis et al., 374

2014; Nakajima et al., 1993; Puller et al., 2013). When block- 375

ing the Off pathway, we observed that RF polarity was af- 376

fected only in Off ACs of both dorsal and ventral retina, 377

whereas chromatic tuning changed only for ventrally-located 378

ROIs (Suppl. Fig. 3b-d). More specifically, Off ACs’ lo- 379

cal surrounds became less tuned to UV, whereas On ACs’ 380

centre and local surround acquired a stronger preference for 381

UV (Suppl. Fig. 4c). Disrupting the On pathway, on the 382

other hand, strongly affected RF polarity of On ACs, but 383
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also strengthened the antagonistic far-surround of both On384

and Off ACs across the retina. The chromatic tuning of both385

On and Off ACs was largely unaffected (Suppl. Fig. 3f,g,h;386

Suppl. Fig. 4d).387

While the observed changes in AC response polarity fol-388

lowing manipulation of the On and Off pathways were ex-389

pected, the difference in spatial scale was surprising: Block-390

ing the Off pathway affected only the Off ACs’ centre re-391

sponse; disrupting the On pathway affected both the On ACs’392

centre and local-surround responses, suggesting a substan-393

tial difference in spatial RF size and/or organisation between394

GABAergic On and Off ACs. The overall effects of ex-395

citatory pathway manipulations on chromatic tuning were396

smaller but also more diverse (cf. Suppl. Fig. 3d,h).397

Biologically-inspired circuit model captures chromatic 398

responses of bipolar cells and amacrine cells. To fur- 399

ther explore the complex interactions between BCs and ACs, 400

we developed a biologically-inspired circuit model of the in- 401

ner retina extended from Schröder et al. (2020) to study the 402

circuits giving rise to the chromatic tuning of ACs. We fo- 403

cused our model on the ventral retina, thus the model in- 404

cluded six “types” of photoreceptors (UV and green in cen- 405

tre, local- and far-surround), ventral BCs and all AC clusters 406

(Fig. 6a) and predicted glutamate and Ca2+ responses of BC 407

and AC clusters, respectively (Fig. 6b). 408

For simplicity, the model did not include glycinergic 409

ACs and we did not explicitly model horizontal cells (see 410

Methods for details). Also, as we only modelled three spa- 411
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tial regions at the level of photoreceptors, the model lacked412

a realistic large-scale spatial structure. We optimised model413

parameters using a deep learning approach with the objec-414

tive to maximise the correlation between model responses415

and recordings to achromatic (local/global chirp) and chro-416

matic (UV/green flicker) stimuli and to reproduce the SC of417

clusters. In addition, the objective encompassed regularisa-418

tion terms, including a constraint on the connectivity between419

clusters based on their co-stratification in the IPL to encour-420

age biologically plausible connectivity in the model.421

After training, we found that model predictions exhib-422

ited high correlation with recordings of chromatic flicker re-423

sponses for both ACs and BCs and that performance assessed424

on AC data not seen during training was on par with training425

performance (Fig. 6b,d). In addition, the SC of model pre-426

dictions matched the SC of experimental data (Pearson cor-427

relation coefficient, BC centre and far surround (0.42, 0.72);428

AC centre, local- and far-surround (0.7, 0.31, 0.51); Fig. 6c),429

and the BC to AC connectivity matrix exhibited a structure430

resembling the co-stratification profile of clusters in the IPL431

(Fig. 6e). Most On and Off AC clusters received input from432

On and Off BC clusters, respectively. However, some AC433

clusters received input from BCs of both polarities, among434

which were most of the AC clusters with a multi-stratified435

IPL profile (C10,C11,C16,C22,C24) – clusters with less436

than 70% of ROIs in On/Off layer were considered multi-437

stratified (indicated by arrow in Fig. 6e). Thus, the circuit438

model captured chromatic and achromatic response proper-439

ties of the IPL network well.440

In silico pharmacological manipulations. Next, we per-441

formed in silico pharmacological manipulations on the circuit442

model to test the contribution of different circuit components443

to the chromatic response properties of AC clusters. We rea-444

soned that if the model showed a similar effect as the phar- 445

macology data to identical manipulation (e.g., disrupting the 446

On pathway), this would provide evidence that the underly- 447

ing circuit structure was well captured by the model. If this 448

was not the case, this would suggest that circuit components 449

not captured in our model were involved in mediating the 450

pharmacological effect. Therefore, we predicted responses 451

after selectively removing GABAergic AC inhibition, On BC 452

or Off BC input from the network (Fig. 7a top, middle and 453

bottom, respectively) by setting their connectivity matrices to 454

zero. We separated clusters into On and Off using theOOi of 455

the “centre-control” condition and examined how their OOi 456

(Fig. 7a,c) and SC (Fig. 7b,c) changed following the in silico 457

pharmacology and compared the effects to data from ventral 458

ROIs from the ex vivo interventions described above. 459

First, for the AC centre responses, we observed that all 460

three in silico manipulations affected OOi and SC similarly 461

to the ex vivo pharmacology interventions (Fig. 7a,b,c) with 462

the exception of the Off ACs after removing GABA inhibi- 463

tion. There, the model predicted no change in response po- 464

larity, while in the retina we observed such a change. Over- 465

all, this indicates that our model likely captured essential cir- 466

cuit components in the centre of the simulated circuit. Next, 467

for the local- and far-surround AC responses, we observed 468

some similarities but also several interesting differences be- 469

tween model and pharmacology data. For instance, for the 470

far-surround, the model captured the trends in OOi changes 471

for both On and Off AC responses when disrupting the BC 472

pathways, but did not predict the switch in response polarity 473

for the no-GABA condition (Fig. 7a right). Most differences 474

between model and data we found for the SC in the local- 475

and far-surround. For example, upon removal of GABAergic 476

inhibition, the SC of almost all modelled Off ACs increased, 477

indicating stronger green tuning in the surround of these cells 478
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(Fig. 7b), in contrast to the pharmacological data, which ex-479

hibited shifts toward UV or no change. Similarly, SC of On480

and Off ACs increased in the model uniformly cross AC clus-481

ters for the far- and local-surround when blocking On and Off482

BCs, respectively, while it remained rather constant in the483

pharmacology data.484

Together, this suggests that the spatial BC-AC interac-485

tions are more complex than what can currently be captured486

by the simple spatial layout of our model and that some of487

the crucial circuit components responsible for keeping ACs488

diversely tuned, and not simply following BC surround tun-489

ing, are not yet present in our model (see Discussion).490

Discussion491

We studied the chromatic RFs of GABAergic ACs by imag-492

ing Ca2+ signals in their processes, which allowed us to493

systematically characterise their chromatic tuning properties494

across the retina. We found that the chromatic tuning of ACs495

was much more diverse than that of BCs, the ACs’ main496

source of excitatory inputs. By clustering the AC responses497

into functional types, we found 25 clusters that differed in498

their achromatic RF organisation (i.e. response polarity and499

centre vs. surround RF size), and in their chromatic tuning.500

In many clusters, chromatic RFs differed between the dorsal501

and ventral retina, suggesting that amacrine cells with similar502

achromatic RF organisation may play different roles in chro-503

matic processing in dorsal vs. ventral retina. We sought to504

understand how the chromatic tuning of ACs is established by505

manipulating their synaptic inputs using pharmacology and a506

biologically-inspired deep learning model. Based on these507

data, we propose that the diverse chromatic RF properties of508

ACs are established through a complex interplay between the509

BCs’ chromatic tuning and inhibition from ACs.510

Chromatic information flow through the retina. Mouse511

cone photoreceptors form a gradient of opsin expression that512

establishes separate domains of chromatic processing in the513

dorsal and ventral retina. These differences in cone spectral514

sensitivity lead to distinct chromatic preferences in the down-515

stream BCs. Classifications of BCs based on different modal-516

ities agree that there are 14 BC types of in the mouse retina517

(Behrens et al., 2016; Franke et al., 2017; Helmstaedter et al.,518

2013; Kim et al., 2014; Shekhar et al., 2016). Here, by clus-519

tering BCs based on their chromatic tuning, we found twice520

the number of BC types, with two almost equally-sized sets521

of BC type segregated into dorsal and ventral based on their522

chromatic preferences. This confirms that most BC types523

simply mirror the spectral tuning of the local cone popula-524

tion. We observed only one BC cluster that exhibited a broad525

retinal distribution and stratified close to the IPL border with526

the GCL, which likely represents the type 9 S-cone selective527

BC (Behrens et al., 2016; Breuninger et al., 2011; Haverkamp528

et al., 2005).529

Unlike BCs, ACs did not, for the most part, exhibit530

this segregation into dorsal and ventral groups: almost all531

AC clusters were broadly distributed along the dorso-ventral532

axis. In addition, we found that ACs displayed much weaker533

but also much more diverse chromatic tuning than the BCs. 534

Our results suggest that some ACs are well-suited to remove 535

the chromatic bias (de-bias) coming from BCs, and thereby 536

enable chromatically more balanced RGC responses (Szatko 537

et al., 2020). In line with our results, recent work in zebrafish 538

retina proposed a similar role for ACs (Wang et al., 2023); 539

they found that feedback from ACs altered the BCs’ chro- 540

matic tuning, rendering some BCs more strongly and oth- 541

ers more weakly tuned. Together, this suggest that the need 542

for re-balancing biased chromatic channels is not a mouse- 543

specific function of AC circuits. 544

A major question we sought to address is how ACs, de- 545

spite receiving their excitatory drive from BC, achieve such 546

different chromatic RF organisation and tuning. Together, 547

pharmacology and modelling point towards an important role 548

of medium to long-range inhibition, some of which was not 549

captured by our spatially-confined model. This could be ei- 550

ther mediated by horizontal cells already in the outer plexi- 551

form layer (OPL) or by medium-field GABAergic ACs pro- 552

viding inhibition from outside the modelled circuit to the sur- 553

round. Lateral inhibition could also be provided by polyax- 554

onal ACs, whose axons can span over long distances across 555

the retina (Diamond, 2017) and therefore could relay chro- 556

matic signals between dorsal and ventral retina (e.g., Chang 557

et al., 2013). Glycinergic crossover inhibition did not seem 558

to play a role in chromatic processing under our conditions 559

and rather shaped achromatic properties of the ACs. Finally, 560

a potential source of green centre responses in ventral ACs 561

are rod photoreceptors, which provide green-sensitive input 562

though the rod BCs across the retina. 563

RGCs exhibit a variety of chromatic preferences, with 564

a distinct population of ventral RGCs showing colour op- 565

ponency (Joesch and Meister, 2016; Szatko et al., 2020), 566

which presumably support colour vision in the upper visual 567

field (Denman et al., 2018). Recent work from our group 568

found that the chromatic tuning of several RGC types can- 569

not be explained simply based on their BC inputs (Szatko 570

et al., 2020), with some RGC types displaying less colour- 571

opponency and others more than expected. Another recent 572

study found that several RGC types process chromatic in- 573

formation in a non-linear manner that depended on inhibi- 574

tion from the surround (Khani and Gollisch, 2021). Together, 575

these results suggest that an RGC’s tuning is shaped by the 576

integration of differently-tuned chromatic units. The diverse 577

spatio-chromatic tuning we found in the ACs may well play a 578

crucial role in shaping RGC RF properties, through enhanc- 579

ing or de-biasing chromatic information compared to other 580

visual features. 581

Chromatic processing by amacrine cells. We observed 582

several tantalising motifs in the ACs’ RF features that suggest 583

distinct roles in chromatic processing in the retina. First, we 584

uncovered one On cluster (C12) and one Off cluster (C13) 585

that were highly UV-sensitive and restricted to the ventral 586

retina. In addition, there were only two clusters with UV 587

sensitivity in the far-surround (C13,C22). These ACs could 588

represent S-cone selective ACs, which have been described 589

in primate (Patterson et al., 2020) and ground squirrel (Chen 590
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and Li, 2012). In addition, we observed one cluster that591

was green-sensitive (C24), although many clusters included592

green-sensitive ROIs in the dorsal retina. Finally, we ob-593

served two clusters that were colour-opponent (C18,C19).594

Both of these clusters were Off in the centre, with the local-595

surround responding strongly to the offset of UV light and the596

far-surround responding strongly to the onset of green light.597

This contrasts with the zebrafish, where colour-opponency598

in ACs was predominantly found in the On pathway (Wang599

et al., 2023).600

In general, our experimental data suggest that there may601

be a spatial offset in how ACs represent UV vs. green chro-602

matic information transmitted from BCs. In particular, green603

information remains local to the centre of AC RFs in the dor-604

sal retina and UV information moves laterally into the local605

surround in the ventral retina (see also Fig. 4b). This differ-606

ence in the spatial representation of chromatic signals could607

have important implications for spatial processing in the dor- 608

sal vs. ventral retina. Our model only included three spatial 609

domains at the level of the PRs, while the other cells mod- 610

elled are not spatially extended. As a result, we are likely not 611

capturing the potential mechanisms underlying spatial inte- 612

gration with our model. Further studies using more specific 613

circuit manipulations to study chromatic processing, such as 614

chemogenetics, would aid in a more detailed understanding 615

of specific cell type contributions. 616

Our model captures effects of pharmacological manipu- 617

lations on chromatic signals in the centre better than in the lo- 618

cal and far surround. Across clusters, the far-surround of RFs 619

was largely achromatic, excepting the clusters mentioned at 620

the beginning of this section. This achromatic, antagonis- 621

tic surround was sometimes coupled with different chromatic 622

preferences in the centre and local-surround, even though 623

both centre and local-surround regions preferred the same 624
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Fig. 7. Effects of in silico pharmacology on amacrine cell chromatic responses. (a) On-Off index (OOi) in in silico control and manipulation condition in On and Off AC
clusters (red and blue solid lines, respectively) from the ventral model (Fig. 6) for centre (left), local- (middle), and far-surround (right). We used theOOi of the “centre-control”
condition to define On and Off clusters. Top: In silico removal of inhibition by setting AC to AC and AC to BC feedback to zero. Middle: In silico removal of On BCs by setting
photoreceptor (PR) to On BC and On BC to AC signalling to zero. Bottom: In silico removal of Off BCs by setting PR to Off BC and Off BC to AC signalling to zero. Dashed
lines indicate data averages from ventral ROIs for the three drug conditions (from top to bottom: application of TPMPA/gabazine, L-AP4, and UBP 310) shown in Fig. 5 and
Suppl. Fig. 3). *p < 0.05; paired t-test corrected for multiple comparisons. (b) Same as in (a) but for spectral contrast (SC). (c) SC of in silico control and manipulation
conditions and UV and green temporal kernels for centre, local-, and far-surround for in silico control (black) and manipulation (coloured) conditions for a representative On
(C4) and Off (C18) AC cluster.

stimulus polarity (C18,C19; Fig. 4c). Thus, a complex RF625

for colour vs. contrast emerges in many ACs, which is ex-626

pected to be capable of detecting higher spatial frequencies627

for colour contrast than luminance contrast.628

Diversity of amacrine cell types. Cataloguing the diver-629

sity of AC types represents a major focus for the field of reti-630

nal neurobiology. Recent transcriptomic studies identified 43631

(Yan et al., 2020) and 52 (Li et al., 2024) GABAergic molec-632

ular AC types. An electron microscopic survey uncovered633

33 AC types (out of 45) (Helmstaedter et al., 2013) that are634

medium/wide field and therefore most likely also GABAer-635

gic; since they used a relatively small tissue volume, they636

likely missed some wide-field types. Functional classifica-637

tion of the ACs, however, has presented a challenge because638

ACs are primarily non-spiking and perform computations in639

their processes, and hence, cannot be easily identified by their640

somatic responses.641

Now, multiple groups have made functional classifica-642

tions of ACs similar to what has already been available for 643

BCs (Franke et al., 2017) and RGCs (Baden et al., 2016). We 644

used PCA and GMM clustering to provide a systematic char- 645

acterisation of the chromatic signals in GABAergic ACs in 646

the mouse retina, identifying 25 functional types. Another 647

recent study has examined the achromatic spatio-temporal 648

properties of mouse ACs by imaging their GABA release 649

with a fluorescent genetically-encoded GABA sensor (Mat- 650

sumoto et al., 2024) and found 44 functional types. This sug- 651

gests that either ACs are more diverse in their spatio-temporal 652

RFs than in their chromatic RFs, or that some AC types did 653

not respond at all to our chromatic stimuli. Another notable 654

difference between these studies is the use of different sen- 655

sors, which effectively monitor different stages of neuronal 656

signalling. GABA represents the final output of the AC com- 657

putational process. Ca2+ signals, on the other hand, may 658

not always be correlated with the functional output of AC 659

processes, as Ca2+ can come from different sources, both 660
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extra- and intracellular, or may represent dendritic voltage or661

synaptic release in a nonlinear manner (Tran-Van-Minh et al.,662

2015). This said, Ca2+ signals typically correlate strongly663

with the GABAergic output due to the Ca2+ channels’ prox-664

imity and control over GABA release. Therefore, Ca2+ can665

be used as a proxy for AC output for cell types like starburst666

ACs (e.g., Euler et al., 2002), and we recently observed that667

Ca2+ signals recorded at the population level reveal similar668

direction selectivity (Strauss et al., 2022) as what was now669

confirmed with GABA imaging (Matsumoto et al., 2024).670

Further investigation of chromatic processing in ACs using671

a GABA sensor will be an instructive next step for under-672

standing the relationship between dendritic Ca2+ signalling673

and GABA release.674

Several themes about AC processing were observed675

from both Ca2+ and GABA imaging studies. Both stud-676

ies found that using the contrast and temporally-modulated677

chirp stimulus was not very effective at clustering the ACs678

into functional groups. Rather, spatial features of the679

RF(chromatic or achromatic) were more important for classi-680

fication. This is perhaps not surprising given the wide variety681

of sizes and morphologies of AC dendritic arbours and their682

long-described role in lateral inhibition (Diamond, 2017). In683

both studies, we found a wide variety of complex RFs. Mat-684

stumoto and coworkers (Matsumoto et al., 2024) note that685

this wide variety allows ACs to sample and encode a large686

range of spatial and temporal frequencies. Finally, in both687

studies, some functional clusters spanned both On and Off688

layers, suggesting that there are GABAergic ACs that per-689

form “crossover inhibition”, a function classically attributed690

to glycinergic ACs (Molnar and Werblin, 2007). In general,691

how our classification overlays with the classification based692

on GABA release, will be important for understanding the693

specific functions of ACs. In particular, how the 40+ spa-694

tiotemporal types overlay with the 25 chromatic types de-695

scribed here will be an important next step in understand-696

ing the functional roles of the retina’s most diverse cell class,697

may also contribute to a better understanding the roles of in-698

terneurons in other parts of the brain.699

Methods700

Animals and tissue preparation. All animal proce-701

dures were approved by the governmental review board702

(Regierungspräsidium Tübingen, Baden-Württemberg,703

Konrad-Adenauer-Str. 20, 72072 Tübingen, Germany)704

and performed according to the laws governing animal705

experimentation issued by the German Government. For706

Ca2+ imaging in the IPL, we used the transgenic line707

STOCK Gad2tm2(cre)Zjh/J (Gad2-IRES-Cre, JAX 010802,708

The Jackson Laboratory; see Taniguchi et al., 2011) that709

was crossbred with the Cre-dependent green fluorescent710

reporter line B6;129S-Gt(ROSA)26Sortm95.1(CAG-711

GCaMP6f)Hze/J (Ai95D, JAX 024105; see Madisen et al.,712

2015), which expresses GCaMP6f. We used mice between713

5 and 16 weeks old of either sex (n = 17 mice). Owing714

to the exploratory nature of our study, we did not use715

randomisation and blinding. No statistical methods were716

used to predetermine sample size. 717

Animals were housed under a standard 12 h day/night 718

rhythm at 22o C and 55% humidity. For our recordings, the 719

animals were first dark-adapted for at least 1 h, then anaes- 720

thetised with isoflurane (Baxter) and sacrificed by cervical 721

dislocation. All procedures described further are performed 722

under very dim red light (>650 nm). 723

The eyes were removed and the retina was extracted in 724

carboxygenated (95% O2, 5% CO2) artificial cerebrospinal 725

fluid (ACSF) solution (containing in mM: 125 NaCl, 2.5 KCl, 726

2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 20 glucose, 727

and 0.5 L-glutamine (pH 7.4)). The retina was then trans- 728

ferred to the recording chamber, which was constantly per- 729

fused with carboxygenated, ≈36o C warm ACSF containing 730

0.1 µM Sulforhodamine-101 (SR101, Invitrogen) to reveal 731

the retina’s vasculature and any damaged cells in the red flu- 732

orescent channel (Euler et al., 2009). The dorso-ventral axis 733

of the retina was marked to trace the position of the recorded 734

fields relative to the optic disc. 735

Two-photon imaging. We used a MOM-type two-photon 736

microscope (designed by W. Denk, MPI, Heidelberg; pur- 737

chased from Sutter Instruments/Science Products, see Eu- 738

ler et al., 2009). In brief, the system was equipped with a 739

mode-locked Ti:Sapphire laser tuned to 927 nm (MaiTai-HP 740

DeepSee, Newport Spectra-Physics), two fluorescence detec- 741

tion channels for GCaMP6f (HQ 510/84, AHF/Chroma) and 742

SR101 (HQ 630/60, AHF), and a water immersion objec- 743

tive (W Plan-Apochromat ×20 /1.0 DIC M27, Zeiss). For 744

vertical image acquisition, we used custom-made software 745

(ScanM by M. Müller and T.E.) running under IGOR Pro 746

6.37 for Windows (Wavemetrics) and an electrically tunable 747

lens (Zhao et al., 2020) recording time-lapsed 64 × 56 pixel 748

image scans (at 11.16 Hz). 749

Light stimulation. A DLP projector (lightcrafter, DPM- 750

E4500UVBGMKII, EKB Technologies Ltd) with internal 751

UV and green light-emitting diodes (LEDs) was focused 752

through the objective. The LEDs were band-pass filtered 753

(390/576 Dualband, F59-003, AHF/Chroma), for achieving 754

an optimal spectral separation of mouse M- and S-opsins, 755

and were synchronised with the microscope’s scan retrace. 756

Photoisomerisation rates were set to range from ≈0.5 (black 757

image) to ≈20 x 103 P* per s per cone for M- and S-opsins, 758

respectively (for details, see Franke et al., 2019). In addition, 759

a steady illumination component of 104 P* per s per cone 760

was present during the recordings because of two-photon ex- 761

citation of photopigments (discussed in Baden et al., 2013; 762

Euler et al., 2019, 2009). To allow the retina to adapt to the 763

laser, the tissue was scanned for at least 15 s before the stim- 764

ulus was presented. The stimulus was centred to the recorded 765

field. 766

Three types of light stimuli were used: (a) a chromatic 767

flicker stimulus consisting of three concentric regions: cen- 768

tre (100 µm in diameter), local-surround (a 300 µm annulus 769

sparing the central 100 µm), far-surround (a 800 µm annulus 770

sparing the central 300 µm) that flickering independently for 771

UV or green in a random binary sequence at 5 Hz (modified 772
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from Szatko et al., 2020). Two minute epochs of either UV773

or green stimulation were interleaved with repeated test se-774

quences of 7 s green and 7 s UV. The test sequences were775

used to validate the model and were not used in calculating776

the receptive field kernels; (b) local chirp (100 µm in diame-777

ter; see Franke et al., 2017); and (c) full-field chirp stimulus778

(800 µm in diameter; see Baden et al., 2016).779

Pharmacology. For the pharmacological experiments,780

we used: 75 µM TPMPA ((1,2,5,6-Tetrahydropyridin-4-781

yl)methylphosphinic acid); 10 µM gabazine (SR-95531);782

0.5 µM strychnine; 10 µM UBP 310 ((S)-1-(2-Amino-783

2-carboxyethyl)-3-(2-carboxy-thiophene-3-yl-methyl)-5-784

methylpyrimidine-2,4-dione); and 50 µM L-AP4 (L-2-785

amino-4-phosphonobutyric acid). The drug solutions were786

carboxygenated before application. Control recordings were787

made, and then drugs were bath-applied for 15 min before788

recording in drug conditions.789

Data analysis. Data were pre-processed using IGOR Pro790

(WaveMetrics, v8.04), organised and further analysed in791

Python 3 and a custom-written database schema in Data-792

joint (Yatsenko et al., 2015). We defined ROIs using cus-793

tom correlation-based algorithms. ROI sizes were restricted794

to range from 0.8 to 4 µm in diameter. Correlation thresholds795

were determined separately for each scan line, to correct for796

variability of GCaMP6f labelling and laser intensity across797

the IPL (Zhao et al., 2020). For each field-of-view, we manu-798

ally defined the IPL borders with the INL (= 0) and the GCL799

(= 1). Then, each ROI’s location in the IPL was calculated800

as the distance of the ROI centre to the IPL borders. ROIs801

outside the IPL borders were excluded.802

The Ca2+ traces for each ROI were extracted (as803

∆F/F ), detrended with a high-pass filter of 0.2 Hz and z-804

normalised by subtracting each traces’ mean and dividing by805

its s.d. Stimulus time markers embedded in the recorded data806

served to align each ROI’s trace to the visual stimulus with807

1.6-ms precision. For this, the timing for each ROI relative808

to the stimulus was corrected for sub-frame time-offsets re-809

lated to the scanning. We used linear interpolation to resam-810

ple response traces to line precision (625 Hz). Responses811

to repeated trials of the local and global chirp stimulus were812

binned at 10 Hz and averaged across measurements within a813

bin.814

Temporal kernels: To estimate temporal kernels, we first815

z-scored the up-sampled response traces and stimulus traces816

of the UV and green flicker. For each condition, we calcu-817

lated the dot product of response trace and stimulus trace and818

normalised it by the number of data points. We repeated819

this procedure using time-shifted stimulus traces to obtain820

2-s temporal kernels. We excluded time periods of the test821

sequence for kernel estimation.822

Stimulus Artefact: During our analysis, we observed823

an artefact in the UV far-surround temporal kernels of some824

ROIs, manifesting as a peak in the signal prior to the response825

time. This artefact was likely due to UV light exciting the826

GCaMP fluorophore directly. To remove this artefact, we first827

estimated UV far-surround temporal kernels for the 5% least- 828

responding single pixels (based on the s.d. of the response) 829

from five randomly picked scan fields. We averaged them to 830

obtain an “artefact temporal kernel”. Next, we convolved this 831

kernel with the UV far-surround stimulus and subtracted the 832

resulting artefact-related response component weighted by a 833

ROI-specific value α from the ROIs’ response traces to ob- 834

tain a corrected trace for each ROI. We estimated α for each 835

ROI such that it would minimise 836

‖R−Fα‖2 (1)

where R is the ROI’s response and F the artefact response, 837

yielding the following solution 838

α∗ = FTR

FTF
(2)

We set negative values of α to zero and finally, re-estimated 839

each ROI’s temporal kernels using the corrected traces. 840

Response quality: To estimate kernel quality, we mea- 841

sured the kernel amplitude as the difference between the max- 842

imum and minimum response values in a time window of 843

700 ms relative to the response time. ROIs with at least 844

one kernel (UV or green centre, UV or green local-surround, 845

green far-surround) exceeding kernel quality of 0.1 are used 846

for further analysis (n = 5,378 of 6,628). Note that the UV 847

far-surround kernel was excluded from quality filtering be- 848

cause of the aforementioned artefact. For analysis of the 849

paired-data from the drug experiments, we included ROIs 850

that exceeded the centre kernel quality threshold of 0.1 in one 851

of the four cases: UV/green, control/drug (TPMPA/gbz: n= 852

546/709, strychnine: n = 497/586, L-AP4: n = 200/269, 853

UBP 310: n= 445/513). 854

Spectral contrast: To estimate chromatic preference of 855

ROIs, we calculated a spectral contrast (SC) for each spatial 856

condition (centre, local-surround, far-surround) using kernel 857

amplitudes (A) for UV and green. SC was calculated as 858

Michelson contrast as follows: 859

SC =
|A(green)|− |A(UV)|
|A(green)|+ |A(UV)|

(3)

On-Off index: To estimate response polarity of ROIs, we 860

calculated the On-Off index (OOi) for each spatial condition 861

(centre, local-surround, far-surround). First, each kernel was 862

convolved with a stimulus consisting of 1 s On and 1 s Off 863

steps and the average response between UV and green was 864

calculated. Next, the mean achromatic response (r) for the 865

On and the Off window was calculated. OOi was calculated 866

as Michelson contrast as follows: 867

OOi= |r(On)|− |r(Off)|
|r(On)|+ |r(Off)|

(4)

Hierarchical clustering: To investigate relation- 868

ships between chromatic AC clusters, we normalised 869

average clusters’ response traces for all chromatic 870

stimuli by dividing by the maximum value across 871

stimuli, calculated the Mean Squared Error between 872
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cluster pairs, and performed hierarchical cluster-873

ing (scipy.cluster.hierarchy.linkage,874

method= ’weighted’, see Virtanen et al., 2020).875

BC Dataset: The recording and processing of the BC876

dataset (Szatko et al., 2020) was almost identical to that of877

the AC dataset, with the following differences: The BC chro-878

matic flicker consisted of only two concentric regions: centre879

(100 µm in diameter) and far surround (a 800 µm annulus880

sparing the central 100 µm), flickering at 10 Hz, and it did881

not contain test sequences. The duration of the UV and green882

flicker presented to BCs was 180 s each. We did not exclude883

ROIs outside the IPL borders as BCs were imaged with a884

glutamate sensor and, thus, signals were related to extracel-885

lular glutamate and not specific neuronal structures. Also, the886

UV far-surround temporal kernels did not contain a stimulus887

artefact. We estimated the kernel quality in a time window888

380 ms relative to the response time and all four conditions889

(UV and green, centre and far-surround) were used to deter-890

mine kernel quality. All data was reprocessed for the present891

study to ensure consistent pre-processing.892

Dimensionality reduction and clustering. To identify893

functional cell types, we followed Baden et al. (2016). Be-894

fore clustering, we extracted features using Principal Compo-895

nent Analysis (PCA; sklearn.decomposition.PCA)896

on the six temporal RFs (UV and green centre, local- and far-897

surround) independently. We included the time period before898

the response time and examined the explained variance as a899

function of the number of components (between 1 and 6 com-900

ponents). We determined that the “elbow” (Cattell, 1966) oc-901

curred at 2 or 3 components for each of the six conditions902

and, therefore, continued our analysis with 2 and 3 compo-903

nents in parallel.904

Next, we z-scored the features we obtained with PCA905

and clustered ROIs using a Gaussian Mixture Model (GMM;906

sklearn.mixture.GaussianMixture). We carried907

out the clustering with four different covariance structures908

(full, spherical, diagonal, and tied) and tested between 1 and909

50 components. In addition, we ran each of those 200 con-910

figurations with 20 different random initialisations. We cal-911

culated the Bayesian Information Criterion (BIC) for each912

model and averaged across the random initialisations to ob-913

tain an average BIC curve for each covariance type. Next, we914

calculated the Bayes Factor as BF = 2 ·∆BIC between sub-915

sequent cluster numbers. We stopped increasing the number916

of clusters when BF was smaller than 6 (Baden et al., 2016)917

and determined the number of clusters for each average BIC918

curve in this manner. We then took the clustering with the919

smallest BIC from the 20 random initialisations with the spe-920

cific number of clusters determined from the BF .921

To choose between the different covariance types and922

number of PCA features, we visually examined the resulting923

clusters. We excluded the models with a full covariance ma-924

trix due to their small number of clusters (6 and 5 clusters925

for the models with 2 and 3 PCA features, respectively), and926

the ones with a spherical covariance matrix due to their high927

number of clusters (46 and 38 clusters for the models with928

2 and 3 PCA features, respectively). Next, we excluded the929

models with a spherical covariance matrix, as their cluster 930

sizes were less homogeneous compared to the models with 931

a diagonal covariance matrix. Finally, we selected the diag- 932

onal model which was trained with 3 PCA features due to 933

its number of clusters (25 clusters compared to 35 for the 934

model trained using 2 PCA features). To assess the quality of 935

our clustering, we generated 10,000 samples from the trained 936

GMM, predicted labels for them and quantified the accuracy 937

AC of those predictions for each cluster individually as 938

AC = TP +TN

TP +TN +FP +FN
(5)

where TP and TN are True Positives and True Negatives, 939

respectively and FP and FN are False Positives and False 940

Negatives, respectively. We observed high accuracy (>0.97) 941

for each of the 25 clusters, indicating that they can be confi- 942

dently separated in feature space. 943

For the BC dataset, we excluded the models with a di- 944

agonal, tied and spherical covariance matrix due to the large 945

number of clusters (50 for all models) and selected the model 946

with a full covariance matrix trained with 3 PCA features 947

due the lower number of clusters (24 compared to 30 for the 948

model trained with 2 PCA features). Upon sampling from the 949

trained GMM, we achieved high accuracy for all 24 clusters 950

(>0.99). 951

Preprocessing for model training: We obtained cluster 952

response traces for model training by averaging across re- 953

sponses of ROIs in a cluster for the different stimuli (local 954

and global chirp, UV and green flicker, test sequence). For 955

the test sequence, we additionally averaged across the 4 rep- 956

etitions of the sequence. We only used cluster responses to 957

the test sequences for model evaluation after training. For 958

the UV and green flicker, there was one field, for which the 959

stimulus had lower than average correlation with the stimuli 960

from other fields. Therefore, we excluded ROIs from this 961

field when calculating the cluster response trace for the UV 962

and green flicker stimulus. Next, we used linear interpola- 963

tion to resample cluster response traces and stimulus traces 964

to 64 Hz. Finally, we normalised the cluster response traces 965

for all stimuli by subtracting their mean and dividing by the 966

maximum value across stimuli. 967

Model. We modified and extended the biologically-inspired 968

circuit model published in Schröder et al. (2020). The model 969

included six PR populations with different chromatic proper- 970

ties (UV and green) and different spatial extent (centre, local- 971

and far-surround), which were modelled as linear filters. The 972

“PRs” summarised all processing upstream of the BC termi- 973

nal, including any dendritic processing in BCs. BCs received 974

a weighted sum of the PR output as their input and every 975

BC received input from its own set of six PRs. The polar- 976

ity of the centre PRs matched that of the BCs and the local- 977

and far-surround PRs were of opposite polarity to model the 978

centre-surround antagonism of BC RFs. 979

BCs were modelled as a non-linearity followed by a 980

deterministic version of a ribbon synapse model (Schröder 981

et al., 2019). In this ribbon synapse model, vesicles were re- 982

leased from the readily-releasable pool (RRP), which was re- 983
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plenished with vesicles from the intermediate pool (IP), and984

which in turn was replenished from the cytoplasm. ACs re-985

ceived input from BCs and were modelled using a double-986

exponential kernel, followed by a non-linearity. ACs pro-987

vided inhibition to BCs and other ACs.988

As the final step, the modelled BC and AC output sig-989

nals were convolved with the glutamate (iGluSnFR; Marvin990

et al., 2013) and Ca2+ (GCaMP6f; Chen et al., 2013) biosen-991

sor kernels to obtain predictions of glutamate and Ca2+ re-992

sponses in BCs and ACs, respectively. We included all 25 AC993

clusters and the 13 ventral BC clusters. The model was im-994

plemented in PyTorch (Paszke et al., 2019) and had a total of995

1,637 free parameters, which included the four connectivity996

matrices (PR-to-BC, BC-to-AC, AC-to-BC, and AC-to-AC),997

a stimulus bias and scaling parameter, as well as a speed pa-998

rameters for the PR kernels. In addition, we learned the pa-999

rameters of the non-linearities (offset and slope) and the rise1000

and decay time constants of the AC kernels. In the ribbon1001

synapse model, the steady state fraction and maximum ca-1002

pacity of the RRP and IP, as well as their replenishing rates1003

were learned during training.1004

Model loss: During training, we predicted model re-1005

sponses to all stimuli (local and global chirp, AC UV and1006

green flicker, and BC UV and green flicker), and matched1007

the duration of the generated model data to the duration of1008

the experimentally recorded data. We only predicted local1009

and global chirp responses once, while the ex vivo experi-1010

ments included repeated trials of chirp stimuli. We then cal-1011

culated the correlation between model prediction and experi-1012

mental recording for all AC and BC clusters and stimuli and1013

estimated temporal RFs and SC from the model flicker re-1014

sponses.1015

The training loss consisted of the multiple terms. The1016

first term in the loss function was the mean correlation for lo-1017

cal and global chirp, and AC and BC UV and green flicker –1018

specifically, [1 – mean correlation], as we minimised the loss.1019

Moreover, the loss included the MSE between experimen-1020

tally recorded SC and model SC for ACs and BCs. Lastly,1021

we included regularisation terms of the s.d. of PR kernel1022

speeds, s.d. of BC and AC release means (before convolu-1023

tion with biosensor kernels), and s.d. and weights of the four1024

connectivity matrices. We scaled the weights of the BC-to-1025

AC, AC-to-BC, and AC-to-AC connectivity matrices while1026

calculating the loss according to the co-stratification of clus-1027

ter pairs in the IPL obtained from the experimental data to1028

enforce biologically plausible connections in the model. We1029

also included weights on the SC mean squared error and reg-1030

ularisation terms in the loss as hyper-parameters.1031

Model training: We optimised model parameters using1032

the Adam optimiser (Kingma and Ba, 2017), trained a num-1033

ber of models with different hyper-parameters, and chose the1034

model with the highest performance on the test set. We used1035

the following training schedule to optimise model parame-1036

ters. We began training with an initial learning rate λ and1037

once the loss did not improve for n steps, we lowered the1038

learning rate by 0.5 and continued training. We stopped train-1039

ing after lowering the learning rate m times or a maximum1040

number of t steps had been reached. The model we chose 1041

with the best performance was trained with an initial learn- 1042

ing rate λ = 0.8, n = 3, m = 8, and t = 400, and converged 1043

at around 200 steps. 1044

Pharmacological interventions: We performed three 1045

in silico pharmacological interventions: (1) Removing 1046

GABAergic AC inhibition by setting AC-to-BC and AC-to- 1047

AC connectivity matrices to zero; (2) Removing On BCs by 1048

setting PR-to-BC and BC-to-AC matrices for On BCs to zero: 1049

the polarity of BCs was determined by their centre temporal 1050

RF; (3) Removing Off BCs by setting PR-to-BC and BC-to- 1051

AC matrices for Off BCs to zero. 1052

Statistical analysis. We used paired t-test corrected for 1053

multiple comparisons to quantify the difference between con- 1054

trol and drug condition. We did so for SC and OOi in dif- 1055

ferent spatial and retina locations and split ROIs into On and 1056

Off (Fig. 5; Suppl. Fig. 3; Suppl. Fig. 4). 1057
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